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Synopsis

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are both late-onset neurodegenerative
disorders that are associated with mutations in TARDBP. The product of this gene, TDP-43, has also been
identified as the main component of intracellular inclusions typical of most cases of ALS and FTD. Recent
evidence suggests that TDP-43 is essential for proper development and is involved in several fundamental
cellular processes, including gene transcription, RNA processing, and the spatial regulation of mMRNA
translation. Pathogenic TARDBP mutations that impair TDP-43 function could therefore be related to neuronal
degeneration in ALS and FTD. Conversely, cellular and animal studies have shown that pathogenic TARDBP
mutations induce neuronal toxicity through mislocalization or elevated concentrations of TDP-43, consistent
with a gain-of-function mechanism. In this review, we focus upon the physiologic functions of TDP-43 within the
central nervous system and discuss how these functions may be perturbed or pathologically altered by

disease-associated mutations.



Neurodegenerative diseases are a growing problem for the elderly /1/. Age is the most important risk factor for
this group of disorders, and as more of the population reaches advanced ages, increasing numbers of people
succumb to frontotemporal dementia (FTD) /2,3/, amyotrophic lateral sclerosis (ALS) /4,5/, and other
neurodegenerative conditions /1,6/. While few effective therapies for these disorders exist, our understanding

of the molecular events involved in disease pathogenesis has matured considerably in the past several years.

In this review, we will explore the link between ALS and FTD and how recent investigations into this
association have radically changed our conceptions of these conditions. In particular, we will focus upon the
significance of a single protein, TDP-43, in the development of ALS and FTD, and the ways in which this

protein might contribute to the specific clinical and pathologic features of disease.

The clinical impact of ALS

ALS is a relentlessly progressive neurologic disorder that manifests clinically with the gradual and widespread
development of weakness and spasticity /4,7/. The peak incidence is between the ages of 40 and 70, and the
median time from symptom onset to death, often due to respiratory muscle involvement, is 30-36 months /8/.
The incidence of ALS is remarkably similar throughout the world, affecting 1.5-2.5 patients per 100,000
individuals /4,5/. Although medical advances over the past two decades have substantially prolonged the
survival of patients with ALS, they have had no appreciable effect upon the rate of functional decline in those
afflicted /9/. The early use of non-invasive ventilation /10/ and nutritional support /11/, improved care within
hospitals /12/, and multidisciplinary clinics /13/ all contribute to prolonged survival but fail to significantly

improve the course of the disease itself.

ALS is a clinically and genetically heterogeneous disorder. Patients may present with predominantly upper
motor neuron loss, lower motor neuron degeneration, or a combination of the two /8,14/. Some have early
bulbar involvement, but in others, the muscles of the head and neck may be completely spared throughout the
disease course. Moreover, growing evidence indicates that ALS is a multisystem disorder, affecting areas of
the frontal and temporal cortices, brainstem, and cerebellum, in addition to the traditionally recognized motor
system involvement /15-17/. More than 14 genes are associated with familial ALS (fALS), which accounts for

approximately 10% of all diagnoses /18-22/. Mutations in the gene encoding superoxide dismutase-1 (SOD1)
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are the most common cause of fALS, responsible for 20% of fALS or 2% of all cases. Animal models of ALS,
such as transgenic mice and rats expressing mutant SOD1 (mSOD1), successfully recapitulate the clinical and
pathologic features of motor neuron disease in humans (reviewed in references /23,24/) and have led to
development of several promising treatments that slow disease onset and progression in animals. Still, despite
more than 30 clinical trials of compounds and strategies that were effective in transgenic mSOD1 mice, none
has showed any significant benefit in humans with ALS /24,25/. In fact, the only medication with demonstrated

efficacy in humans, riluzole, was developed independently of transgenic mSOD1 animals /26,27/.

The fundamental connection between ALS and FTD

As initially described by Jean-Martin Charcot in 1869, ALS is a pure motor disorder that spares cognition
/8,14/. However, on detailed neuropsychiatric testing, up to 1/3 of patients with ALS demonstrate subtle
behavioral and personality deficits consistent with FTD, and 15% meet clinical criteria for the diagnosis of FTD
128,29/. FTD is the second most common form of dementia affecting individuals under the age of 65 /2,3/ and
can be clinically distinguished from other neurodegenerative conditions by characteristic behavioral,
personality, and language abnormalities with relative preservation of episodic memory /3,30,31/. Voxel-based
MRI provides an anatomic correlate to the clinical symptoms exhibited by these patients, revealing substantial
atrophy in areas of the frontal and temporal cortices responsible for language and the regulation of social
behavior /32-34/. Just as patients with ALS often develop signs of FTD, approximately 15% of patients with
FTD suffer from a motor neuron disease (MND) that is clinically and pathologically indistinguishable from
sporadic ALS (sALS) /35-38/. In a subset of FTD patients without demonstratable signs of MND, ubiquitin-rich
deposits are sometimes found in the neurons of the motor cortex and anterior horn of the spinal cord /38/.
These findings suggest the presence of sub-clinical pathology in patients without obvious symptoms of

disease.

