
B R A I N R E S E A R C H 1 4 6 2 ( 2 0 1 2 ) 3 – 1 5

Ava i l ab l e on l i ne a t www.sc i enced i r ec t . com

www.e l sev i e r . com/ loca te /b ra i n res
Review

Misregulated RNA processing in amyotrophic lateral sclerosis
Magdalini Polymenidoua, c, 1, Clotilde Lagier-Tourennea, c, 1, Kasey R. Huttb, c, 1,
C. Frank Bennettd, Don W. Clevelanda, c,⁎, Gene W. Yeob, c,⁎⁎
aLudwig Institute for Cancer Research, University of California at San Diego, La Jolla, CA 92093-6070, USA
bStem Cell Program and Institute for Genomic Medicine, University of California at San Diego, La Jolla, CA 92093-6070, USA
cDepartment of Cellular and Molecular Medicine, University of California at San Diego, La Jolla, CA 92093-6070, USA
dIsis Pharmaceuticals, 2855 Gazelle Court, Carlsbad, CA 92010, USA
A R T I C L E I N F O
⁎ Correspondence to: D.W. Cleveland, Ludwig
⁎⁎ Correspondence to: G.W. Yeo, Department o

Regenerative Medicine, 2880 Torrey Pines Sc
E-mail addresses: dcleveland@ucsd.edu (

1 These authors contributed equally.

0006-8993/$ – see front matter © 2012 Elsevie
doi:10.1016/j.brainres.2012.02.059
A B S T R A C T
Article history:
Accepted 24 February 2012
Available online 3 March 2012
Amyotrophic lateral sclerosis (ALS) research is undergoing an era of unprecedented
discoveries with the identification of new genes as major genetic causes of this disease.
These discoveries reinforce the genetic, clinical and pathological overlap between ALS
and frontotemporal lobar degeneration (FTLD). Common causes of these diseases include
mutations in the RNA/DNA-binding proteins, TDP-43 and FUS/TLS and most recently, hex-
anucleotide expansions in the C9orf72 gene, discoveries that highlight the overlapping
pathogenic mechanisms that trigger ALS and FTLD. TDP-43 and FUS/TLS, both of which par-
ticipate in several steps of RNA processing, are abnormally aggregated and mislocalized in
ALS and FTLD, while the expansion in the C9orf72 pre-mRNA strongly suggests sequestra-
tion of one or more RNA binding proteins in pathologic RNA foci. Hence, ALS and FTLD con-
verge in pathogenic pathways disrupting the regulation of RNA processing.
This article is part of a Special Issue entitled RNA-Binding Proteins.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction: ALS and FTLD are linked
genetically, clinically and pathologically

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease that primarily targets motor neurons resulting in pro-
gressive paralysis and death within a few years from onset.
Just like Alzheimer's, Parkinson's and other neurodegenera-
tive diseases, a proportion (~10%) of ALS is dominantly inher-
ited, while the remaining 90% (referred to as sporadic) do not
have familial history. With the discovery of mutations in the
gene encoding superoxide dismutase 1 (SOD1) as causative
for 20% of inherited ALS (Rosen et al., 1993), and the genera-
tion of transgenicmice expressing ALS-causing SOD1mutants
(Bruijn et al., 1998; Gurney et al., 1994; Wong et al., 1995), the
molecular era of deciphering disease mechanism was initiat-
ed. Indeed, most efforts to understand ALS pathogenesis
over the last ~19 years have focused on disease caused by
SOD1 mutations. Collectively, the work of multiple groups
worldwide has established that mutant SOD1 synthesized
within motor neurons and their glial neighbors provokes
non-cell autonomous disease from one or more toxic proper-
ties of mutant SOD1 (reviewed in Boillee et al., 2006; Ilieva et
al., 2009; Pasinelli and Brown, 2006).

