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Neurodegeneration is a leading cause of death in the
developed world and a natural, albeit unfortunate, conse-
quence of longer-lived populations. Despite great demand
for therapeutic intervention, it is often the case that these
diseases are insufficiently understood at the basic molec-
ular level. What little is known has promptedmuch hope-
ful speculation about a generalized mechanistic thread
that ties these disparate conditions together at the subcel-
lular level and can be exploited for broad curative benefit.
In this review, we discuss a prominent theory supported
by genetic and pathological changes in an array of neuro-
degenerative diseases: that neurons are particularly vul-
nerable to disruption of RNA-binding protein dosage and
dynamics. Here we synthesize the progress made at the
clinical, genetic, and biophysical levels and conclude
that this perspective offers the most parsimonious expla-
nation for these mysterious diseases. Where appropriate,
we highlight the reciprocal benefits of cross-disciplinary
collaboration between disease specialists and RNA biolo-
gists as we envision a future in which neurodegeneration
declines and our understanding of the broad importance of
RNA processing deepens.

Alternative transcript processing is an effective mecha-
nism to generate functional diversity from a fixed volume
of genetic information. Such types of justifications are of-
ten called on to rationalize the lack of correlation between
the number of genes in an organism’s genome and its per-
ceived complexity. Nowhere is this more pertinent than
in studies of the human brain, the most cellularly and
functionally complex organ among all living things.
While much research has focused on how cis-acting ele-
ments within alternatively processed transcripts provide
instructions for the multitude of forms that they can
take, themechanisms throughwhich these signals impart
different meaning in a context-dependent manner de-
pends heavily on their trans-acting effectors: RNA-bind-

ing proteins (RBPs). RBPs seldom act alone but rather
form extensive protein–protein and protein–RNA interac-
tions in an immense number of permutations that allow
for spatial and temporal control of gene expression in re-
sponse to a range of stimuli. Given the scope and intricacy
of functions that the human central nervous systemmust
regulate, it is thus not surprising that disruption of precise
RBP stoichiometry through mutations and pathological
events leads to a wide range of neurological and neurode-
generative diseases. In this review, we discuss recent find-
ings and recurrent questions regarding the widening role
of RBPs in human neurodegenerative diseases. For further
insight into this topic, we refer the reader to a number of
excellent related reviews (Cooper et al. 2009; Vander-
weyde et al. 2013; Nussbacher et al. 2015; Cookson
2017; De Conti et al. 2017).

RNA metabolism in the brain—a heightened demand

The human brain contains a remarkable number of cells,
currently estimated at 170 billion, with an ∼1:1 ratio of
neurons:nonneurons (glia) (Azevedo et al. 2009). Neurons,
the targets of neurodegeneration, come in countless vari-
eties, differing in position (Fig. 1), size, neurotransmis-
sion, and electrophysiological properties yet are united
by several key features such as their polarization, ability
to formnetworkswith other neurons, and enormous ener-
gy demands (Herculano-Houzel 2012; Sharpee 2014).
While our analysis focuses primarily on genetically de-

termined neurodegeneration, the greatest risk factor for
neurodegeneration is normal aging (Bishop et al. 2010).
This underscores the point that neurodegeneration is a
gradual, age-dependent process that may exploit another
unique feature of neurons, which is their persistent meta-
bolic activity across long life spans (Magistretti and Alla-
man 2015). The molecular mechanisms put forward for
neurodegenerative diseases must always strive to explain
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how accumulative damage due to inherited/germlinemu-
tations can manifest decades later in highly specific neu-
ronal loss. Likewise, an important aspect of faithful
disease modeling is the consideration of how different ge-
netic variants lead to earlier onset and faster progression,
as the factors that result in more serious disease may be of
therapeutic interest as well as informative of the diseases
themselves (Van Damme et al. 2017).

Alternative mRNA processing greatly increases the di-
mensions of gene expression beyond the on/off duality
through splicing, polyadenylation, targeted localization,
and post-transcriptional silencing, and the cells in the
brain take great advantage of these different strategies to
diversify their repertoires. For example, it has been shown
that the brain undergoes particularly high levels of alter-
native splicing relative to other human tissues and also
tends to follow more distinctive patterns (Yeo et al.
2004). Analogous types of analyses have similarly revealed
that brain tissues are unique in alternative polyadenyla-
tion choices (Zhang et al. 2005). In recent years,more clas-
ses of RNAs, including microRNAs (miRNAs) (Wang
et al. 2012), enhancer RNAs (eRNAs) (Kim et al. 2010),
and long intergenic noncoding RNAs (lincRNAs) (Sauva-
geau et al. 2013; Wu et al. 2013), have been demonstrated
to contribute to the fine-tuning of gene expression in the
brain that specifies its distinctive proteome and capacity
for adaptive responses. While splicing makes up the ma-
jority of our discussion, in reality, it is impossible to con-
solidate the many ways that RNA and, by association,
RBPs make neurons unique.

The outcomes of alternative splicing can have impor-
tant biological relevance in the brain. This can include,
for example, determining isoform expression patterns of
receptors and channels critical to neurotransmission (Gra-

bowski and Black 2001). Sometimes, these brain-specfic
events are regulated by binding of brain-restricted splicing
factors such as NOVA (Jensen et al. 2000) or neural poly-
pyrimidine tract-binding protein (nPTB) (Coutinho-Mans-
field et al. 2007; Licatalosi et al. 2012). However, for many
specific neuronal splicing events and for splicing events in
general, splice site choices rely on the concerted action of
many indispensable factors that are ubiquitously ex-
pressed (Chan and Black 1997; Chou et al. 1999). Thus,
it is seen that alternative RNA processing is driven by
the competition inherent in the dynamic concentrations
of RBPswith respect to other protein factors and the abun-
dance of high-affinity sequences that they bind (Dreyfuss
et al. 1993; Chen and Manley 2009).

