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Conjoint pathologic cascades mediated by

ALS/FTLD-U linked RNA-binding
proteins TDP-43 and FUS

ABSTRACT

The RNA-binding proteins TAR DNA-binding protein (TDP-43) and fused in sarcoma (FUS) play
central roles in neurodegeneration associated with familial amyotrophic lateral sclerosis (ALS)
and frontotemporal lobar degeneration with ubiquitin-positive inclusions (FTLD-U). Normally lo-
calized in the nucleus, in sites affected by ALS and FTLD-U they are mislocalized to the cytoplasm
and form cytoplasmic inclusions. TDP-43 and FUS are transported to the nucleus in a Ran-
GTPase-dependent manner via nuclear import receptors, but they also contribute to the forma-
tion of stress granules (SGs), which are intracytoplasmic structures incorporating RNA.
C-terminal truncations of TDP-43 eliminate the nuclear transport signal and cause mislocalization
of the protein to the cytoplasm, where it accumulates and forms SGs. ALS-associated FUS muta-
tions impair nuclear transport and cause mislocalization of FUS to the cytoplasm, where it also
contributes to assembly of SGs. Furthermore, the ALS susceptibility factor ataxin-2, recently
identified as a potent modifier of TDP-43 toxicity, is also a predicted cytoplasmic RNA-binding
protein and a constituent protein of SGs, suggesting that it is a part of the common pathologic
cascade formed by TDP-43 and FUS. Thus, we propose that excessive mislocalization of the
RNA-binding proteins TDP-43, FUS, and ataxin-2 into the cytoplasm leads to impairment of the
RNA quality control system, forming the core of the ALS/FTLD-U degenerative cascade. In this
review, we discuss the molecular basis of the novel disease spectrum of ALS/FTLD-U, including
the neurodegenerative mechanism of the cytoplasmic RNA-binding proteins TDP-43 and FUS
and the possibility of a novel therapeutic strategy. Neurology® 2011;77:1636-1643

GLOSSARY

ALS = amyotrophic lateral sclerosis; ALS-D = amyotrophic lateral sclerosis with dementia; BIBD = basophilic inclusion body
disease; CTF = C-terminal fragments; EWS = Ewing sarcoma protein; FTLD-U = frontotemporal lobar degeneration with
ubiquitin-positive inclusions; FUS/TLS = fused in sarcoma/translated in liposarcoma; KO = knockout; MEF = mouse embry-
onic fibroblast; NCI = neuronal cytoplasmic inclusion; NIFID = neuronal intermediate filament inclusion disease; NIl = neuro-
nal intranuclear inclusion; NLS = nuclear localization signal; RRM = RNA recognition motifs; SCA2 = spinocerebellar ataxia
type 2; SG = stress granule; TDP-43 = TAR DNA-binding protein; Tg = transgenic; VCP = valosin-containing protein.

Through advanced genetic approaches, the causative genes of major hereditary neurodegeneration
such as Alzheimer disease, spinocerebellar ataxia, and Huntington disease have been successively
identified, leading to a greater understanding of their pathologic mechanisms. Recently, critical
molecules that are directly associated with the pathogenesis of amyotrophic lateral sclerosis (ALS)
and frontotemporal lobar degeneration with ubiquitin-positive inclusions (FTLD-U) have also been
identified, including TAR DNA-binding protein (TDP-43),"? fused in sarcoma/translated in lipo-
sarcoma (FUS/TLS) protein,®* and a new entrant, ataxin-2.> In this review, we outline advances in
the understanding of the molecular basis of the ALS/FTLD-U disease spectrum, and discuss the
neurodegenerative effects of the RNA-binding proteins TDP-43, FUS, and ataxin-2.

ESTABLISHMENT OF THE ALS AND FTLD-U NEURODEGENERATIVE DISEASE SPECTRUM Since
Rosen et al. associated mutations in the Cu/Zn superoxide dismutase (SODI) gene with familial ALS (ALS1)
in 1993, other proteins involved in the pathogenesis of this disease have been successively identified, includ-
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ing angiogenin and optineurin. Point mutations in
SOD1 occur most frequently in familial ALS, and
many studies are focusing on the pathogenesis of
SOD1. However, there are clear differences in the
pathologic findings between ALSI and sporadic
ALS, suggesting the possibility that different mecha-
nisms underlie these diseases.®” The knowledge ob-
tained to date from analyses of SOD1 mutations has
not contributed significantly to the development of
therapeutic strategies to combat sporadic ALS.