Over 40% of patients with FTD have one or more family members affected by the disorder, consistent with
a strong genetic contribution to the pathogenesis of FTD /39,40/. Mutations in the gene encoding progranulin
(GRN) account for approximately 50% of the inheritance of FTD, while mutations in the microtubule-associated
protein tau gene (MAPT) are responsible for an additional 25% of cases. FTD is characterized pathologically
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by protein-rich deposits within neurons and surrounding glia, spongiform degeneration, neuronal loss and
atrophy. These are frequently found within areas of the frontal and temporal cortices that correspond closely to
functional deficits on clinical examination /41-44/. For example, behavioral variant FTD is marked by prominent
volume loss within the dorsal and medial frontal lobes, while language-predominant FTD subtypes (semantic
dementia or primary progressive aphasia) feature more severe atrophy of the bilateral inferior temporal lobes
or left insula /42,43,45/. The pathologic classification of FTD relies upon the identification of the principal
protein component of the neuronal and glial inclusions typical of the disorder!. Frontotemporal lobar dementia
(FTLD) with deposits rich in TDP-43 (transactive response element DNA-binding protein of 43 kDa, FTLD-
TDP) and ubiquitin is the most common type of pathology noted on post-mortem examination: it is found in
over 50% of cases that go on to post-mortem examination. Inclusions that demonstrate strong staining with
antibodies directed against tau (FTLD-tau) account for approximately 40% of the total, and protein aggregates
containing the FUS/TLS (fused in sarcomal/translated in liposarcoma, FTLD-FUS) protein are noted in less

than 10% /41,46,47/.

The clinical similarities between FTD and ALS suggested that these disorders represent opposite ends of a
spectrum of disease /17,48,49/, a hypothesis that has since been confirmed by pathologic and biochemical
studies. In 2006, two separate groups identified TDP-43 as the major protein constituent of intracellular
inclusions characteristic of SALS and the majority of fALS and FTLD /50,51/. TDP-43 is universally expressed
and localized predominantly in the nucleus in healthy cells /52/. However, in affected neurons from patients
with ALS or FTLD-TDP, the protein characteristically redistributes from the nucleus to the cytoplasm, where it
accumulates in detergent-insoluble aggregates /50,51,53,54/. Unlike its nuclear counterpart, TDP-43 recovered
from cytoplasmic inclusions is hyperphosphorylated and truncated at the amino-terminus /54-57/. Interestingly,
humans with fALS associated with mutant SOD1 and transgenic mSOD1 animals show no signs of abnormal
TDP-43 accumulation or post-translational modification /37,58-62/. These observations suggest that SOD1

mutations produce motor neuron disease through unique molecular pathways, and may help explain why

1In the United States, the term FTD has been reserved for clinical diagnosis only, referring to patients with
behavioral or language variants of the disorder. The pathologic correlate to FTD is frontotemporal lobar
dementia or FTLD. However, the terminology can be misleading. Physicians in Europe often reserve FTD for
the behavioral variant of the disorder and use FTLD to describe all other clinical and pathologic variations.



treatments developed with the use of transgenic mSOD1 models failed to demonstrate substantial efficacy in

human trials /24/.

TDP-43 is directly involved in the development of ALS and FTLD

The identification of TDP-43 within neuronal and glial inclusions typical of the majority of ALS and FTLD cases
/50,51/ provided the first evidence that this protein is important in disease pathogenesis. Further confirmation
emerged from genetic studies demonstrating that mutations in the gene encoding TDP-43 (TARDBP) on
chromosome 1 result in dominantly inherited ALS and FTD /59,63-77/. To date, over 30 pathogenic mutations
have been identified within TARDBP. All are associated with MND, and a number with FTD-MND (Figure 1 and
Table). In addition, several TARDBP mutations have been noted in individuals with ALS without a family history
of the disorder, suggesting that de novo mutations in TARDBP contribute to sporadic-onset ALS as well.
Subsequent studies confirmed that TARDBP mutations account for 4—6% of fALS and 0.5-2% of all ALS
diagnoses /78-80/. Mutations linked to an unidentified locus on chromosome 9 are associated with FTD, ALS,
or FTD-MND in affected family members, all of whom demonstrate TDP43-rich neuronal deposits on pathology
/81-83/. Moreover, FTD due to mutations in GRN /84-87/ and the gene encoding valosin-containing protein
(VCP) /88,89/ both result in FTLD with intraneuronal deposits containing TDP-43. Thus, mutations in TARDBP,
GRN, VCP, and a locus on chromosome 9 all lead to a selective clinicopathologic syndrome characterized by
TDP-43 deposition and neuronal loss within the frontal and temporal cortices or the corticospinal tract,

ultimately causing cognitive dysfunction or motor symptoms consistent with FTD, ALS, or both.

These disorders are collectively referred to as TDP43-proteinopathies because their distinct molecular
pathology centers around the abnormal deposition of protein aggregates rich in TDP-43 /16,17,21,48,90/. The
unique clinical symptoms in each case are closely related to the specific pattern and anatomic distribution of
pathology, selectively affecting particular neuronal subtypes or regions of the central nervous system. For
instance, GRN mutations result in frontal and temporal cortical atrophy and FTD, but motor neuron pathology
and ALS-like symptoms are rare /91/. In contrast, TARDBP mutations induce more widespread pathology with
preferential degeneration of the corticospinal tract, producing symptoms of ALS and, less commonly, FTD /80/.
A discussion of the specific factors contributing to the selective vulnerability of neuronal subtypes in inherited
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neurodegenerative disorders is beyond the scope of this review, but we refer the reader to recent reviews for

more information /92-95/.