Early clinical examples

Disease has been one of our biggest teachers when it
comes to the importance of RBPs in defining neural identi-
ty. Just as classical ablation studies have enabled research-
ers to map the contributions of different brain regions,
naturally occurring human encephalopathies have un-
locked molecular signatures of the brain’s function.

Paraneoplastic syndromes

The neuronal RBPs Hu and Nova-1/2 were discovered as
the targets of high-titer antibodies present in the sera of
cancer patients with paraneoplastic neurologic disorders
(PNDs). These proteins represent themisexpressed patho-
logical culprits behind paraneoplastic encephalomyelitis/
sensory neuronopathy (PEM/SN) and paraneoplastic opso-
clonus–myoclonus ataxia (POMA), respectively (Darnell

Figure 1. Overview of diseases and genes cov-
ered. Top-down schematic of neurodegeneration
illustrating the tissue-wide phenomena and the
genetic and molecular changes that occur at the
subcellular level. (Left) Approximate sites of pa-
thology and degenerating neurons in diseases cov-
ered in this review, including amyotrophic lateral
sclerosis (ALS), spinocerebellar ataxia type 36
(SCA36), spinal muscular atrophy (SMA), fronto-
temporal dementia (FTD), Huntington’s disease
(HD), Huntington’s disease-like 2 (HDL2), and
myotonic dystrophy type 1 (DM1) and DM2.
(Right) Mutations at the DNA result in a variety
of changes at the level of RNA processing, such
as repression of cryptic splicing (i), formation of
exonic splicing silencers (ii), formation of hairpin
structures that trigger RNA silencing pathways
and sequester proteins (iii), formation of stable
G-quadruplex (G-Q) structures that can form ag-
gregates with RBPs (iv), mutations in RBPs that af-

fect their RNAprocessing functions (v), and formation of aggregation-prone polyglutamine (polyQ) and dipeptide repeat (DPR) proteins (vi,
vii). Genes harboring mutations are categorized as being RBP-encoding genes (TARDBP, FUS, hnRNP A1/A2B1, EWSR1, and MATR3 in
ALS), noncoding expansions (C9ORF72 in ALS–FTD, FMR1 in fragile X syndrome and fragile X-associated tremor/ataxia syndrome,
NOP56 in SCA36, and DMPK and CNBP in DM1 and DM2, respectively) or coding expansions (HTT in HD, JPH3 in HDL2, ATXN2
in spinocerebellar ataxia type 2 and ALS, and AR in X-linked spinal and bulbar muscular atrophy). Nucleotide repeat units for each non-
coding and coding expansion are in quotations.
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1996). PNDs arise due to ectopic expression of brain-
specific proteins in tumors; for instance, in small cell
lung cancer (PEM/SN and POMA) and breast and fallopian
cancer (POMA) (Yang et al. 1998). The abnormal expres-
sion of these brain-restricted proteins causes the immune
system to mount an attack on these antigens, thus, in the
case of POMA, releasing autoantibodies that attackNova-
1 in the regions of the brain and spinal cord where they are
expressed in a highly restrictedmanner (Zhou et al. 2014).
The generation of Nova-1-null mice highlighted the tis-
sue-specific relevance of this protein, as the animals ex-
hibited progressive motor dysfunction in their short life
spans before dyingwithin 10 d postnatally and, important-
ly, displayed defects in specific splicing events critical to
the affected cells and developmental period (Jensen et al.
2000). Subsequently, Nova-1 was the first protein to be
subjected to CLIP (cross-linking immiunoprecipitation)
analysis. CLIP enables profiling of the RNAs associated
with a protein in vivo and has been instrumental in
much of the research that we discuss here. For Nova-1,
this effort led to the striking observation that three-quar-
ters and one-third of Nova-1 splicing targets function in
neuronal synapses and inhibition, respectively (Ule et al.
2003).
The main symptoms of POMA are indicative of lower

motor dysfunction (Buckanovich et al. 1993). However,
it has been noted that symptoms of POMA sometimes in-
clude atrophy of the cerebellum, a region not expressing
Nova-1. Furthermore, POMA antisera are reactive against
regions of the brain outside the limits of Nova-1 expres-
sion. These inconsistencies led to the discovery of a highly
similar protein, Nova-2 (Yang et al. 1998). Subsequent
CLIP analysis of Nova-2 demonstrated a role in both
brain-specific splicing and alternative polyadenylation
(Licatalosi et al. 2008). Decreased Nova activity has
been found in brains from a pooled cohort of frontotempo-
ral dementia (FTD) and Alzheimer’s disease patients
(Tollervey et al. 2011b).

Spinal muscular atrophy (SMA)

SMA is a juvenile-onset neurodegenerative disorder
marked by the loss of lower motor neurons (MNs) from
the anterior horn of the spinal cord. In its most extreme
form, it is the most common monogenic cause of infant
mortality (Prior 2010). The disease is caused by homozy-
gous loss-of-function (LOF) mutations in the gene
SMN1, which, together with the nearly identical SMN2
gene (unique to humans), encodes the protein survival of
MN (SMN), a protein chaperone for spliceosomal factor
biogenesis (Pellizzoni 2007; So et al. 2016). While SMN
is not an RBP itself, its interaction with gemin proteins
is critical for the efficient assembly of Sm proteins and
small nuclear RNAs (snRNAs) into snRNPs (Kolb et al.
2007). SMN thus resides upstream of the proper function-
ing of many RBPs by orchestrating the splicing process in
which they participate.
While SMN in an essential protein in organisms from