In 2006, a DNA/RNA-binding protein, called TAR DNA-
binding protein (TDP-43) was found to be the major compo-
nent of the cytoplasmic and ubiquitinated inclusions present
in affected neurons of all sporadic ALS patients (Arai et al.,
2006; Neumann et al., 2006) and in patients with frontotem-
poral lobar degeneration (FTLD), a neurodegenerative disorder
characterized by behavioral and language disorders (Neary et
al., 1998). This seminal discovery not only revolutionized the
ALS field, but also significantly changed our perspective of
neurodegeneration in general. Motor neuron disease and cog-
nitive deficits of variable severity can be concomitant in pa-
tients or within families (Caselli et al., 1993; Lillo et al., 2012;
Lomen-Hoerth et al., 2002; Neary et al., 2000; Ringholz et al.,
2005) and the identification of a common pathological hall-
mark defined by TDP-43 and ubiquitin-positive, tau- and
alpha-synuclein-negative cytoplasmic inclusions suggested
that ALS and FTLD were part of a broad spectrum of neurode-
generation. In healthy neurons TDP-43 is localized mainly in
the nucleus. In affected cells, however, ubiquitinated TDP-43
is mislocalized in the cytoplasm and is excluded from the nu-
cleus, raising the possibility that loss of normal function of
TDP-43 (Giordana et al., 2009; Neumann et al., 2006) and/or
gain of toxic properties may contribute to ALS and FTLD path-
ogenesis. Supporting this view, TDP-43 pathology was recent-
ly shown to correlate with executive dysfunction in ALS
patients (Brettschneider et al., 2012). Intriguingly, TDP-43 cy-
toplasmic accumulations and loss of nuclear localization in
affected neurons are now reported in many neurodegenera-
tive conditions besides ALS and FTLD, including a fraction of
Alzheimer's, Parkinson's and Huntington's disease patients
(reviewed in Lagier-Tourenne et al.). These observations im-
plicate the functional disruption of TDP-43 in the pathogene-
sis and/or progression of many, if not all, of these conditions.

Evidence supporting a primary causative role for TDP-43 in
ALS and FTLD was reported in 2008 with the discovery of mu-
tations within this gene in ALS patients (Gitcho et al., 2008;
Kabashi et al., 2008; Sreedharan et al., 2008) and in rare FTLD
patients (Benajiba et al., 2009; Borroni et al., 2009; Gitcho et
al., 2009; Kovacs et al., 2009). Affected neurons of patients
with TDP-43 mutations also present with cytoplasmic inclu-
sions and nuclear loss (Van Deerlin et al., 2008), indicating
that abnormal localization of TDP-43 represents the first
mechanistic link between sporadic ALS and an inherited
form caused by a known mutation.

The identification of TDP-43 as a major player in ALS and
FTLD pathogenesis led to the discovery of ALS-causing muta-
tions in a second gene, which encoded another DNA/RNA-
binding protein called FUS/TLS for fused in sarcoma/translo-
cated in liposarcoma (Kwiatkowski et al., 2009; Vance et al.,
2009) in approximately 4% of familial ALS and in rare sporadic
patients with no apparent familial history. Like TDP-43, FUS/
TLS is mainly localized in the nuclei of unaffected neurons,
but is partially cleared from those nuclei in neurons that con-
tain cytoplasmic aggregations (Neumann et al., 2009; Tateishi
et al., 2009; Vance et al., 2009). While most patients with FUS/
TLS mutations develop a classical ALS phenotype without
cognitive defect, occasionally, mutant FUS/TLS carriers devel-
op either FTLD concurrently with motor neuron disease
(Ticozzi et al., 2009) or FTLD in the absence of motor neuron
deficits (Blair et al., 2009; Van Langenhove et al., 2010), provid-
ing further evidence that ALS and FTLD have clinical, patho-
logical and genetic commonalities. Recent reports implicate
TAF15 mutations in patients with ALS (Couthouis et al.,
2011; Ticozzi et al., 2011). The fact that TAF-15 belongs to the
same protein family as FUS/TLS (Bertolotti et al., 1999;
Morohoshi et al., 1998), coupled with the observation that a
fraction of RNA-binding proteins have exceptionally high ag-
gregation propensities (Cushman et al., 2010), raise the likeli-
hood that the list of misregulated RNA-binding proteins
involved in ALS pathogenesis is still incomplete (Couthouis
et al., 2011). TAF15 cytoplasmic accumulations were found in
sporadic ALS patients (Couthouis et al., 2011), as well as pa-
tients with FTLD (Neumann et al., 2011), further supporting
that the pathogenetic mechanisms of the two diseases
are intertwined.