Several neurodegenerative conditions are characterized by mutations within disease-associated proteins
that are integrally involved in disease pathogenesis (reviewed in /6/). Likewise, the importance of TDP-43 in
the development of ALS and FTD has been confirmed by the identification of TARDBP mutations in individuals
with familial motor neuron disease and/or dementia /59,63-77/. As mentioned previously, in dead and dying
neurons TDP-43 is redistributed from the nucleus, where it is normally concentrated, to the cytoplasm /50,51/.
Cytoplasmic TDP-43 accumulates in detergent-insoluble aggregates, much like those found in Alzheimer’'s
disease, Parkinson’'s disease, and prion disorders /96,97/. Furthermore, cytoplasmic TDP-43 s
hyperphosphorylated /53-55/, similar to tau in the neurofibrillary tangles typical of Alzheimer’s disease /98/ and
the tauopathies /99/, and subject to partial proteolysis, as seen with prion-protein deposits characteristic of
prion diseases /100/. Overexpression of TDP-43 results in cellular toxicity in several model systems, including
yeast /101/, neuroblastoma cells /102,103/, and primary cortical /104/ and motor neurons /105/. Furthermore,
zebrafish /105/ and rodents /106-109/ develop signs and symptoms of motor neuron disease upon high-level
expression of wild-type (WT) or mutant TDP-43. In humans, pathogenic mutations within the 3’ untranslated
region (UTR) of TARDBP result in a twofold higher TDP-43 mRNA and protein levels than those found in
controls /69/. These results strongly suggest that abnormal TDP-43 expression or function is intimately
connected to disease pathogenesis in ALS or FTD, but the precise cellular events responsible for disease

onset and progression are unclear.

TDP-43 function and dysfunction

A thorough understanding of the structure and physiologic function of TDP-43 is essential for determining how
mutations in TARDBP lead to neurodegeneration. TDP-43 was initially identified as an antiviral factor that
prevents HIV replication by directly associating with and inhibiting the HIV transactive response element /110/.
TARDBP, located on chromosome 1, is expressed in all cell types and tissues, except for cardiac myocytes
/52,111/. TDP-43 is a highly conserved protein with significant homology to heterogenous ribonuclearprotein
(hnRNP) family members /112,113/, many of which function in nucleic acid metabolism. TDP-43 contains two
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separate RNA recognition motifs (RRM1 and 2) that bind to UG and TG repeats in RNA and DNA, and a
glycine-rich domain (GRD) that is important for protein-protein interactions. In particular, the GRD is essential
for the association between TDP-43 and other hnRNP family members, including hnRNP Al, A2/B1 and A3
/52,112,113/. All but two of the pathogenic TARDBP mutations are clustered within the GRD (Figure 1 and

Table), suggesting that this domain is central to disease pathogenesis /114/.

TDP-43 is a DNA- and RNA-binding protein with several functions in the nucleus that might be important
for disease pathogenesis (Figure 2). Through its interactions with single-stranded regions of DNA rich in
pyrimidines, TDP-43 inhibits or enhances gene transcription, as demonstrated by the protein’s effect upon the
HIV transactive response element and murine SP-10 promoter, respectively /110,112,115/. Moreover, TDP-43
is required for the proper splicing of mRNA encoding the cystic fibrosis membrane conductor receptor
/52,116/, apolipoprotein A-1l1 /117/, and survival of motor neuron (SMN) /118/. Together with SMN, TDP-43
contributes to the formation of nuclear bodies, foci of active gene transcription and RNA splicing within nuclei
/119/. Duplications or deletions involving the SMN1 gene cause spinal muscular atrophy in humans /120/,
suggesting that TDP-43 dysfunction might induce motor neuron loss through improper splicing of SMN1 pre-
MRNA or disruption of the internal structure of nuclear bodies. TDP-43 also associates with elements of the
RNA microprocessor complex, including Drosha /121/, and directly binds to and modifies the half-life of low
molecular weight neurofilament (NFL) mRNA /122,123/. Abnormal regulation of NFL mRNA levels is common
in humans with ALS /124/, and disruption of NFL mRNA stoichiometry produces motor neuron loss and
symptoms of ALS in animal models /125,126/. Thus, pathogenic mutations in TARDBP might cause motor

neuron degeneration by interfering with the normal processing and regulation of neurofilament mRNA /127/.

At steady state, the majority of TDP-43 in healthy cells is confined to the nucleus /50,51/, commensurate
with the protein’s purported roles in RNA metabolism. However, TDP-43 is not a static protein and shuttles
continuously between the nucleus and cytoplasm /128,129/. It contains a nuclear localization signal (NLS) and
a nuclear export signal /129,130/, facilitating the transport of the protein and its cargo to and from the nucleus.
Within the cytoplasm of healthy cells, TDP-43 is found in small granules that transport, sequester, and degrade
MRNA species /131/. These granules co-localize with components of RNA stress granules, including TIA-1

/132-134/, as well as markers of RNA processing bodies, such as Staufen-1 and elF4E /132,133,135/,



indicating that TDP-43 actively participates in mRNA trafficking and stabilization. The presence of TDP-43
within RNA granules also implies that this protein is involved in the spatial and temporal regulation of mRNA
translation, a process that is essential for proper neuronal development, plasticity, and regeneration after injury

(reviewed in reference /136/).