Schizosaccharomyces pombe to humans, its range of sub-

optimal levels in patients is the defining factor in the spec-
trum of differentially severe forms of SMA. This has
prompted much inquiry into why MNs are seemingly
more susceptible than other cells to low SMN levels
(Kolb et al. 2007; Simone et al. 2016; Tu et al. 2017).
SMA is classified into three types based on age of onset

and disease severity (Simone et al. 2016). The different
clinical manifestations reflect the overall amounts of
SMN protein (Lefebvre et al. 1997), which are determined
by the mutation (deletion vs. partial LOF) in SMN1 (Tu
et al. 2017), SMN2 gene copy number (Taylor et al. 1998;
Harada et al. 2002), and the amount of full-length SMN2
produced (Fig. 1). Full-length SMN2 represents the minor-
ity of total SMN2 produced due to a translationally silent
single-nucleotide difference distinguishing exon 7 of
SMN1 from SMN2. This polymorphism generates a novel
exonic splicing silencer in the latter (or perhaps also dis-
rupts a splicing enhancer in the former) (Cartegni and
Krainer 2002) that is bound repressively by the RBPs
hnRNP A1 and Sam68 (Kashima and Manley 2003;
Pedrotti et al. 2010).MNshave been shown to express low-
er levels of exon 7-containing SMN2 than other cells in the
spinal cord, which is negatively reinforced in an SMN1-
deficient context where splicing is most compromised
(Ruggiu et al. 2012). Development of antisense oligonucle-
otides (ASOs) that promote exon 7 inclusion, increase full-
lengthSMNprotein levels (Hua et al. 2007), and can rescue
severe SMA mice when injected neonatally (Hua et al.
2011) thus represents a major therapeutic breakthrough.
This technology led to the development of Biogen’s Spin-
raza, the first Food and Drug Administration-approved
therapy for SMA (Ottesen 2017), and has increased the
hope thatASOsmay be successful atmitigating other neu-
rodegenerative diseases.
A key questionwhen disease-linked changes in gene ex-

pression arise from mutations affecting a transcription/
RNA processing factor is the identity of the critical gene
targets that lead to disease, and this is certainly true
with SMN. A number of studies (Zhang et al. 2008; Lotti
et al. 2012; Doktor et al. 2017) have pointed to defects in
splicing of a class of introns known as U11/U12 introns.
These introns represent <1% of all introns and differ at
their consensus 5′ donor and 3′ acceptor sites, requiring
a spliceosome with distinct snRNPs for intron removal.
Splicing of U11/U12 introns is less efficient than splicing
of standard introns, which is thought to be a rate-limiting
factor in the expression of genes that contain a U11/U12
intron (Turunen et al. 2013). Interestingly, a rare class of
genes with more than one U11/U12 intron is the volt-
age-gated ion channel superfamily of genes (Wu and
Krainer 1999), which themselves are mutated in neurode-
generative and neuromuscular disease (Andavan and
Lemmens-Gruber 2011), suggesting that selectively com-
promised splicing of these transcripts may have disease
relevance. Recently, it was shown in mice that SMN defi-
ciency leads to intron retention, particularly among U11/
U12 introns, which can be reversed by increasing SMN
levels (Jangi et al. 2017). While the affected genes were
not similar in function, their pre-mRNA structures
were, as they tended to have weaker 5′ and 3′ splice sites,
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be GC-enriched, and contain more R-loop structures to
which SMN has been independently been shown to be re-
cruited (Zhao et al. 2016; Jangi et al. 2017).

Efforts are ongoing to determine whether there is in-
deed a select repertoire of splicing changes associated
with SMN deficiency from which one can rationalize dis-
ease features or whether SMN depletion leads to global
splicing disruption that manifests differently depending
on the splicing factors in a given cell type. While these
mechanistic questions still remain, the evidence that
SMN is indeed critical for MN survival builds. As was
shown in SMA and control patient-derived induced plu-
ripotent stem cell (iPSC) MNs, even among this cell pop-
ulation, there is variability in SMN levels in individual
cells, and those with the lowest levels were the fastest
to die evenwhen theywere derived fromhealthy controls.
Furthermore, while increasing SMN levels promoted sur-
vival of iPSC-derived MNs in the face of stress, the same
was not true for cells differentiated into cortical neurons
(Rodriguez-Muela et al. 2017). While the special function
of SMN in MNs remains a mystery, it is noteworthy that
loss of nuclear Gems, a hallmark of SMA, has also been
observed in amyotrophic lateral sclerosis (ALS) (Shan
et al. 2010; Yamazaki et al. 2012; Tsuiji et al. 2013), raising
the possibility that SMN disruption may occur indirectly
in this adult-onset MN disease. snRNP assembly/splicing
is not the only process of mRNA biogenesis in which
SMN has been implicated. Evidence for a role in axonal
mRNA transport provides an intriguing link to pathology,
as the degeneration of axon terminals at neuromuscular
junctions is a disease hallmark (Dombert et al. 2014).
MNs have remarkable architecture, with a large cell
body and extremely long axons that are very far removed
from the nucleus and soma. Axons undergomany changes
during development and in response to stimuli and injury
that require responses at the level of protein expression,
with high spatial and temporal resolution; this is enabled
by local protein translation (Jung et al. 2012). SMN has
been shown to localize to axons in a complex with several
mRNA-binding proteins, including FMRP (Piazzon et al.
2008), HuD (Fallini et al. 2011), and hnRNP R (Dombert
et al. 2014). Additionally, compartmentalized siRNA-
mediated knockdown of SMN was observed to cause dif-
ferential effects in the somatodendritic and axonal com-
partments, with the latter displaying down-regulation of
genes involved in axonal growth (Saal et al. 2014). De-
creased SMN at axon terminals might lead to loss of im-
portant gene regulation at the synapse, and it will be
interesting to see whether this impinges on early clinical
changes to the motor circuitry in MNs and other cells
(Mentis et al. 2011).