In 2006, 2 groups identified TDP-43 as a compo-
nent of inclusions in FTLD-U.!? TDP-43 was also
identified as the main constituent protein of
ubiquitin-positive skein-like inclusions and round
inclusions, which are pathologic hallmarks in the spi-
nal anterior horn cells characteristic of ALS. More-
over, TDP-43-positive inclusions have been observed
outside the motor neuron system in the cerebral cor-
tex and basal ganglia in patients with ALS with de-
mentia (ALS-D). Evidence suggests that FTLD-U,
ALS-D, and ALS may constitute a disease spectrum
that shares a common molecular basis with TDP-
43.12 The relationship between these diseases has
been verified by genetic approaches as well, and in
2008, several groups detected TDP-43 mutations in
familial ALS.%'? TDP-43 mutations were also de-
tected in 2 families that exhibited the FTLD pheno-
type,'? suggesting that mutations in TDP-43 are the
primary cause of the neurodegeneration associated
with ALS and possibly FTLD-U. These findings led
to the establishment of a novel disease concept,
TDP-43 proteinopathy.

Recent studies have resulted in an even greater
broadening of our understanding of the ALS/
FTLD-U spectrum. In 2009, mutations in the gene
encoding the RNA-binding protein FUS, which is
similar to TDP-43, were identified as the cause of
familial ALS (ALS6), which was linked to chromo-
1." per-
formed extensive FUS immunostaining in cases of
FTLD-U that had ubiquitin-positive tau and TDP-
43-negative inclusions and detected cytoplasmic ac-

some 16.>% Subsequently, Neumann et a

cumulation of FUS protein in the frontotemporal
lobe. In addition, several investigators reported ob-
serving numerous FUS-positive inclusions in FTLD
that was classified as basophilic inclusion body dis-
ease (BIBD) and neuronal intermediate filament in-
clusion disease (NIFID).'>'¢ Thus, it has been
proposed that mutant-FUS linked ALS, atypical
FTLD-U, BIBD, and NIFID compose a novel dis-
ease spectrum, FUS proteinopathy.

Because no abnormal localization or accumula-
tion of TDP-43 is observed in ALS6,>* and because
even in FUS-accumulated FTLD-U the FUS-
positive inclusions are TDP-43-negative, FUS

proteinopathy was initially considered to be inde-
pendent of TDP-43 proteinopathy.'*'® However,
the observation of inclusions containing both FUS
and TDP-43 in sporadic ALS was recently re-
ported,'” and it is conceivable that there is crosstalk
between the 2 RNA-binding proteins and that they
may constitute a common pathologic cascade of the

ALS/FTLD-U disease spectrum.

THE MOLECULAR BASIS OF TDP-43 PRO-
TEINOPATHY The TDP-43 protein has been
identified as a factor that binds the transactivation-
response region, which is a transcription activation
region within the long terminal repeat in the HIV-1
gene. TDP-43 possesses 2 RNA-recognition motifs
and was originally linked to splicing of the cystic fi-
brosis transmembrane conductance regulator.® A re-
cent proteomic analysis revealed that TDP-43
complexes with components of Drosha microproces-
sor complexes, consistent with roles for TDP-43 in
both mRNA processing and microRNA biogenesis."
Furthermore, comprehensive analyses aimed at iden-
tifying TDP-43 RNA binding targets demonstrated
that TDP-43 is crucial for maintaining normal levels
and splicing patterns of various mRNAs, including
premRNAs with very long introns and noncoding
RNAs.22! Importantly, TDP-43 also regulates its
own expression level in a negative feedback loop by
binding to the 3'UTR of its own mRNA.?! How-
ever, it remains unclear whether ALS mutations di-
rectly affect the normal RNA quality control
function of TDP-43 and consequently lead to the
pathogenesis of TDP-43 proteinopathy.