Accumulating evidence suggests that the subcellular localization of TDP-43 is tightly controlled and that
maintaining TDP-43 localization is crucial for neuronal health. In axotomized neurons, TDP-43 mRNA and
protein levels increase, and the protein is redistributed from the nucleus to the cytoplasm, where it transiently
accumulates /133,137/. Within 28 days of injury, however, TDP-43 expression returns to baseline levels, and
the protein re-accumulates within the nucleus, suggesting that upregulation and cytoplasmic redistribution of
TDP-43 could be involved in the response to neuronal injury /133,137/. In neurons isolated from transgenic
animals lacking NFL, TDP-43 accumulates within the cytoplasm after axotomy, but the normal distribution
cannot be reestablished, and these cells eventually undergo apoptosis /138/. A similar redistribution of TDP-43
from the nucleus to the cytoplasm has been noted in dead and dying neurons from the brains of patients with
ALS or FTD /50,51/. Furthermore, expression of cytoplasmic TDP-43, created by disrupting the protein’s NLS,
is toxic to rodent primary cortical neurons /104/. These findings suggest that cytoplasmic redistribution of TDP-
43 initially represents a coping response to injury, perhaps facilitating neuronal recovery, but lead to
neurotoxicity and cellular degeneration if the proper distribution cannot be reestablished. In agreement with this
hypothesis, cytoplasmic TDP-43 inclusions colocalize with phosphorylated Smad proteins /139/, which mediate
intracellular signal transduction through the transforming growth factor-beta (TGF-R) pathway, vital for the
maintenance of neuronal health. Persistent cytoplasmic accumulation of TDP-43 might irreversibly sequester
Smad proteins and induce toxicity by inhibiting downstream targets of TGF-B that are essential for neuronal

survival /140/.

Loss-of-function mechanisms in TDP43-proteinopathies

If fully functional TDP-43 is indeed critical for neuronal sustenance, then mutations that disrupt its level or
function within the nucleus or cytoplasm should recapitulate features of disease. Several studies suggest that

the amount of TDP-43 is highly regulated and the presence of the protein is necessary for proper development
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and survival. Importantly, transgenic mice harboring null mutations in TARDBP do not survive past embryonic
day 6 /141,142/. TDP-43 can be detected within the nucleus of both wild-type (WT) and null-mutant embryos
until embryonic day 2.5, likely reflecting the presence of maternal TDP-43 carried over from the fertilized
zygote. Although WT and null-mutant embryos are indistinguishable at this stage, TARDBP” embryos fail to
develop an inner cell mass and die shortly afterwards. Interestingly, homozygous TARDBP"* and
heterozygous TARDBP*" embryos exhibit identical TDP-43 mRNA and protein levels, suggesting that the
amount and function of TDP-43 are precisely regulated in developing embryos and essential for vitality
/141,142/. Additional studies confirmed the toxic effect of TDP-43 downregulation in neuroblastoma cells in
vitro /143/. Moreover, in Drosophila /144,145/ and zebrafish /105/ TDP-43 knockout induces an MND-like
phenotype characterized by impaired locomotion and feeding. Knockout animals have impaired sensory /146/
and motor neuron branching /144/, with disorganization and shortening of motor neuron axons /105/. TDP-43 is

therefore necessary for embryonic development and appropriate coordination of motor neuron axon outgrowth.

Do pathogenic TARDBP mutations negatively affect the function of TDP-43 and result in disease through
loss-of-function mechanisms? Potential mechanisms by which TDP-43 dysfunction results in
neurodegeneration are shown in Figure 2. In this scenario, mutant TDP-43 cannot carry out the essential
functions of WT TDP-43, and the autosomal dominant pattern of inheritance associated with TARDBP
mutations could be due to either haploinsufficiency or a dominant-negative effect of the mutant protein. There
is precedence for both mechanisms in the development of inherited neurodegenerative conditions. For
instance, mutations in the genes encoding VCP /88,89/ or charged multivesicular body protein 2B (CHMP2B)
1148/, which is also associated with autosomal-dominantly inherited FTD, induce the formation of non-
functional autophagosomes that effectively sequester WT proteins. These findings suggest that
neurodegeneration could be triggered through a dominant-negative mechanism /149-151/. On the other hand,
most pathogenic mutations in GRN that result in autosomal-dominant familial FTD decrease the stability of
progranulin-encoding mMRNA by enhancement of nonsense-mediated decay, thereby resulting in inadequate

levels of progranulin (haploinsufficiency) /85,87,147/.

In support of a haploinsufficiency model, several studies demonstrated that pathogenic mutations in

TARDBP disrupt the physiologic function of the protein. Unlike WT TDP-43, mutant TDP-43 cannot rescue the
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locomotor phenotype in zebrafish lacking endogenous TDP-43 /105/. In Drosophila sensory neurons, TDP-43
knockdown impairs dendritic branching, an effect that can be fully restored by expression of WT but not mutant
TDP-43 /146/. Furthermore, while WT TDP-43 induces the expression of histone deacytelase 6 (HDACS6) in
transformed cell lines, mutant TDP-43 had no such effect /143/. These observations suggest that mutant TDP-
43 cannot functionally compensate for the WT protein. As discussed above, TDP-43 is involved in several
fundamental cellular processes, including the regulation of spatiotemporal mMRNA translation, neurofilament
MRNA stoichiometry, and mRNA splicing. Disruption of any one of these pathways singularly or in combination

could result in cellular dysfunction and death (Figure 2).