Mutations affecting RBPs in cis

ALS

SMA is an excellent example of an RNA processing-cen-
tric mechanism, as disease is demonstrably controlled
by SMN levels and is thus a straightforward case of LOF.
Several points differentiate ALS and SMA: First, while

both diseases have some systemic dysfunction, ALS af-
fects lower MNs in the spinal cord in addition to upper
MNs in the motor cortex, and symptoms of dysfunction
in both regions are necessary to make a diagnosis (Fig. 1;
Rowland and Shneider 2001). Second, ALS primarily af-
fects adults, with an average age at onset of 60 yr (Svetoni
et al. 2016), although, in some more aggressive forms of
disease, patients are afflicted in early adulthood or adoles-
cence (Swinnen and Robberecht 2014). Third, ALS is near-
ly always fatal, usually after an average disease duration of
3–5 yr (Rowland and Shneider 2001), while patients with
less severe forms of SMA have normal life spans (Zerres
et al. 1997). In adults, a significant fraction of ALS patients
exhibits an array of cognitive, behavioral, and language de-
fects that can result in diagnosis of FTD, thus placing
them along an ALS–FTD spectrum (Ling et al. 2013).
Finally, ALS is often defined by two dichotomies that at-
tempt to simplify its complex etiology: One (the famili-
al/sporadic division) separates patients on the basis of
belonging to a lineage where ALS is recurrent (∼10%) or
not (∼90%), while the other delineates patients based on
the presence (∼97%) or absence (the remainder) of aggre-
gates of the RBP TDP-43 (Ling et al. 2013).

TDP-43

Aggregations are hallmarks of many but not all neurode-
generative diseases, and aggregated TDP-43 inclusions
represent the single greatest unifying factor throughout
ALS molecular pathology. TDP-43 proteinopathy is also
predominantly associated with frontotemporal lobar de-
mentia (FTLD) subtype Ub+(FTLD-U)/TDP+ (FTLD–

TDP), a pathological form of the heterogeneous dementia
marked by the loss of cortical (and other) neurons. There is
considerable intrafamily and clinical overlap between
ALS and FTD, particularly FTLD-TDP, and the two dis-
eases are thought to be different clinical manifestations
of a common pathological mechanism (Al-Chalabi et al.
2012). The presence of aggregated TDP-43 in both familial
and sporadic ALS with or without accompanying TDP-43
mutations (as described below) represents a central para-
dox in the effort to characterize the molecular events
that are necessary and/or sufficient to cause disease (Blo-
khuis et al. 2013).

TDP-43 is a ubiquitously expressed critical protein. It is
highly conserved across species (Ayala et al. 2005), and ge-
netic knockout leads to embryonic lethality in mice
(Kraemer et al. 2010). TDP-43 negatively regulates its
own mRNA expression by binding its 3′ untranslated re-
gion (UTR), an interaction that requires a C-terminal
Gly-rich region (Ayala et al. 2011; Polymenidou et al.
2011). Tight regulation of TDP-43 levels is thus important
to the cell; one consequence of elevated TDP-43 expres-
sion is increased skipping of exon 9 in the mRNA encod-
ing the cystic fibrosis transmembrane regulator (Buratti
et al. 2001), among other similar roles in splicing inhibi-
tion. Overexpression of TDP-43 can be toxic in a wide ar-
ray of cell, yeast, and animal models (Ash et al. 2010; Li
et al. 2010; Wils et al. 2010; Armakola et al. 2011), thus
making it even harder to disentangle the effects of mutant
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versions of the protein in any context that alters overall
levels of the protein. As this highlights, changes in TDP-
43 abundance are not detrimental to MNs alone, again
prompting speculation that MNs are more intrinsically
sensitive to alterations in RBP concentration (Sephton
and Yu 2015).
The identification of TDP-43 as themajor component of

the hallmark neuronal cytoplasmic inclusions in ALS en-
abled several important discoveries regarding the nature
of pathological TDP-43. These include the protein’s nu-
clear clearance, post-translational cleavage, and hyper-
phosphorylation (Arai et al. 2006; Neumann et al. 2006).
Whereas pure loss of SMN is sufficient to at least explain
the outcome of SMA and loss of nuclear TDP-43 has been
argued to underlie disease (Vanden Broeck et al. 2014), the
aggregation and modifications that TDP-43 undergoes
pose a novel gain of function (GOF) that may be toxic, a
subject of considerable inquiry. Identification of TDP-43
also led to the discovery of causative mutations in the
gene that encodes it, TARDBP, thus strongly supporting
a causal role in disease (Fig. 2; Kabashi et al. 2008; Sreed-
haran et al. 2008). Nonetheless, the uncanny pathological
similarities between TARDBPmutants (themselves high-
ly diverse) and patientswithmutations in otherALS genes
orwith sporadic forms of diseasemake it difficult to deter-
minewhether TDP-43 proteinopathy represents the cause
or effect of the underlying pathology of these syndromes
(Banks et al. 2008).
Currently, there are ∼55 identified TARDBPmutations

associated with ALS. These are primarily dominant mis-
sense mutations found mostly in familial ALS but also
in some sporadic cases (accounting for ∼2% of all ALS)
and rare FTD patients (Buratti 2015). The vast majority
of these mutations clusters in the C terminus of the pro-
tein, which is sometimes referred to as an hnRNP-inter-

acting domain (Ayala et al. 2005; Buratti et al. 2005).
The C terminus is also found in an ∼25-kDa proteolytic
fragment along with a portion of the second of two RNA
recognition motifs (RRMs). Only two rare mutations
have been found in the RRMs, both in RRM1 (Buratti
2015). While the mutated amino acids are close to resi-
dues important for RNA binding (Lukavsky et al. 2013),
they are not suspected to influence RNA recognition
(Sun and Chakrabartty 2017). The heavily mutated C-ter-
minal region of the protein is rich in glycine (Gly-rich) and
glutamine/asparagine (Q/N) residues (Fig. 2). The entire
C-terminal region of ∼160 amino acids is considered low
complexity in that it is highly enriched in only four amino
acids (glycine, glutamine, serine, and asparagine), which
are similar to the residues enriched in yeast prion domains
(March et al. 2016). Some mutations are predicted to in-
crease propensity for phosphorylation (Kabashi et al.
2008) and spontaneous aggregation (Johnson et al. 2009),
while others are proposed to influence amyloid-like states
that are available to TDP-43 via a short stretch of mostly
Q/N (Fuentealba et al. 2010; Budini et al. 2012; Mompean
et al. 2016). These observations suggest that while chang-
es in splicing and gene expression may be seen in disease,
they are not due to differences in RNA recognition. In-
stead, mutations may indirectly affect the profiles of
RNAs that are bound through increased aggregation
and/or impaired nuclear import (Buratti 2015) or through
disruption of protein interactions, although some com-
mon mutations in the hnRNP interaction region have
been shown not to influence binding to one interacting
protein, hnRNP A2 (Fig. 2; D’Ambrogio et al. 2009).
Proving that ALS/FTD is associated with TDP-43 LOF