TDP-43-positive inclusions found in FTLD-U
are formed in the neuronal cytoplasm, dystrophic
neuritis, neuronal nucleus, and glial cells.?? ALS is
characterized by prominent TDP-43-positive round
Lewy body-like and skein-like inclusions in the cyto-
plasm of motor neurons, and also by depletion of
intact TDP-43 protein in the nuclei of inclusion-
bearing neurons."?? Therefore, one hypothesis con-
cerning the pathogenesis of TDP-43 proteinopathy
asserts that inclusions in affected neurons pull out
intact TDP-43 from the nucleus, resulting in the de-
pletion of nuclear TDP-43 and subsequent motor
neuron degeneration.'?>%

To date, in vivo TDP-43 knockout (KO) or
transgenic (T)g) models have been developed in mice,
worms, and flies.?*3! Flies lacking Drosophila
TDP-43 are born normal, but develop deficient lo-
comotive behaviors with defects at the neuromuscu-
lar junctions, suggesting TDP-43 is necessary for
regulating synaptic terminals.’> Null or conditional
KO mice exhibit embryonic lethal or postnatal
death,**? indicating that TDP-43 is essential for vi-
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ability in mice. Two groups reported that TDP-43 *
heterozygous mice express a similar level of TDP-43
as wild-type mice, suggesting that the level of endog-
enous TDP-43 is tightly controlled and compen-
sated.?*3 Interestingly, Kraemer et al.?* showed that
while TDP-43 * mice exhibit no evidence of neuro-
degeneration, they do have forelimb weakness,
though additional studies are needed to uncover the
underlying mechanism. Tg mice that overexpress
wild-type TDP-43, as well as mice that express mu-
tant TDP-43, have been reported to develop motor
neuron degeneration reminiscent of TDP-43
pathologies.?’”?” Xu et al. demonstrated that overex-
pression of human TDP-43 in mice downregulates
TDP-43 protein and RNA,* and a recent condi-
tional Tg mouse model study revealed that exoge-
nous human TDP-43 lacking the nuclear
localization signal (NLS) leads to a reduction of en-
dogenous mouse TDP-43 in the nucleus.”” These
studies suggested that the disruption of mouse
TDP-43 expression in the nucleus may be a major
contributor to neurodegeneration. However, because
the level of TDP-43 expression is tightly controlled,
it is possible that a toxic gain of function due to the
presence of excessive TDP-43 protein beyond auto-
regulation artificially leads to motor neuron degener-
ation. The evidence from studies in Tg mice does not
explain how ALS mutations contribute to the molec-
ular mechanism of neurodegeneration in familial
ALS, nor have these studies identified the trigger for
cytoplasmic localization of endogenous wild-type
TDP-43 in age-related sporadic ALS. Studies involv-
ing knock-in mice harboring a mutant TDP-43 gene
and studies involving transgenic primate models are
needed in order to determine whether neurodegen-
eration results from a loss of TDP-43 function, tox-

icity associated with overexpression, or both.

CELLULAR AND BIOCHEMICAL ASPECTS OF
TDP-43 PROTEIN Pathologic examination utilizing
an antibody specific to phosphorylated TDP-43 re-
vealed that aggregated TDP-43 in inclusions is abnor-
mally phosphorylated.?* Furthermore, SDS-PAGE
analysis of TDP-43 from normal brain tissue revealed
multiple C-terminal fragments (CTF) between 35 and
25 kDa in addition to the full-length 43 kDa molecule.
These CTFs were highly phosphorylated and accumu-
lated in the brains of ALS/FTLD-U patients, suggesting
that abnormal TDP-43 localization, phosphorylation,
or fragmentation play a prominent role in the patho-
genesis of ALS/FTLD-U.

Zhang et al.*> identified 2 caspase-3 cleavage con-
sensus sites within TDP-43, and demonstrated that
caspase-3 mediates cleavage of TDP-43 to generate
25 and 35 kDa fragments. Nishimoto et al.’® ob-
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served a marked decrease in caspase-3-dependent
production of the 35 kDa (p35f) and 25 kDa (p25f)
fragments in caspase-3-deficient mouse embryonic
fibroblasts (MEFs), but also found a caspase-3-
independent 35 kDa CTF in caspase-3(—/—) MEFs.
Alanine scanning of this CTF indicated it is a novel
isoform (p35iso) translated from an alternate in-
frame translation start site (Met®®) downstream of
the original initiation codon. Importantly, while
both p35f (aa 90-414) and p35iso (aa 85-414) lack
the NLS, the 2 RNA recognition motifs (RRMs)
have been completely preserved. Conversely, p25f,
which lacks a NLS and also the first RRM that is
essential for RNA binding,'® seems to have lost its
RNA-binding function. Recent studies in yeast,?”
worms,?® and flies*® demonstrated that the toxicity
associated with TDP-43 overexpression depends on
the protein retaining its ability to bind RNA, sug-
gesting that p35 is more critical for development of
neurodegeneration than p25.