Alternatively, TARDBP mutations might lead to neurodegeneration through a dominant-negative, loss-of-
function mechanism. Mutant TDP-43 accumulates within the cytoplasm of transfected primary neurons /104/,
suggesting that TARDBP mutations can affect the subcellular distribution of the protein. Interestingly,
cytoplasmically targeted TDP-43 sequesters full-length, endogenous TDP-43 within cytoplasmic inclusions
/130,132/, and nuclear TDP-43 is depleted by expression of carboxy-terminal TDP-43 fragments that
accumulate within the cytoplasm /152/. Since TDP-43 dimerizes in vitro and in vivo /153/, mutant TDP-43 or C-
terminally truncated TDP-43 might reduce nuclear protein levels by dimerizing with the WT, full-length protein
and sequestering it within the cytoplasm /153/. These results suggest that mutant TDP-43 or C-terminal
fragments of TDP-43 act in a dominant-negative manner by limiting the nuclear import of WT TDP-43. If the
presence of TDP-43 within the nucleus is required for some or all of its essential functions, then the forced

redistribution of TDP-43 from the nucleus to the cytoplasm might be directly toxic to neurons.

Gain-of-function toxicity in TDP43-dependent neurodegeneration

In many cases, disease-associated mutations result in cellular dysfunction by bestowing novel and potentially
deleterious functions on the gene product. Toxic gain-of-function mutations are not uncommon in dominantly
inherited neurodegenerative conditions and might be important in spinocerebellar ataxia /154/, prion disorders
1155/, Huntington’s disease /156/, and ALS /157/. Over 100 pathogenic mutations have been identified within

the SOD1 gene, and with few exceptions, they are all dominantly inherited (see http://alsod.iop.kcl.ac.uk/ for a

full list of mutations). The pathogenic effect of SOD1 mutations is completely independent of the dismutase
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activity of the SOD1 protein: transgenic animals expressing mutant SOD1 with or without dismutase activity
develop an identical motor neuron disease phenotype (reviewed in /23,92/). In these animals and in humans
carrying SOD1 mutations, disease is the result of a toxic gain of function of the SOD1 protein. Often, disease-
specific features can be recapitulated by overexpressing the disease-associated protein itself, as occurs
naturally with gene duplications or triplications. In individuals with Down syndrome or trisomy 21, for instance,
early-onset Alzheimer’'s disease is due to duplication of the gene encoding the amyloid precursor protein on
chromosome 21 /158,159/, and triplication of the alpha-synuclein locus has been linked to autosomal

dominant, familial Parkinson’s disease in humans /160/.

TARDBP mutations might cause fALS and FTD through identical toxic gain-of-function mechanisms.
Overexpressing WT or mutant TDP-43 induces cellular toxicity in several experimental systems, including
yeast /101/, primary neurons /104,105/, rodents /106-109/, and Drosophila /145,161/. Intriguingly, mutations
within the non-coding regions of the TARDBP locus might result in high-level expression of TDP-43 in humans
and the subsequent development of neurodegenerative disease /67,69/. Furthermore, TDP-43 accumulates
within the epidermis of individuals with spontaneous ALS, but not age-matched controls /162/, suggesting that
elevated TDP-43 protein levels are correlated with both inherited and spontaneous disease. Using quantitative
fluorescence microscopy, we showed that the toxicity of TDP-43 is dose-dependent in primary cortical neurons
1104/, an effect that was confirmed in transgenic animals expressing increasing amounts of TDP-43 /107,109/.
Furthermore, overexpressing exogenous TDP-43 in each case induces neurodegeneration in cells or animals
that make endogenous TDP-43. Therefore, at high concentrations, TDP-43 is toxic and exhibits lethal gain-of-

function properties.

Importantly, overexpressing TDP-43 in animals induces a neurodegenerative condition that closely
resembles ALS and FTD in humans. Transgenic mice expressing WT /107/ or mutant TDP-43 carrying the
A315T mutation /108/ develop progressive spasticity, stumbling gait, abnormal reflexes, and weakness
culminating in paralysis and death within weeks. Remarkably, the pathology of these animals is limited to the
ventral horn of the spinal cord and layer 5 of the neocortex, including the primary motor and somatosensory
areas. Astrocytosis, neuronal degeneration and intracellular cytoplasmic aggregates rich in ubiquitin /108/ and

TDP-43 /107/ feature prominently in these regions, reminiscent of the selective pathology noted in humans with
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TDP43-proteinopathies /48,90/. In addition, constitutive or tetracycline-regulated expression of mutant TDP-43
in transgenic rats induces rapid-onset paralysis and eventually death in affected animals. These symptoms are
accompanied by the early loss of motor neuron axon terminals, degeneration of neuromuscular endplates, and
during late stages of disease, motor neuron apoptosis, astrocytosis, and migrogliosis /109/. These
observations show that overexpression of TDP-43 in transgenic animals produces a specific type and
distribution of neuropathology limited to predefined areas of the neocortex and spinal cord, much like that seen

in humans with FTD and ALS.

How might pathogenic TARDBP mutations result in a toxic gain-of-function phenotype? Some possibilities
are depicted in Figure 2. As mentioned above, cytoplasmic accumulation of TDP-43 is a fundamental
characteristic of ALS and FTLD-TDP /41,48/, and TARDBP mutations induce cytoplasmic mislocalization of the
mutant protein /104/. Cytoplasmic aggregation of TDP-43 could sequester functional TDP-43 from its
predominant site of action, the nucleus, causing toxicity through a loss-of-function mechanism. However,
cytoplasmic TDP-43 might also have toxic properties independent of nuclear TDP-43, generating lethal
downstream effects through a gain-of-function pathway. The two possibilities are not mutually exclusive, and

both might operate simultaneously to produce the neurodegeneration characteristic of TDP43-proteinopathies.