would require a clear understanding ofwhatTDP-43’sma-
jor functions are and how the protein behaves in the cell.
TDP-43 binds long stretches of UG-rich RNA through its
two RRMs (Lukavsky et al. 2013) in homodimeric form
(Kuo et al. 2009). These sequences are often enriched
near TDP-43-regulated exons (Buratti et al. 2001) but are
also found in deep intronic positions downstream from
skipped exons (Polymenidou et al. 2011; Tollervey et al.
2011a). The UG-binding motif has been confirmed in
vivo by CLIP in both cell culture and human post-mortem
brains (Tollervey et al. 2011a; Xiao et al. 2011). Interest-
ingly, despite the axiomatic cytoplasmic aggregation in
the FTLD–TDP patients studied, CLIP from both nuclear
and cytoplasmic fractions revealed that control and pa-
tient brains did not demonstrate much cytoplasmic
RNA binding, but instead both were enriched for intronic
regions and noncoding transcripts such as NEAT1 and
MALAT1. Furthermore, the finding that bound RNAs
are enriched for multiple dispersed TDP-43-binding
motifs suggests possible cooperative binding of multiple
molecules to UG repeats that are spread out over 100-nu-
cleotide distances (Tollervey et al. 2011a).
Loss of TDP-43 function due to nuclear clearance can

lead to particular splicing signatures of disease (Polymeni-
dou et al. 2011; Xiao et al. 2011; Ling et al. 2015) or to de-
fective transport of distally targeted mRNAs (Ishiguro
et al. 2016). Intriguingly, it has been postulated that an im-
portant function of TDP-43 is the repression of cryptic

Figure 2. Functional domains of the RBPs TDP-43 and FUS and
their cellular roles. Domain architecture of the disease-related
proteins TDP-43 and FUS, with emphasis on the prion-like do-
mains (PrLDs) that contribute to liquid–liquid phase separation,
represented by a liquid droplet. Various cellular roles of these pro-
teins, including nuclear–cytoplasmic shuttling, pre-mRNA pro-
cessing, hnRNP interactions, mRNP granule formation, and
amyloid-like fibrillization, are diagrammed, with the domains
implicated in these processes highlighted.
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exons (Fig. 1), and increased inclusion of such exons was
found in post-mortem ALS/FTD individuals (Ling et al.
2015) to the potential detriment of cell survival (Tan
et al. 2016). While this result presents an important ob-
servablemetric of TDP-43 LOF in disease, such cryptic ex-
ons are not exclusively regulated by TDP-43 and are
bound by a number of other RBPs whose concentrations
may vary in patients (Humphrey et al. 2017).

The patterns of cleavage that TDP-43 undergoes are an
interesting feature of disease. However, its contribution
has been called into question due to the minor preva-
lence in the spinal cord (Igaz et al. 2008). One proposed
explanation for the toxicity of the C-terminal fragments
(Zhang et al. 2009) is that their lack of a nuclear localiza-
tion signal (NLS) prevents them from entering the nucle-
us, thus leading to their buildup and aggregation in the
cytoplasm; indeed, an NLS-tagged 25-kDa fragment is
less toxic and aggregation-prone than the fragment with-
out an NLS (Kitamura et al. 2016). Furthermore, the abil-
ity to bind RNA may underlie the organization of TDP-
43 oligomers, and loss of RNA-binding capability in
truncated versions might promote aggregation (Kitamura
et al. 2017). Once formed in the cytosol, these aggregates
can then trap full-length TDP-43, disrupting its normal
nucleo–cytoplasmic shuttling and leading to nuclear
depletion (Winton et al. 2008). However, the existence
of these fragments in the brains of patients with both
mutant and wild-type TDP-43 alike suggests that cleav-
age is not specifically driven by mutations (Li et al.
2015).

FUS

The discovery of TDP-43 pathology and mutations estab-
lished RBP dysfunction as a major theme in ALS/FTD.
The knowledge that RBPs can harbor ALS mutations led
to the concerted sequencing efforts that identified muta-
tions in another RBP: TLS/FUS (or FUS) (Fig. 2; Kwiatkow-
ski et al. 2009; Vance et al. 2009). FUS was originally
identified as the site of the most common translocation
event leading to liposarcoma (hence, the name fused in
liposarcoma/translocated in liposarcoma) (Crozat et al.
1993; Rabbitts et al. 1993). FUS is a member of the TET/
FET family of proteins, which includes two other similar
proteins, EWS and TAF-15; is ubiquitously expressed; and
has many proposed cellular functions, ranging from tran-
scription to RNA processing to DNA damage repair
(Tan and Manley 2009; Wang et al. 2013). The protein’s
ability to shuttle between the nucleus and cytoplasm
might have important consequences for synaptic mRNA
transport (Fujii et al. 2005; Masuda et al. 2015). Structur-
ally, FUS consists of an N-terminal domain comprised
of a QGSY region and the first of three RGG repeat re-
gions, and an RRM and zinc finger motif account for its
ability to bind nucleic acids. AnNLS, which harbors ama-
jority of characterized ALSmutations (see below), is locat-
ed at the extreme C terminus (Fig. 2).