The strongest genetic link between ALS and FTLD was
reported in late 2011 with the identification of hexanucleotide
repeat expansions in the first intron of the C9orf72 gene as
causative for ALS, FTLD or concomitant ALS-FTLD disease
(DeJesus-Hernandez et al., 2011; Gijselinck et al., 2011;
Renton et al., 2011). Today, expansions in the C9orf72 repre-
sent the most frequent genetic cause of ALS and patients car-
rying the mutation harbor characteristic pathologic
hallmarks. In addition to TDP-43 pathology, patients with
C9orf72 expansion display ubiquitin and p62 positive, TDP-
43 negative cytoplasmic and intranuclear inclusions in vari-
ous CNS regions including the cerebellum and hippocampus
(Al-Sarraj et al., 2011; DeJesus-Hernandez et al., 2011; Murray
et al., 2011; Troakes et al., 2011).

Not all ALS-causing genes, however, overlap with FTLD
phenotypes. The recently discovered mutations in an X-
linked gene, UBQLN2, encoding ubiquilin 2 is responsible for
~1% of familial ALS (Daoud and Rouleau, 2011; Deng et al.,
2011). And while some patients carrying UBQLN2 mutations
present with concomitant dementia, no reported UBQLN2-
positive cases showed a pure FTLD phenotype in the absence
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of motor system involvement (Deng et al., 2011; Millecamps et
al., 2011b). Another recently identified ALS-causing gene is the
OPTN gene encoding optineurin or optic neuropathy inducing
protein, whosemutations were recently identified in Japanese
familial ALS (Iida et al., 2011; Maruyama et al., 2010). OPTN
mutations in Caucasian populations were reported to be ei-
ther extremely rare (Del Bo et al., 2011; Sugihara et al., 2011;
Tumer et al., 2012; van Blitterswijk et al., 2011) or completely
absent (Millecamps et al., 2011a) and to date no association
between OPTN mutations and FTLD phenotype has been
found (Rollinson et al., 2012). The latter seems also to be true
for SOD1, whose mutations seem to be strictly associated
with ALS disease phenotype, in contrast to TDP-43, FUS/TLS
and C9orf72.
2. Misregulated RNA processing is a
convergent causative basis for ALS and FTLD

Themechanisms by which TDP-43 and FUS/TLS trigger neuro-
degeneration are at the earliest stages of investigation and it
is at present unresolved as to whether neurodegeneration is
due to a loss of function, a gain of toxic property, or a combi-
nation of the two arising from their sequestration into nuclear
or cytoplasmic aggregates. If we consider the loss of function
hypothesis, then the next question is: what are the physiolog-
ical roles of TDP-43 and FUS/TLS whose interruption occurs in
affected cells? While these are not fully elucidated and there
is no evidence that TDP-43 and FUS/TLS act together, they
are both structurally related to the family of heterogeneous ri-
bonucleoproteins (hnRNP) and have been involved in multiple
levels of RNA processing including transcription, splicing,
transport and translation. Such multifunctional proteins
could have roles in coupling transcription with splicing and
other RNA processes (Andersson et al., 2008; Bertolotti et al.,
1999; Buratti and Baralle, 2008; Hirose and Manley, 2000;
Kameoka et al., 2004; Law et al., 2006; Tan and Manley, 2009).
It is therefore easy to imagine the devastating consequences
of their functional disruption for cellular homeostasis.