When the p35 CTF is expressed, it mislocalizes in
the cytoplasm, where it assembles into cytoplasmic
inclusions. Nishimoto et al.* investigated the biochem-
ical properties of these inclusions and reported that they
exhibit properties of SGs (figure e-1, A-F, on the Newu-

3638 cellular

rolagy® Web site at www.neurology.org),
structures that package mRNA and RNA-binding
proteins during cell stress. SGs are thought to protect
mRNA during cellular stress, heat shock, and oxida-
tion, and to arrest translation, thereby preventing
further damage by limiting the accumulation of mis-
folded proteins.®> Although a knock-down study
showed that endogenous TDP-43 is unnecessary for
SG formation,* Nishimoto et al.3¢ proposed that
truncated p35 facilitates SG assembly and promotes
SG formation, thus suggesting a previously unde-
scribed function for TDP-43. A recent pathologic
study also demonstrated colocalization of TDP-43 in-
clusions with SG markers (eIF3 and TTA-1) in ALS and
FTLD-U-affected brains,* indicating a possible associ-
ation between accumulation of intracytoplasmic RNA-
binding proteins, SG formation, and the pathogenesis
of ALS/FTLD-U. The validity of this assumption is
strongly supported by identification of ALS mutations
in FUS and subsequent studies described below.

THE MOLECULAR BASIS OF FUS PROTEINOPATHY
The FUS/TLS gene was originally identified as part
of a fusion protein with the transcription factor
CHOP, arising from chromosomal translocation in
liposarcoma. The FUS/TLS gene also encodes an
RNA-binding protein equipped with an RRM, simi-
lar to TDP-43. Together with the highly homolo-
gous Ewing sarcoma protein (EWS) and TAF15,
FUS/TLS forms the TET (TLS/FUS, EWS, TAF15)
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family, and may be involved in RNA processing,
splicing, and RNA metabolism. The mRNA targets
of FUS and its role in RNA regulation are largely
unknown. FUS knockout mice show perinatal lethal-
ity and defects in B lymphocyte development,!
while Kuroda et al.*? reported that survival KO mice
exhibit male sterility, but the neurodegenerative phe-
notype has thus far not been reported.

Pathologic analyses have shown that FUS cyto-
plasmic inclusions are immunopositive for ubiquitin
in immunohistologic evaluation.“!* However, in
contrast to TDP-43, there is no immunoblotting ev-
idence for posttranslational modification of FUS
through ubiquitination, hyperphosphorylation, or
truncation.*% These results suggest that FUS may
not be preferentially modified, or that other compo-
nents in the FUS inclusions are the actual ubiquiti-
nation targets.*?

In a study involving an EWS-deletion mutant,
Zakaryan et al.* discovered that the C-terminus of
EWS is a NLS, and, in particular, that basic arginine
residues in the C-terminus are essential for nuclear
localization. Both EWS and FUS have high
C-terminal homology, and ALS mutations have ac-
cumulated at these arginines in the C-terminus.®
Several groups®#®4” have confirmed that nuclear
transport is severely impaired in cell lines lacking the
C-terminus of FUS, and that, as is the case with the
p35fand p35iso of TDP-43, ALS mutations result in
the mislocalization of FUS from the nucleus to the
cytoplasm and enhance SG formation in an additive
manner. The C-terminus of FUS thus represents a
NLS, and ALS mutations directly impede nuclear lo-
calization mediated by the C-terminus. Furthermore,
subcellular analyses have indicated that compared to
other mutations, the P525L and R522G mutations
result in stronger cytoplasmic localization of FUS and
cause juvenile ALS, with a mean disease onset in the
second and third decades of life.> Thus, the increased
mislocalization of mutant protein into the cytoplasm
seems to decrease the age at disease onset. 4

Recent pathologic findings revealed that inclusion
bodies found in BIBD, a subtype of FUS proteinopa-
thy, contain RNA and SG component proteins,
indicating that SGs induced by expression of mutant
FUS share unique features with pathologic FUS in-
clusions. Therefore, these findings provide direct ev-
idence of an association between the accumulation of
cytoplasmic RNA-binding proteins and SG forma-
tion in ALS/FTLD-U brain.