Like TDP-43, FUS has been characterized as both an
RNA- and DNA-binding protein. With respect to RNA,
while an affinity for UG-rich RNA sequences has been ob-

served (Lerga et al. 2001; Lagier-Tourenne et al. 2012), it
has also been argued that FUS does not have a specific
binding recognition motif but rather binds RNAs pro-
miscuously, with greater binding occupancy on highly ex-
pressed RNAs (Wang et al. 2015). The lack of a consensus
FUS-binding motif was echoed by CLIP experiments,
which identified a predisposition for binding to stem–

loop structures (Hoell et al. 2011). Like TDP-43, FUS has
been found to bind to long introns, with potentially im-
portant regulatory implications (Lagier-Tourenne et al.
2012; Rogelj et al. 2012). The brain is a site of increased
transcriptional activity of genes with long introns, as ex-
pression of longer genes is overrepresented in neural tis-
sue (Gabel et al. 2015). A cotranscriptional requirement
of FUS and TDP-43 for processing long introns may there-
fore underlie a critical function of these proteins that is
specific to the brain (Zylka et al. 2015).

FUS has also been implicated in DNA binding. Early
studies suggested an ability to bind ssDNA, perhaps re-
flecting a function in DNA repair and/or transcription
(Tan and Manley 2009). DNA FUS-responsive elements
were later found enriched within promoter regions of
genes shown to respond transcriptionally to FUS levels
(Tan et al. 2012). One such gene, MECP2, biologically in-
teresting due to its relationship to the neuroregressive dis-
ease Rett syndrome, was found to be misspliced in cells
transfected with mutant, but not wild-type, FUS (Coady
and Manley 2015). Interestingly, the splice isoform of
MECP2 promoted by mutant FUS was found to have in-
creased RNA stability yet express lower protein levels.
The mRNA was found to be present with mutant FUS
in cytoplasmic aggregates by both biochemical analysis
and FISH, suggesting that the transcript is sequestered.
These results suggest thatmutant FUS aggregation can af-
fect the stability and translation ofmRNA targets through
direct sequestration of RNAs as well as pre-mRNA splic-
ing through sequestration of splicing factors (Coady and
Manley 2015).

FUS aggregates are detected in ALS, although less fre-
quently than TDP-43. Of the ∼3% of ALS cases that do
not have TDP-43 aggregation, FUS is analogously aggre-
gated in ∼50% of these (Mackenzie et al. 2007). However,
unlike with TDP-43, FUS pathology never presents with-
out FUS mutations, >50 of which have been described
(Nolan et al. 2016). Whereas disease-causing TDP-43 mu-
tations are clustered in the C-terminal G-rich and Q/N re-
gions, FUS mutations occur throughout the protein,
although the most common and well-described are in
the C-terminal NLS (Shang and Huang 2016; Svetoni
et al. 2016). Such mutations have been proposed to influ-
ence the cytoplasmic aggregation and nuclear clearance of
the protein. These pathological features also occur in the
∼10% of FTD patientswith an atypical FTLD-U patholog-
ical subtype whose inclusions are TDP-43-negative (Neu-
mann et al. 2009). These patients do not carry mutations
in FUS, reminiscent of ALS–TDP and FTLD–TDP cases
where wild-type TDP-43 is mislocalized and aggregated
(Mackenzie et al. 2010).

As with TDP-43, there is debate surrounding the rela-
tive contributions of GOF and LOF mechanisms with
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respect to how both FUS mutations and aggregates im-
pact disease. One characteristic of FUS-ALS is that the
gene harbors several mutations that lead to especially ag-
gressive juvenile-onset forms of disease, such as the
P525L mutation (Sharma et al. 2016), a deletion in exon
14 (Belzil et al. 2012), and the recently described Y526C
mutation (Corcia et al. 2017). An important question is
whether these juvenile mutations affect the same func-
tions and biochemical properties of FUS as mutations
that lead to more classical ALS, such as R521C, but to a
more severe degree. In support of this, it was found that
mice expressing P525L mutant FUS displayed greater ag-
gregation and higher cytoplasmic to nuclear FUS ratio
than mice expressing the less severe R521C FUS (Sharma
et al. 2016). FUS cytoplasmic aggregation has been shown
to influence the profile of the RNAs with which it is asso-
ciated, as mutant FUS binds less to intronic nuclear RNA
than wild type does and makes many more associations
with 3′ UTRs (Hoell et al. 2011). In a recently described
mouse model, FUS lacking an NLS exhibited mislocaliza-
tion to the cytoplasm that led to changes in gene expres-
sion and splicing that largely mirrored those caused by
FUS ablation. However, mislocalization also led to up-
regulation of genes involved in mRNA translation and
to a subset of unique splicing changes that may reflect
disruptions to other RBPs as a consequence of the cyto-
plasmic FUS aggregation (Scekic-Zahirovic et al. 2016).
It was also shown that both depletion and cytoplasmic
mislocalization of FUS led to perinatal lethality due to re-
spiratory insufficiency; however, mislocalization alone
further resulted in perinatal MN death (Scekic-Zahirovic
et al. 2016). In another mouse model, widespread postna-
tal elimination of FUS from the central nervous system
as well as MN-specific elimination resulted in mice
with normal postnatal survival without MN loss or
denervation compared with control animals (Sharma et
al. 2016). These results argue in favor of a mechanism in
which FUS is pathogenic through a gain of mutant and/
or cytoplasmic function.