Evidence supporting the direct toxicity of cytoplasmic TDP-43 has emerged from studies of primary cortical
neurons expressing mutant TDP-43 /104/. The expression of mutant, but not WT, TDP-43 was lethal to primary
cortical neurons, and the toxicity of the mutant protein depended heavily on the subcellular localization of TDP-
43. In these experiments, cytoplasmic accumulation of TDP-43 was significantly more common in neurons
expressing mutant TDP-43, than in those expressing WT protein. Surprisingly, neurons that exhibited purely
nuclear distribution of mutant TDP-43 were protected from the toxicity, and targeting of WT TDP-43 to the
cytoplasm by disruption of the NLS recapitulated the toxicity of the mutant protein. Moreover, the toxic effect of
cytoplasmic TDP-43 was dose-dependent, while the amount of nuclear TDP-43 was unrelated to neuronal
survival, consistent with a gain-of-function toxicity of cytoplasmic TDP-43 /104/. These results strongly suggest
that mutations in TARDBP cause neurodegeneration by inducing the accumulation of cytoplasmic TDP-43,

which may induce cellular toxicity through downstream mechanisms that compromise neuronal survival.
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The molecular pathways by which cytoplasmic TDP-43 acts are unknown, but may include aberrant
association with cytoplasmic mRNA or RNA-binding proteins, sequestration of nuclear import or export factors,
impairment of translation, or proteasome inhibition (Figure 2). TDP-43 interacts with multiple cytoplasmic
proteins, including many ribosomal subunits and elongation factors essential for proper mRNA translation
/135/. Therefore, cytoplasmic TDP-43 might induce neurotoxicity by abnormal interaction with these
components, thereby preventing constitutive translation of proteins essential for the maintenance of neuronal
survival or enhancing the translation of potentially deleterious proteins. Disruptions in the cytoplasmic
regulation of protein translation contribute significantly to disease pathogenesis in neuromuscular disorders,
such as myotonic dystrophy (reviewed in /163/), suggesting that a similar process could be responsible for the

neuronal loss characteristic of TDP43-proteinopathies.

Long-lived and metabolically active cells, such as neurons, rely on efficient protein turnover mechanisms to
prevent abnormal protein deposition and aggregation. The ubiquitin proteasome system (UPS) mediates the
targeted degradation of misfolded and aggregated neuronal proteins, and disruption of the UPS is a
fundamental feature of several neurodegenerative conditions /164/. TDP-43 binds to ubiquilin-1, one of the key
proteins involved in the specific targeting of proteins for destruction by the UPS /165/. Pathogenic TARDBP
mutations might induce neurotoxicity by disrupting the association between ubiquilin-1 and TDP-43 and
interfering with UPS function. Surprisingly, expression of ubiquilin-1 induces a decrease in TDP-43 protein
levels, suggesting that ubiquilin-1 facilitates TDP-43 degradation by the UPS /161/. If mutations in TARDBP
prevent ubiquilin-1 from binding to and targeting TDP-43 for destruction, mutant TDP-43 might escape

degradation and accumulate to lethal concentrations within the cytoplasm of neurons.

A pathologic hallmark of neurodegenerative conditions is the deposition of disease-specific proteins in
insoluble aggregates /96,97/. These inclusions are most often found in conjunction with dead or degenerating
neurons, an observation that initially led investigators to believe that the aggregates are themselves pathologic.
However, more recent evidence suggests that neuronal inclusion body formation is a functional coping
response to cellular stress in neurodegenerative diseases and that the inclusions might not be toxic per se

/166-170/. By sequestering soluble disease-associated proteins into insoluble aggregates, the process of
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inclusion body formation could prevent the respective proteins from inducing deleterious downstream effects

and limit their toxicity.

How might inclusion body formation be involved in the pathogenesis of TDP-43 proteinopathies? Disease-
associated mutations in TDP-43 shorten the time between inclusion body formation and death in a yeast
model, indicating that TDP-43 accumulation and aggregation are toxic /101,171/. In contrast, however,
overexpression of mutant and WT TDP-43 within primary neurons leads to the formation of inclusion bodies,
but inclusion body formation does not significantly affect neuronal survival and is unrelated to the toxicity of
mutant TDP-43 /104/. This suggests that inclusion body formation is unnecessary for mutant TDP-43-specific
toxicity in neurons. In support of this conclusion, TDP-43 immunopositive inclusion bodies were detected in
neurons from transgenic mice overexpressing WT /107/, but not mutant TDP-43 /108/. Conversely, transgenic
rats /106,109/ and mice /108/ expressing mutant TDP-43 develop rapidly progressive paralysis with profound
degeneration and loss of motor neurons within the spinal cord, in the absence of inclusion bodies containing
TDP-43. If inclusion body formation were important or necessary for motor neuron loss, intracellular
aggregates rich in TDP-43 should be an early finding, preceding motor neuron dysfunction or death. However,
insoluble and ubiquitinated degradation products of mutant TDP-43 were detected in the spinal cords of late-
stage transgenic rats only /109/. Thus, soluble mutant TDP-43 is likely to be the toxic molecule in these
animals, while inclusion body formation might be a secondary process exhibited by neurons under stress.
Indeed, levels of diffuse forms of TDP-43 in neurons significantly predicted whether and when neurons would
undergo degeneration /104/. In humans, a single anatomic study demonstrated that the frequency
neuronophagia, the engulfment of neurons by activated macrophages and a central feature of ALS pathology,
is unaffected by the presence of intracellular TDP-43 inclusions /172/. Inclusion body formation did not appear
to provide a survival benefit in this instance, but further investigations involving the longitudinal analysis of
motor neuron survival are warranted to conclusively determine whether or not inclusion body formation

protects neurons from the toxic effects of TDP-43.