The alternative hypothesis proposes that a gain of toxic
property of TDP-43 and FUS/TLS cytoplasmic inclusions drives
disease. Several of the neurotoxicmechanisms that have been
proposed to result from the aggregates of different misfolded
protein involved in ALS and other neurodegenerative disor-
ders (Ilieva et al., 2009), may be triggered by TDP-43 or FUS/
TLS inclusions. The observation that ALS-linkedmutations in-
crease the stability of TDP-43 protein (Guo et al., 2011; Johnson
et al., 2009; Ling et al., 2010) supports the view that protein ag-
gregation may initiate the pathogenic cascade in ALS. More-
over, TDP-43 and FUS/TLS are involved in the formation of
stress granules, cytoplasmic foci containing RNA in complex
with RNA binding proteins that appear transiently under cel-
lular stress (Andersson et al., 2008; Bosco et al., 2011;
Colombrita et al., 2009; Dewey et al., 2011; Gal et al., 2011; Ito
et al., 2011; Liu-Yesucevitz et al., 2010; McDonald et al., 2011;
Meyerowitz et al., 2011; Moisse et al., 2009; Wang et al.,
2008a). Hence it is plausible that the physiologic TDP-43- or
FUS/TLS-containing stress granules may transform into path-
ogenic inclusions during neurodegeneration. The observation
that stress granule proteins partition in the TDP-43 and FUS/
TLS pathologic inclusions of ALS patients supports this view
(Dormann et al., 2011; Fujita et al., 2008; Liu-Yesucevitz et al.,
2010). Therefore, sequestration of specific cellular RNAs with-
in cytoplasmic TDP-43 and FUS/TLS inclusions may deplete
the cell of essential RNA components, contributing to patho-
genesis. The latter, if true, could explain the observation that
TDP-43 and FUS/TLS binding to RNA is linked to their cytotox-
icity independently of their propensity to aggregate (Elden et
al., 2010; Sun et al., 2011; Voigt et al., 2010).

Just like TDP-43 and FUS/TLS, the pathogenic mechanism
of the recently discovered hexanucleotide expansions in the
C9orf72 gene is not understood, but there are two possible
pathways emerging from early observations in these patients.
The first one is a mechanism linked to haploinsufficiency of
C9orf72 supported by the 50% reduction of C9orf72 transcript
levels observed in patients with expansions (DeJesus-
Hernandez et al., 2011; Gijselinck et al., 2011). As there is cur-
rently no functional or structural information on the C9orf72
protein, there is no evidence on the consequences of a
C9orf72 haploinsufficiency. The second possibility is that the
expanded RNA forms pathogenic foci (DeJesus-Hernandez et
al., 2011) that trap one or more RNA binding protein(s). This
mechanism of RNA toxicity resulting in the depletion and
loss of function of specific RNA binding protein(s) with affinity
for the expanded RNA has been established in other neurolog-
ical diseases, especially myotonic dystrophy types 1 and 2
(Fugier et al., 2011; Kanadia et al., 2003; Mankodi et al., 2000,
2003; Margolis et al., 2006; Miller et al., 2000; Ranum and
Cooper, 2006), or Fragile X-associated tremor ataxia syndrome
(FXTAS) (Hagerman and Hagerman, 2004; Iwahashi et al.,
2006; Jin et al., 2007; Sellier et al., 2011; Tassone et al., 2004;
Willemsen et al., 2003). If a similar mechanism is demonstrat-
ed in ALS, it will further emphasize the crucial role of RNA
misregulation in ALS pathogenesis. In addition, the role of
RNA metabolism in ALS is further underscored by disease-
causing mutations in angiogenin (Greenway et al., 2006; Li
and Hu, 2011; Wu et al., 2007) and senataxin (Chen et al.,
2004), two proteins involved in RNA processing, as well as by
the recognition of intermediate length polyglutamine expan-
sions in ataxin-2, another RNA binding protein, as a risk factor
for ALS (Elden et al., 2010).
3. RNA processing alterations in ALS patients

Early studies have analyzed RNA expression profiles in affect-
ed postmortem tissues of sporadic ALS patients. While there
is a large variation in the results reported, probably reflecting
the heterogeneity in genetic background, disease stage and
tissue preservation, neuroinflammatory pathways were uni-
formly seen activated in patients' spinal cords (Malaspina et
al., 2001) and motor cortices (Wang et al., 2006) and cell-
death-associated genes are significantly upregulated in isolat-
ed motor neurons (Jiang et al., 2005). Importantly, splicing al-
terations were also reported in ALS patients (Lin et al., 1998;
Rabin et al., 2010; Xiao et al., 2011), some of which may be di-
rectly related to TDP-43 misregulation (Xiao et al., 2011). Addi-
tionally, errors in adenosine (A) to inosine (I) RNA editing have
been described in ALS patients (Kawahara et al., 2004), poten-
tially resulting from loss of the RNA editing enzyme ADAR2
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(adenosine deaminase acting on RNA2) in neurons with TDP-
43 cytoplasmic inclusions (Aizawa et al., 2010).