RBPs and membraneless organelles

While LOF contributions to pathogenesis cannot be ruled
out, the expanding evidence for GOF has prompted more
biochemically focused research into the structure and in-
teractions of mutant and wild-type FUS. This is due in
part to the sequencing of large cohorts of patients and con-
trols that has led to identification of (presumed) ALS-caus-
ing mutations in so-called intrinsically disordered regions
(IDRs) (Ticozzi et al. 2009; Corrado et al. 2010). Due to the
rarity of these mutations, in-depth post-mortem analyses
and identification of FUS pathology have been lacking.
Additionally, the presence of these rare variants in spora-
dic patients makes the case for causality weaker than if
they were seen as driving a recurrent phenotype in fami-
lies. Despite these reasons to retain skepticism, muta-
tions in the FUS prion-like and Gly-rich regions offer a
new opportunity for unification with the rapidly expand-
ing topic of liquid–liquid phase separation (LLPS). The
idea thatmutant versions of TDP-43 and FUS lead to alter-

ations of the biophysical properties of their IDRs has been
gaining traction as part of a larger effort to characterize in-
tracellular phase transitions undergone by membraneless
organelles such as stress granules (SGs) and P bodies
(Brangwynne et al. 2015).
The formation of liquid droplets that partition as a sepa-

rate phase from the surrounding medium are of interest
because they are mediated by low-complexity domains
(LCDs), also known as IDRs. These include the QGSY-
rich and RGG-rich domains of FUS and the Gly-rich and
Q/N-rich domains of TDP-43, which have been shown to
be important for SG formation (Fig. 2; Liu-Yesucevitz
et al. 2010; Bentmann et al. 2012). The natural conforma-
tional heterogeneity of these domains permits them to
make diverse combinations of charge–charge, dipole, and
π-stacking interactions along the polypeptide backbone
over short and long ranges. This predisposition to make
self-interactions rather than solvent interactions has the
potential to drive compaction and thus phase separation.
Consequently, as concentrations of critical protein com-
ponents rise, so does formation of these proteinaceous
droplets, enabling spatial separation of important bio-
chemical processes such as the partitioning of nucleic
acids (Nott et al. 2016), which can also help drive forma-
tion of these species (Brangwynne et al. 2015; Shorter
2016).
Several types of membraneless granules may be rele-

vant to RBPs and ALS/FTD. For example, TDP-43 (Liu-
Yesucevitz et al. 2010; McDonald et al. 2011) and FUS
(Baron et al. 2013) have both been found in SGs. These
structures form in response to cellular stress as a means
to temporarily halt translation of mRNAs not needed to
respond to the situation at hand and thus can be viewed
as temporary RNA storage sites. P bodies, on the other
hand, while sharing some properties with SGs, are sites
of mRNA degradation (Decker and Parker 2012; Li et al.
2013). RNA transport granules are another important
class of membrane-less organelles with specific neuronal
relevance in localizedmRNA expression (Kiebler and Bas-
sell 2006). Their ability to fuse into droplet states has be-
come of great interest for disease because the properties
driving this protective aggregation, which can involve
phase transitions of mutant FUS and TDP-43, can also
lead to amyloid-like states (Fang et al. 2014; Murakami
et al. 2015). This can be imagined as a transition from liq-
uid droplets to hydrogels to irreversible amyloid fibers,
giving rise to a gradient in rigidity (Fig. 2).
The ability of SGs to form rapidly and reversibly is an

important aspect of their role in maintaining RNA ho-
meostasis. Important work on the molecular events that
initiate SG formation in yeast implicated a prion-like Q/
N-rich region of the protein Lsm4p in conferring the abil-
ity to aggregate reversibly (Decker et al. 2007). Despite the
emphasis on the unstructured nature of IDRs, it has been
proposed that transient, partially populated folded confor-
mations, facilitated by particular amino acid stretches,
may be disrupted by mutations, for instance, in TDP-43
(Conicella et al. 2016). TDP-43 fibrilization is thought to
seed aggregates of itself (Furukawa et al. 2011) and cross-
seed aggregations of other proteins (Fang et al. 2014).

RNA-binding proteins in neurodegeneration

GENES & DEVELOPMENT 1515

 Cold Spring Harbor Laboratory Press on April 26, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Such fibrillization by LCD-containing proteins is not nec-
essary for phase separation and formation of granules but
has been shown to increase in these conditions (Molliex
et al. 2015). The ability to study the properties driving hy-
drogel formation and phase separation was augmented by
the discovery that these molecules can be selectively pre-
cipitated using compounds such as biotinylated isoxazole
(Han et al. 2012; Kato et al. 2012). Through application to
extracts from different cells and tissues, it was shown that
RNA-based granules contain many RBPs such as transla-
tion factors, ribosomal proteins, helicases, and 3′ UTR-
binding factors but that there are core RBPs, such as
SRSF5, PTBP1, Pur-α, and hnRNPs, that are essential to
these granules, as treatment with RNases revealed that
the LCDs themselves, and not the RNAs, provide the
basis for aggregation (Han et al. 2012). However, the coex-
istence of RBDs and LCDs within the same proteins sug-
gests that coalescence via association with the same
RNAs serves to drive local concentrations to the point
of phase transitions (Molliex et al. 2015; Zhang et al.
2015). Intriguingly, one of these essential granule proteins
that exhibited greater enrichment after RNase treatment
is Matrin-3 (MATR3) (Han et al. 2012), which is infre-
quently mutated in familial ALS (Fig. 1; Johnson et al.
2014). Matrin-3 is a DNA- and RNA-binding protein
with a role in promoting mRNA stability (Salton et al.
2011) and has also been suggested to associate with
TDP-43 (Ling et al. 2010), although the interaction was
shown to be RNA-dependent (Johnson et al. 2014). While
the precise nature of Matrin-3 in cellular granules with
other disease-related proteins in unclear, such findings re-
inforce the convergence of differentALS genes in the same
physical processes.