TDP-43 and FUS have several characteristics in
common. Because both are RNA-binding proteins,
are components of SGs, and show cytoplasmic mislo-
calization in affected tissues, they are conceivably

part of a cooperative pathologic process in the devel-

opment of ALS/FTLD-U. Importantly, it remains to
be determined whether the formation of SGs is
pathogenic or protective in neurodegeneration. SGs
are basically thought to function in the protection of
mRNA against harmful stress events and to arrest trans-
lation, preventing the accumulation of misfolded pro-
teins.® Additionally, SGs likely protect neurons by
assembling cytoplasmic RNA-binding proteins and re-
ducing toxic levels of RNA-binding proteins. It has also
been speculated that inappropriate/excessive SG assem-
bly results in chronic disturbance of RNA metabolism
or entrapment and depletion of nuclear FUS and TDP-
43, thereby leading to the development of neurodegen-
eration. Further study is needed to clarify the
relationship between SG formation and cell fate in
TDP-43/FUS proteinopathy in order to better under-
stand the pathogenesis of ALS/FTLD-U.

THE NUCLEAR-CYTOPLASMIC PROTEIN TRANS-
PORT MECHANISM OF TDP-43 AND FUS In in-
tranuclear transport mechanisms, nuclear proteins
that contain a NLS form a nuclear pore-targeting
complex together with the nuclear import receptors
importin «, B, or transportin. Proteins are then
transported into the nucleus via mediation of the
small Ras-related GTPase, Ran. A GTP-bound Ran
gradient exists between the nucleus and the cyto-
plasm, created by active transport resulting from hy-
drolysis of the GTP bound to Ran. Subcellular
localization studies have demonstrated that nuclear
localization of both TDP-43 and FUS is impaired in
the Ran dominant-negative strain QG69L, indicating
that nuclear import is mediated by Ran-dependent
machinery (figure e-2).%

Using RNA interference screening, Nishimura et
al.® discovered that the importin B pathway is in-
volved in the nuclear import of TDP-43. Based on
the NLS consensus sequence [R/H/KX, 5PY] of
the nuclear import receptor transportin, Lee et al.”®
predicted that transportin targets FUS. In a study
involving small-interfering RNA, Dormann et al.%
showed that transportins are essential for nuclear lo-
calization of FUS.

Figure 1 summarizes current information regard-
ing TDP-43 and FUS nuclear-cytoplasmic protein
transport and formation of SGs, as well as our hypo-
thetical model of TDP-43 and FUS proteinopathy.
Full-length TDP-43 is transported to the nucleus by
importin and Ran-dependent transport machinery,
where it normally functions in promoting RNA sta-
bility and regulating splicing. Truncated p35iso
(translated from an alternate initiation codon), p35f
(generated by caspase-3 during apoptosis), and mis-
localized full-length TDP-43 (due to an unknown
mechanism) accumulate in the cytoplasm. Wild-type
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Figure 1 Hypothetical common pathology of TAR DNA-binding protein (TDP-43) proteinopathy and fused in
sarcoma (FUS) proteinopathy
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Nuclear import of TDP-43 is mediated by importin-«, importin-g, and Ran-GTPase. p35iso (which is derived from an alter-
nate initiation codon) and p35f (proteolytically cleaved by caspase-3) do not have a nuclear localization signal (NLS) and are
mislocalized to the cytoplasm. Wild-type FUS protein is transferred to the nucleus via transportin-1, transportin-2, and
Ran-dependent transport machinery. Amyotrophic lateral sclerosis (ALS)-linked mutants of FUS interfere with the interac-
tion with transportin and lead to localization in the cytoplasm. Under certain pathologic stresses or aging-related nuclear
leakiness, cytoplasmic accumulation of TDP-43 and FUS lead to a common pathologic process, the formation of stress
granules (SGs), or dysregulation of the RNA quality control system that may then be associated with motor neuron degen-
eration. Similar to inclusions in other neurodegenerative diseases, whether SGs are cytotoxic or cytoprotective remains
unclear. An alternative pathway suggests that neuronal intranuclear inclusions (Nlls) may be associated with pathogenesis
in some types of frontotemporal lobar degeneration (FTLD)-TDP and -FUS, especially Paget disease of bone and frontotem-

poral dementia (IBMPFD).