Altogether, the above observations reinforce the notion
that abnormal RNA-processing contributes to ALS pathogene-
sis, albeit the role of TDP-43 or FUS/TLS in these modifications
has not been accurately examined. It is now crucial to deter-
mine the normal functions of TDP-43 and FUS/TLS and to
identify the set of alterations in RNA processing that define
a TDP-43- and FUS/TLS-dependent disease signature.
4. Identification of TDP-43 RNA targets
highlights itsmultifunctional role in RNAprocessing

Recent studies using revolutionary DNA sequencing technolo-
gies have provided initial insights on the normal functions of
TDP-43 within the central nervous system. Until recently, only
candidate approaches could be used to identify the RNA tar-
gets for specific RNA-binding proteins or aberrant RNA splice
isoforms related to diseases. Advances in DNA sequencing
technology have provided powerful tools for exploring gene
regulation in remarkable detail. Indeed, using cross-linking,
immunoprecipitation and high-throughput sequencing or
CLIP-seq (Ule et al., 2003; Licatalosi et al., 2008; Yeo et al.,
2009) or an alternative technique that omits the crosslinking
step (RNA-immunoprecipitation or RIP-seq), TDP-43 RNA tar-
gets within the normal central nervous system were compre-
hensively defined (Polymenidou et al., 2011; Sephton et al.,
2011; Tollervey et al., 2011). More than 6000 TDP-43 RNA tar-
gets have defined an RNA–protein interaction map, demon-
strating a broad role of TDP-43 in RNA processing. While
binding of TDP-43 on transcripts corresponding to approxi-
mately 30% of the mouse genome may seem like an over-
whelming number, most RNA binding proteins, whose RNA
targets have been previously comprehensively identified,
show similar prolific binding patterns. For example, the RNA
binding protein Nova was shown to bind 3754 genes in the
mouse brain (Licatalosi et al., 2008), Fox2 binds 1876 genes in
human embryonic stem cells (Yeo et al., 2009), the miRNA-
binding protein Argonaute associates with 3093 or 829 genes
in Caenorhabditis elegans (Zisoulis et al., 2010) or human cells
(Chi et al., 2009), respectively, and the human RNA-binding
proteins Pumilio 2 (PUM2) and Quaking (QKI) have 3000 and
2500 RNA targets, respectively (Hafner et al., 2010). In all
these cases, including TDP-43 and FUS/TLS (Hoell et al.,
2011), the multiple binding partners of these proteins reflect
the multifunctional nature of their physiological roles in regu-
lating RNA metabolism.

Consistent with in vitro studies (Buratti et al., 2001), in vivo
TDP-43 binding sites are enriched in sequences containing
stretches of GU repeats (Polymenidou et al., 2011; Sephton et
al., 2011; Tollervey et al., 2011). The majority of the TDP-43
binding sites lie within intronic regions more than 2 kb away
from the nearest exon–intron boundary. This finding is sur-
prising for a protein that previously was best characterized
for its role on splicing regulation through binding just 10
bases upstream of an alternatively spliced exon on the pre-
mRNA of CFTR, the gene mutated in cystic fibrosis (Buratti et
al., 2001). Although most TDP-43 binding sites are found with-
in introns, it is noteworthy that more than a thousand RNAs
are bound in their 3′ untranslated regions (3′UTR), consistent
with multiple roles of TDP-43 on nuclear RNA processing as
well as within the cytoplasm. Indeed, binding onto 3′UTRs
has been linked with a role in RNA stability or transport for
local translation, processes that are crucial for neuronal integ-
rity (Dahm et al., 2007; Kindler et al., 2005). Importantly, TDP-
43 — as well as FUS/TLS — is found in RNA granules translo-
cating to dendritic spines upon different neuronal stimuli
(Belly et al., 2005; Elvira et al., 2006; Fujii et al., 2005; Kanai et
al., 2004; Wang et al., 2008b). In addition, loss of TDP-43 re-
duces dendritic branching as well as synaptic formation in
Drosophila neurons (Feiguin et al., 2009; Lu et al., 2009). Collec-
tively, these results suggest that TDP-43 could play a role in
themodulation of neuronal plasticity by alteringmRNA trans-
port and local translation through binding onto the 3′UTR of
specific mRNAs in neurons. Interestingly, TDP-43 binding
sites were identified on the 3′UTR of several genes involved
in ALS pathogenesis including FUS/TLS, the light chain of neu-
rofilament (NFL) and the glutamate transporter EAAT2
(Polymenidou et al., 2011).
5. TDP-43 regulation of its RNA targets converge
in long synaptic transcripts and non-coding RNAs