Familial ALS and FTD have also been linked to pathogenic mutations in the gene encoding FUS/TLS,
another RNA-binding protein with substantial structural and functional homology to TDP-43. These

observations provide further support that proper RNA metabolism is integrally involved in the development of
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both ALS and FTD /173,174/. FUS/TLS is predominantly localized within the nucleus of healthy cells and
shuttles between the nucleus and the cytoplasm, but in diseased neurons, FUS/TLS is excluded from the
nucleus and accumulates in the cytoplasm, much like TDP-43. The neuropathologic features of
neurodegeneration due to TARDBP and FUS/TLS mutations are inherently and fundamentally similar to one
another /175/, suggesting that the disease pathogenesis might also be analogous in each case. It is unclear
what effects pathogenic FUS/TLS mutations have upon the function or subcellular distribution of the protein

and if these variables are important predictors of cell death and neurodegeneration.

Selective neuronal vulnerability in TDP-43 proteinopathies

TDP-43 is expressed ubiquitously, yet TARDBP mutations result in a neurodegenerative condition limited to
motor neurons of the spinal cord, motor cortex, and selected populations of neurons in the frontal and temporal
cortices. What cellular or molecular characteristics make these cells particularly susceptible to the toxic effects
of mutant TDP-43? The specific factors that might contribute to neuronal selective vulnerability can be
categorized into cell-autonomous and non-cell-autonomous traits. Intrinsic differences between susceptible
populations of neurons within the cortex and spinal cord and resistant regions, such as the striatum or
thalamus, may be responsible for the toxicity of TDP-43. For instance, motor neuron axon length or the
apparent dependence of these cells on functional axon transport mechanisms /176/ might make anterior horn
cells more susceptible. Alternatively, non-cell-autonomous variables, such as astrocyte or microglial inputs,
could contribute to the vulnerability of cortical and spinal cord neurons /92,93/. In an in vitro model of mSOD-1-
mediated MND, neuronal toxicity was traced to the secretion of a toxic factor from astrocytes expressing
mSOD1 /177/. The precise contribution of astrocytes to TDP43-mediated disease is unclear, but these results
suggest that inputs from adjacent astrocytes are essential for maintaining motor neuron health. Interestingly,
while motor neurons are initially affected in transgenic rats expressing mutant TDP-43, more widespread
pathology can be seen during late stages of disease, with degeneration noted throughout the cortex,
hippocampus, and cerebellum /109/. Thus, while motor neurons appear to be preferentially susceptible to the
toxic effects of mutant TDP-43, separate types of neurons and those residing in different regions of the

nervous system may eventually be affected. Multisystem neuronal degeneration and protein deposition are
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also characteristic pathologic features of ALS and FTD in humans, particularly in severe or late-stage illness

/15-17,178/, suggesting that resistance to the toxicity of TDP-43 is relative.

While the majority of pathogenic TARDBP mutations have been associated with motor neuron disease,
substantial heterogeneity exists in the clinical presentation of patients harboring TARDBP mutations, even
within family members carrying identical mutations /80/. As described above, over 30 TARDBP mutations are
associated with spontaneous or familial ALS in humans /59,63-78/. However, it is unclear if specific TARDBP
mutations are associated with characteristic clinical phenotypes. Each of the mutations might lead to a unique
set of downstream effects or preferential toxicity for limited neuronal populations, resulting in a particular
distribution of clinical signs and symptoms. In support of this conclusion, transgenic mice expressing A315T
mutant TDP-43 develop simultaneous motor and cortical neuron loss /108/, while transgenic rats expressing
M337V mutant TDP-43 demonstrate early motor neuron degeneration and late cortical, limbic, and cerebellar
involvement /109/. Furthermore, FTD is rarely found in association with TARDBP mutations, but two family
members with the G295S mutation developed motor neuron disease with FTD /71/, and FTD without evidence
of ALS has been detected in a single individual carrying the L263E mutation /72/. Mutant TDP-43 harboring
these mutations may therefore be particularly toxic to cortical and motor neurons, through unknown
mechanisms. Nevertheless, humans with identical TARDBP mutations exhibit different clinical phenotypes /80/,
implying that one or more unidentified genetic or environmental factors significantly influence the onset,

symptoms, and course of disease in TARDBP mutation carriers.