FUS localizes in the nucleus in a transportin- and
Ran-dependent manner. ALS mutations in FUS dis-
turb the interactions with transportin, resulting in
interference with nuclear traffic. TDP-43 and FUS
subsequently accumulate in the cytoplasm, linking to
assembly of SGs. The presence of excessive RNA-
binding protein chronically disturbs RNA quality
control or leads to the entrapment and depletion of
intact nuclear TDP-43 and FUS, which in turn initi-
ates the neurodegeneration that leads to ALS/
FTLD-U.

The findings described above suggest that mislo-
calization of TDP-43 and FUS from the nucleus and
their accumulation in the cytoplasm is the initial step
in the development of ALS/FTLD-U. The mecha-
nism in sporadic ALS/FTLD-U cases whereby
TDP-43 and FUS proteins that lack mutations in the
NLS induce cytoplasmic mislocalization is unknown.

Neurology 77 October 25,2011

However, an interesting recent report regarding the
function of nuclear pores in relation to this point was
published by D’Angelo et al.,”! who found that some
nuclear pore proteins, such as those of the Nup107/
160 complex, are extremely long-lived and do not
turn over during the life of nondividing cells, such as
neurons. A subset of nucleoporins is oxidatively dam-
aged in aging cells, leading to an increase in nuclear
permeability and leakiness. Therefore, it can be hy-
pothesized that aging-related nuclear leakiness is ac-
celerated in patients with sporadic ALS/FTLD-U,
which causes a mislocalization of TDP-43 and FUS
in the cytoplasm and triggers the neurodegenerative
cascade in ALS/FTLD-U. If this hypothesis is cor-
rect, it would help explain the mechanism of neuro-
degeneration in age-related sporadic ALS/FTLD-U.
Particularly promising would be novel therapeutic

approaches aimed at overcoming the impaired
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nuclear-cytoplasmic protein transport mechanism
that leads to accumulation of TDP-43 and FUS in
the cytoplasm, thereby preventing or delaying the
neurodegeneration associated with ALS/FTLD-U.

GENETIC RISK OF ATAXIN-2 INTERMEDIATE-
LENGTH POLYGLUTAMINE EXPANSIONS
Ataxin-2 normally contains a polyglutamine tract of
22 glutamine residues. Tracts of greater than 33 glu-
tamine residues result in hereditary spinocerebellar
ataxia type 2 (SCA2). Elden et al.® recently demon-
strated that ataxin-2 is also a potent modifier of
TDP-43 toxicity. They showed that overexpression
or reduced expression of A7XN2 enhances or attenu-
ates TDP-43 toxicity, respectively, in the retina of
flies, and that ataxin-2 and TDP-43 form a complex
in an RNA-dependent manner. In a genomic analysis
of patients with ALS, they also found that
intermediate-length ataxin-2 polyglutamine expan-
sions (27-33 glutamine residues) are associated with
an increased risk for ALS, and that this is accompa-
nied by an earlier age at onset. Interaction between
ataxin-2 and TDP-43 as well as cytoplasmic mislo-
calization of TDP-43 are enhanced by longer poly-
glutamine expansions. It is noteworthy that ataxin-2
has an Lsm domain (Like Sm domain), which has an
RNA binding motif, and that ataxin-2 is a constitu-
ent protein of SGs,”? similar to TDP-43 and FUS.
Presumably, ataxin-2 contributes to the common
pathologic cascade formed by TDP-43 and FUS.
Notably, to date there have been no pathologic or
clinical reports of motor neuron disease or FTLD
phenotypes in SCA2 cases, illustrating the need for
additional studies focusing on TDP-43 and FUS in
SCA2 brain tissue as a means of disentangling the
complex interactions between TDP-43, FUS, and
ataxin-2.