Amidst the plethora of TDP-43 binding sites, it is crucial to de-
termine the functional events that matter the most both
physiologically and pathologically. To identify the contribu-
tion of TDP-43 in maintaining the levels and splicing patterns
of RNAs, antisense oligonucleotide (ASO) silencing was used
to deplete TDP-43 within the normal central nervous system
of adult mice (Polymenidou et al., 2011). TDP-43 mRNA was
degraded via endogenous RNase H digestion, which specifical-
ly recognizes ASO-pre-mRNA (DNA/RNA) hybrids. These tools
enabled definition of RNA-processing alterations resulting
from loss of function of TDP-43, using a genome-wide ap-
proach with high-throughput sequencing (known as RNA-
seq) (Parkhomchuk et al., 2009). Following ASO-mediated de-
pletion of TDP-43, levels of 601 mRNAs were changed and
965 splicing events were altered (Polymenidou et al., 2011).

In order to pinpoint changes in expression that resulted
from direct interactions of TDP-43 protein with its target
mRNAs, the RNA-binding sites for TDP-43 (obtained by CLIP-
seq) were compared with the degree of expression change
upon TDP-43 knockdown (RNA-seq). While very few TDP-43
binding sites were identified among genes whose mRNAs
were upregulated after suppression of TDP-43, a striking en-
richment of multiple binding sites was observed within the
genes that were downregulated upon depletion of TDP-43
(Polymenidou et al., 2011). In fact, the 100 most downregu-
lated genes upon TDP-43 reduction contained an average of
~37 TDP-43 binding sites per pre-mRNA and 12 genes con-
tained more than 100 binding sites.

Another striking property of the most downregulated
genes upon TDP-43 reduction was that they contained excep-
tionally long introns; on average, they were six-fold larger
than the introns from unaffected or upregulated genes. Nota-
bly, pre-mRNAs with exceptionally long introns are most
prominently represented in brain-enriched transcripts
(Ameur et al., 2011; Polymenidou et al., 2011). Strikingly,
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several of these RNAs encode proteins with crucial roles in
synaptic activity/function and have previously been implicat-
ed in neurological diseases including Parkin (Park2), Neurexin 1
and 3 (Nrxn1, Nrxn3) and Neuroligin 1 (Nlgn1). Among this TDP-
43 target group, Neurexin 3 pre-mRNA was independently
found downregulated in autopsy tissues from patients with
TDP-43 pathology (Tollervey et al., 2011). It is important to em-
phasize that not all neuronal genes are affected by TDP-43
loss. For example, while Neuroligin 1, a long-intron-
containing gene is strongly affected, other members of the
Neuroligin family that contain substantially smaller introns
(Neuroligin 2 and 3) are neither significantly bound by TDP-
43, nor altered in levels after TDP-43 depletion.

These results thus identify a novel conserved role for TDP-
43 in regulating a subset of very long intron-containing brain-
enriched genes and suggest for the first time a mechanism
underlying the selective neuronal vulnerability from the in-
terruption of TDP-43 function (Polymenidou et al., 2011).
Nonetheless, the molecular events underlying this regulation
have not been established. One possibility is that TDP-43 bind-
ing within long introns protects transcripts from undergoing
nonsense-mediated mRNA decay by facilitating splicing
events and preventing the introduction of premature termi-
nation codons. Indeed, TDP-43may be involved in compacting
the structure of RNA through multiple binding sites within
long introns to facilitate their splicing. Another possibility is
that TDP-43 affects RNA polymerase elongation, similar to
what has been shown for another splicing regulator, SC35
(Lin et al., 2008). Future studies are needed to elucidate these
mechanisms.