Conclusions

ALS and FTD are clinically distinct disorders that are linked through a common molecular pathology involving
the cytoplasmic accumulation of TDP-43. As with other neurodegenerative conditions characterized by
neuronal inclusions, one may wonder whether the protein constituents of these inclusions are directly involved
in disease pathogenesis, or if they simply represent a downstream and non-specific phenomenon of neuronal
dysfunction and death. A wealth of evidence, including anatomic, genetic, and biochemical studies involving in
vitro and in vivo experimental systems, now supports a primary role for TDP-43 in the development of these
diseases. Still, the precise pathways by which TDP-43 might be involved in disease pathogenesis are unclear,

17



and many questions remain. Do pathogenic TARDBP mutations induce neurotoxicity by incapacitating TDP-43
and preventing it from carrying out physiologic functions that are fundamentally essential for neuronal health?
Or does mutant TDP-43 acquire hew and potentially lethal properties that stimulate cell death independent of
the normal function of the protein? Do mutations within FUS/TLS result in neurodegeneration through similar
mechanisms? Why are neurons of the cortex and spinal cord preferentially affected by TARDBP or FUS/TLS
mutations? Most importantly, answering these questions will further our understanding of an entire class of
disorders characterized by TDP-43 deposition and promises to facilitate the development of more accurate
disease models that recapitulate key features of TDP43-proteinopathies. Such models will be crucial if we are
to design and evaluate therapies with the potential to prevent or reverse the signs, symptoms, and sequelae of

ALS, FTD, and other devastating and presently incurable neurodegenerative conditions.
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Table: Pathogenic TARDBP mutations and their associated features.

Domain Mutation Inheritance Clinical presentation Reference

5-UTR t(-562)c Spont. ALS 67
RRM1 D169G Spont. ALS 66
RRM2 K263E Spont. FTD, chorea, gaze 72
palsy
GRD N267S Spont. ALS 73
GRD G287S Spont. ALS 66, 73
GRD G290A AD ALS 59
GRD G294A Spont. ALS 64
GRD G294V AD/Spont. ALS 73,74
GRD G295R Spont. ALS 73
GRD G295S AD/Spont. FTD-MND, ALS 71,73, 74
GRD G298S AD ALS 59
GRD M311V AD ALS 75
GRD A315T AD ALS 66
GRD A321G Spont. ALS 70
GRD Q331K Spont. ALS 64
GRD S332N AD ALS 73
GRD G335D Spont. ALS 73
GRD M337V AD ALS 63, 64, 73
GRD Q343R AD ALS 76
GRD N345K AD ALS 63
GRD G348C AD/Spont. ALS 65, 66, 74, 78
GRD N352S AD ALS 65, 77
GRD R361S Spont. ALS 66
GRD P363A Spont. ALS 78
GRD Y374X Spont. ALS 78
GRD S379C Spont. ALS 73
GRD S379P AD ALS 73
GRD A382P Spont. ALS 78
GRD A382T AD/Spont. ALS 66, 73, 74
GRD 1383V AD ALS 63
GRD N390D Spont. ALS 66
GRD N390S Spont. ALS 66
GRD S393L Spont. ALS 73
3-UTR g(2076)a AD FTD, ALS 69

UTR: untranslated region; GRD: glycine-rich domain; RRM: RNA-recognition motif; AD:
autosomal dominant; Spont: spontaneous; ALS: amyotrophic lateral sclerosis; FTD:
frontotemporal dementia; FTD-MND: frontotemporal dementia with motor neuron

disease.



Figure legends

Figure 1: Pathogenic TARDBP mutations cluster within the glycine-rich domain of the protein. A domain
structure map of TDP-43 shows the RNA-recognition motifs 1 and 2 (RRM1 and RRM2, respectively) in light
blue and the glycine-rich domain (GRD) in red. Black lines denote the approximate location of each mutation.
Mutations in red represent those that have been associated with autosomal dominant (AD) disease; those in
black occurred spontaneously (Spont.). The t(-562)c mutation (far left) occurs in the 5'-untranslated region
(UTR) of the locus, at a position 562 base-pairs upstream of the transcription initiation site in exon 1. The
g(2076)a mutation (far right) is located 2076 base-pairs downstream of transcriptional start site, in the 3'-UTR.
Each of the individual mutations, the domains in which they are located, their inheritance patterns and

associated clinical features are listed in the Table.

Figure 2: Several essential functions of TDP-43 in the nucleus and cytoplasm might contribute to disease
pathogenesis. A motor neuron (center) is depicted, although TDP43-specific processes likely affect cortical as
well as spinal neurons. Nuclear functions attributed to TDP-43 are listed above the neuron, and cytoplasmic
functions appear below. The left-hand column of each table describes the proposed physiologic functions of
TDP-43. The possible ways in which these functions might be perturbed in TDP43-proteinopathies are shown

in the right-hand column of each of the tables.
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Nuclear Functions of TDP-43

Physiologic

Pathologic

Gene silencing

Enhancement of gene transcription
Nuclear body formation

mRNA splicing

mRNA stabilization

mRNA export

Overproduction of toxic mediators

Loss of vital factors

Disruption of nuclear RNA processing
Nonfunctional critical gene products (ie SMN)
Destabiliazation of mRNA transcripts (ie NFL)
Retention of mMRNA transcripts within nucleus

Cytoplasmic Functions of TDP-43

Physiologic

Pathologic

mRNA transport

mRNA translation

mRNA stabilization

Intracellular signaling (TGF-g pathway)
Response to inury

Protein degradation

Abnormal spatial regulation of mRNA translation
Global disruption of mRNA translation
Premature degradation of mRNA transcripts
Inhibition of TGF-p-mediated signaling

Inability to undergo repair or regeneration
Accumulation of misfolded proteins
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