TOWARD AN UNDERSTANDING OF THE ALS/
FTLD-U MOLECULAR NETWORK When inter-
the

supposition, several issues should be kept in mind.

preting above-mentioned findings and
For instance, the characteristic pathologic findings in
TDP-43 proteinopathy are TDP-43-positive neuro-
nal cytoplasmic inclusions (NCls) and neuritis, but
neuronal intranuclear inclusions (NIIs) and glial in-
clusions are also observed in the FTLD-TDP-43 sub-
type.?? In cases involving mutations in the gene
encoding valosin-containing protein (VCP), which
has been linked to FTLD with inclusion body myop-
athy and Paget disease of bone, the characteristic
neuropathologic feature is an abundance of TDP-43
positive NIIs with few NClIs.?> The mechanism of
TDP-43 proteinopathy therefore appears to involve
complicated degenerative processes, and further studies
focusing on the pathologic consequences of nuclear ag-

gregation and glial involvement are needed in addition
to those focusing on cytoplasmic accumulation.

In addition, how ALS mutations in TDP-43 lead
to neurodegeneration is currently unknown. Recent
pulse-chase labeling studies showed that mutant
TDP-43 is more stable than the wild-type and has
enhanced binding to FUS/TLS." Dewey et al.>?
demonstrated that mutant TDP-43 incorporates
into SGs earlier and forms larger SGs than the wild-
type. These results support our hypothetical model
(figure 1) of the common pathology of TDP-43 and
FUS proteinopathies, but are not conclusive enough
to explain the pathologic mechanism induced by
mutations in TDP-43. Clarifying the toxic proper-
ties associated with ALS-dominant mutations in the
TDP-43 protein is critical for understanding the mo-
lecular basis of ALS.

A diagram illustrating the relationships between
the major molecules involved in ALS that have been
identified to date is shown in figure 2. Mutations in
the VCP and progranulin genes have also been identi-
fied as causes of familial FTLD-TDDP.>4¢ Pathologic
accumulation of TDP-43 has been documented to
occur with both mutations, and biochemical and
pathologic studies suggested that the VCP and pro-
granulin proteins are located upstream of TDP-43 in
the degeneration cascade.?>3>°7>8

A number of other genes are associated with fa-
milial ALS, including those encoding SOD1 and an-
giogenin, and a Japanese group recently identified
novel mutations in optineurin as being associated
with familial ALS.>® Familial ALS is most often asso-
ciated with mutations in SOD1, but this seldom re-
sults in impairment of cognitive function in patients
with ALS1 with this mutation,® indicating that
ALS1 differs clinically from the ALS/FTLD-U dis-
ease spectrum. Accumulating pathologic and bio-
chemical evidence suggests that ALS associated with
SODI mutations or TDP-43 proteinopathy result
from distinct pathologic mechanisms.®” The current
consensus is that ALS resulting from SODI muta-
tions involves a pathologic process that is indepen-
dent from the ALS/FTLD-U pathologic cascade or is
joined downstream with that cascade.

Understanding the molecular network associated
with ALS/FTLD-U and accurately elucidating the
pathologic cascade are extremely important for estab-
lishing a treatment. Several questions must be ad-
dressed by future studies for such a strategy to
become reality. For example, is mutant optineurin
part of the same ALS/FTLD-U pathologic cascade as
that involving mutations in TDP-43 and FUS, or do
mutations in optineurin form an independent disease
entity, similar to ALS1? Is FUS toxicity also modified
by ataxin-2 with intermediate-length polyglutamine
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Figure 2

Possible pathologic cascade of amyotrophic lateral sclerosis (ALS)/

frontotemporal lobar degeneration (FTLD)-linked molecules
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TAR DNA-binding protein (TDP-43) and fused in sarcoma (FUS) induce a conjoint pathologic

cascade of neurodegeneration that

leads to ALS/FTLD with ubiquitin-positive inclusions.

Ataxin-2 possibly promotes this cascade. Recent pathologic and biochemical evidence indi-
cates that valosin containing protein (VCP) and progranulin (PGRN) may be located up-
stream of TDP-43 in the pathologic cascade. Cu/Zn SOD1 may contribute to an
independent pathologic process or join the pathologic cascade downstream of TDP-43/
FUS. The role of optineurin in the pathologic cascade remains to be elucidated.

expansions? Despite these questions, recent studies

indicate that steady progress is being made toward

development of a therapeutic strategy to overcome

ALS

and FTLD-U.
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