TDP-43 also interacts with and regulates the levels of
long non-coding RNAs such as MALAT1 (Polymenidou et
al., 2011; Tollervey et al., 2011) and NEAT1, which was mark-
edly increased in expression in FTLD brains with TDP-43 pa-
thology (Tollervey et al., 2011). The binding behavior of TDP-
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Buratti and Baralle, 2001) and double-stranded (Kuo et al.,
2009). Originally identified as a transcriptional repressor that
binds to transactive response (TAR) DNA of the human immu-
nodeficiency virus type 1 (HIV-1) (Ou et al., 1995), TDP-43 was
also reported to bind the promoter of the mouse SP-10 gene
that is required for spermatogenesis (Abhyankar et al., 2007;
Acharya et al., 2006; Lalmansingh et al., 2011). In both in-
stances, TDP-43 represses transcription by binding these
DNA regulatory elements, but little is known about the mech-
anisms of this transcriptional repression (reviewed in Buratti
and Baralle, 2008). While the above observations strongly sug-
gest critical roles of TDP-43 in transcription regulation of a few
gene targets, a comprehensive protein/DNA interaction map
still remains to be defined.

Furthermore, it will be crucial to identify which of the TDP-
43 regulated events are altered in ALS patients. Whole tissue
transcriptome and/or splicing profiling may not accurately re-
veal the most relevant alterations but rather reflect modifica-
tions of the cellular composition in tissues with neuronal
death and glial activation. While laser capture microdissec-
tion of motor neurons (Rabin et al., 2010) is a substantial tech-
nical improvement towards this goal, the reported
heterogeneity of affected cells in the spinal cords of ALS pa-
tients (Bodansky et al., 2010; Giordana et al., 2009) may mask
some of the changes occurring in the most severely affected
neurons. Single cell transcriptome analysis (Tang et al., 2011)
or pre-selection of cells that are at the same disease stage
might shed light to this outstanding question. Another prom-
ising approach is the use of relatively homogeneous popula-
tions of neurons differentiated from induced pluripotent
stem (iPS) cells generated from somatic cells isolated from
ALS patients (Dimos et al., 2008; Han et al., 2011).

Similar high-throughput sequencing approaches to those
followed for TDP-43 are underway to identify FUS/TLS RNA
targets and RNA processing changes upon FUS/TLS depletion.
Since the mutation or cytoplasmic aggregation of either FUS/
TLS or TDP-43 cause similar disease phenotypes in humans,
and both proteins are involved in the same RNA-processing
steps (Lagier-Tourenne et al., 2010), a plausible hypothesis is
that the RNA-targets affected by both proteins may be the
most relevant for disease. Deciphering the function of both
TDP-43 and FUS/TLS will determine if these two RNA-
binding proteins act through common pathways to trigger
and/or exacerbate the progression of neuronal death.
6. Autoregulatory mechanisms sustain the
levels of TDP-43 protein

The multifunctional role and physiological importance of
TDP-43 is evidenced by early embryonic lethality in mice
with homozygous disruption in the Tardbp gene (Kraemer et
al., 2010; Sephton et al., 2010; Wu et al., 2010) and by autoregu-
latory mechanisms that have evolved to maintain its levels
(Ayala et al., 2011; Igaz et al., 2011; Polymenidou et al., 2011;
Xu et al., 2010) to avoid toxicity caused by elevated TDP-43 ex-
pression (Shan et al., 2010; Tsai et al., 2010; Wils et al., 2010; Xu
et al., 2010). In fact, TDP-43 was found highly expressed in the
developing nervous system, with lower levels in adult rodents
that are sustained with age (Huang et al., 2010), confirming
the vital role of this protein for the homeostasis of the adult
nervous system.

Evidence for tight regulation of TDP-43 levels came fromcel-
lular and animal models where over-expression of exogenous
TDP-43 induced striking reduction of endogenous TDP-43
RNA and protein levels (Ayala et al., 2011; Igaz et al., 2011;
Polymenidou et al., 2011; Xu et al., 2010). The genome-wide
identification of TDP-43 binding sites revealed that TDP-43 pro-
tein bindswithin an intron residing in the 3′UTR of its own pre-
mRNA (Ayala et al., 2011; Polymenidou et al., 2011; Sephton et
al., 2011). Binding of TDP-43 causes the removal of this intron,
evidenced by the dramatic increase of this 3′UTR-spliced
TDP-43 isoform, upon overexpression of TDP-43 in cultured
cells (Polymenidou et al., 2011). Locations of introns are demar-
cated by the presence of exon-junction complexes (EJCs) de-
posited on the mature mRNA proximal to the exon–exon
junction. The pioneer round of translation normally ejects
EJCs upstream of the stop codon, the presence of an unper-
turbed EJC elicits thenonsensemediateddecay (NMD) pathway
which causes degradation of the TDP-43 message (Ayala et al.,
2011; Polymenidou et al., 2011). Interestingly, many other RNA
binding proteins are auto-regulated via the NMD pathway
(Dredge et al., 2005; Lareau et al., 2007; Ni et al., 2007;
Saltzman et al., 2008; Sureau et al., 2001; Wollerton et al.,
2004). The NMD pathway, however, is not the only possible
autoregulatory mechanism shown for TDP-43 (Lee et al.,
2012). Other mechanistic contributors to TDP-43 autoregula-
tion include the promotion by TDP-43 overexpression in cul-
tured cells of RNA-instability in an exosome-dependent
fashion, suggesting a complementary pathway for sustaining
its levels (Ayala et al., 2011). Additional mechanisms, such as
miRNA-mediated regulation may also contribute to the main-
tenance of TDP-43 levels. Indeed, conserved binding sites for
the miRNA miR-143 were identified in TDP-43 molecules of
multiple vertebrates (Trakooljul et al., 2009). In the future, it
will be important to clarify the level of contribution of each
pathway to the autoregulation of TDP-43 in the mouse and
human nervous system.

Whatever the underlying molecular mechanism(s), the
tight autoregulation of TDP-43 provides an attractive model
for a feed-forward mechanism driving disease progression in
ALS patients. In cells with cytoplasmic accumulations of
TDP-43 and consequent nuclear clearance of the protein, the
production of stable TDP-43 mRNA will be expected to in-
crease, which may further promote the growth of the cyto-
plasmic aggregates, as more and more TDP-43 protein gets
incorporated into the growing aggregates (Fig. 2). The ob-
served increased levels of TDP-43 mRNA in motor neurons
from ALS patients (Rabin et al., 2010) supports this view.
7. Perspectives and open questions

While we are witnessing a time of remarkable progress in our
understanding of the complex roles of TDP-43, FUS/TLS and
other RNA binding proteins in the homeostasis and degenera-
tion of the nervous system, there is undeniably a long list of
key, outstanding questions that must be addressed in the
near future. Included here are what are the FUS/TLS-depen-
dent RNA-processing events and what is the overlap between
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the TDP-43 and FUS/TLS regulated events? Which, if any, are
the RNA binding proteins trapped in the RNA-foci of patients
with C9orf72 expansions and what are the downstream mis-
regulated RNA-processing events? Pertinently, is there con-
vergence of the three seemingly distinct pathways driving
disease, i.e. TDP-43, FUS/TLS and C9orf72 expansions? Are fa-
milial ALS cases caused by SOD1, optineurin or ubiquilin 2
mutations triggered by similar mechanisms, or do multiple
pathogenic mechanisms lead to the same disease phenotype?
Are there more repeat expansions causing ALS and FTLD?
Why are TDP-43 and FUS so commonly aggregated in neuro-
degeneration? Is this due to their normal roles in the cellular
stress response pathway? What defines the disease pheno-
type in ALS and FTLD? Is there truly sporadic disease, and
what causes it? Or are there multiple genetic and/or environ-
mental factors triggering sporadic ALS?

As long and challenging as the above list may seem, the
next few years of ALS and FTLD research will be evenmore ex-
citing than the past has been and newdiscoverieswill empow-
er therapeutic interventions for these devastating conditions.
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