The focus on LCDs in RNA granules has provided a
number of additional insights, which are not discussed
in this review. These studies helped foster the view that
disease is somehow triggered by injury, persistent stress,
or activity-dependent demands from which cells with
mutant TDP-43 or FUS are slow or unable to recover
(Wolozin and Apicco 2015). Differential exposure to envi-
ronmental toxins, damage, and stressors can therefore be
seen as important modifiers of disease and may explain
the incomplete penetrance of some ALS-causing variants
(Harms et al. 2015). This line of research has also under-
scored the fact that aggregation is an intrinsic property
of LCD-containing proteins but also a liability when tak-
en to the extremes of concentration (Guo and Shorter
2015). Along these lines, several studies have investigated
how mutant forms of FUS (Patel et al. 2015) and TDP-43
(Liu-Yesucevitz et al. 2014) as well asmore rarelymutated
proteins such as hnRNP A1/2 (Kim et al. 2013; Shorter
and Taylor 2013) and EWS (Couthouis et al. 2012) perturb
the dynamics of aggregate formation, dissipation, and
strength. While great advances in our understanding of
the different states accessible to RBPs under different con-
ditions of crowding have been made using cell-free sys-
tems (Han et al. 2012; Kato et al. 2012) and structural
biology (Mompean et al. 2015; Conicella et al. 2016), it
will be important to see how these insights translate
into in vivo systems and therapeutic targets.

Mutations affecting RBPs in trans

Microsatellite expansions in protein-coding regions

RNA is notmerely a passive carrier of genetic information
acted on by proteins but an important actor as well. RBPs
have evolved to deal with the complexities associated
with RNA, particularly its propensity to fold, sometimes
nonproductively (Herschlag 1995), and its high demand
for precise localization relevant to gene expression and ca-
talysis. Just as it seems a combination of mutant and relo-
calized RBPs can cause aggregation and effect changes in
RNA and gene expression, excess repetitive RNAs or
those with highly stable structures (Mooers et al. 2005;
Bernat and Disney 2015; Ciesiolka et al. 2017) can seques-
ter RBPs in aggregates, leading to deficiencies in their nor-
mal functions (Fig. 1; Jiang et al. 2004;Morriss and Cooper
2017). The convergence of multiple mutations that cause
diseases of the neuraxis on mechanisms of RNA and RBP
homeostasis suggest that disruption of these pathways
represents the most parsimonious candidate for a central
mechanism in these diseases (La Spada and Taylor
2010). Furthermore, the fact that all known nucleotide ex-
pansion disorders take their tolls specifically via neurode-
generative and neuromuscular disorders (Budworth and
McMurray 2013) reinforces the argument that the regula-
tion of RNA metabolism is held to stricter standards in
the nervous system.

The first disease-linked nucleotide microsatellite ex-
pansions were discovered >25 years ago. These were in
fragile X syndrome of mental retardation (FXS) and X-
linked spinal and bulbar muscular atrophy (SBMA) (La
Spada and Taylor 2010). Both diseases reflect X-linked
triplet repeats: poly-CGG in the FMR1 gene (Verkerk et
al. 1991) and poly-CAG in the AR gene (La Spada et al.
1991) in FXS and SBMA, respectively (Fig. 1). These re-
peats were initially categorized as encoding polyamino
acid tracts leading to proteins with a higher tendency to
misfold and aggregate (Ashley et al. 1993; Sisodia 1998;
Stenoien et al. 1999). This remains the prevailing notion
in one of the most common inherited diseases and best-
known polyglutamine (polyQ) CAG microsatellite disor-
ders: Huntington’s disease (HD) (Ross and Tabrizi 2011;
Arrasate and Finkbeiner 2012). PolyQ aggregation is a re-
curring theme in neurodegeneratve diseases, implicated
in possible phase separation of RNA granules (Zhang
et al. 2015) and cross-seeding aggregates of proteins with
Q/N regions (Furukawa et al. 2009; Fuentealba et al.
2010). However, whether aggregation of expanded polyQ
proteins is entirely responsible for the pathogenesis of
these disorders has been called into question (Klement
et al. 1998; Saudou et al. 1998), and the observation that
mutant Huntington aggregates are most prevalent in
spared neuronal populations (Kuemmerle et al. 1999) has
helped foster the view that aggregates may be protective
in these and other diseases (Ross and Poirier 2005).

The polyQ paradigm has been challenged by recent
work on the toxicity of the repeat-containing RNA itself
(Nalavade et al. 2013; Marti 2016). For example, it has
been proposed that the CAG repeat RNA forms stable
hairpin structures with an endogenous neighboring
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CCG tract and sequesters the RBP Muscleblind-like 1
(MBNL1) in intranuclear aggregates (de Mezer et al.
2011), leading to altered splicing of MBNL1 targets
(Mykowska et al. 2011). The hairpin structures are addi-
tionally thought to induce cleavage by the RNA silencing
complex endonuclease DICER, generating short RNAs
that lead to silencing of downstream targets (Fig. 1; Krol
et al. 2007). In further support of RNA toxicity, a disorder
closely resembling HD, HD-like 2, is caused by a CTG ex-
pansion in the junctophilin-3 gene (Holmes et al. 2001)
that has been shown to give rise to RNA foci that also se-
questerMBNL1 (Rudnicki et al. 2007), reminiscent of oth-
er diseases (see also below). However, it has also been
shown in transgenic mice that polyQ pathology arises
from antisense CAG transcripts (Wilburn et al. 2011).
Thus, the combined toxicities of RNA and polyQ may
have a synergistic effect in disrupting RBP function
through different modes of sequestration and by placing
stress on the cell’s autophagic mechanisms (Cortes and
La Spada 2014).
Several observations have contributed to the view that

expanded polypeptides cannot be the only mechanism be-
hind triplet repeat diseases. For example, with regard to
FXS, the CGG repeat in FMR1 is outside the ORF, in the
5′ UTR (Ashley et al. 1993), suggesting that the expansion
might lead to decreased gene expression (Bell et al. 1991).
However, recent advances in understanding repeat-associ-
ated non-AUG (RAN) translation have reopened the de-
bate about whether expansions in noncoding regions can
be translated to generate short repetitive polypeptides
(Cleary and Ranum 2014; Sellier et al. 2017). The ubiquity
of this mechanism across a multitude of triplet, quadru-
plet, and higher-order nucleotide expansions suggests a
dual role of RNA as the toxicmolecule itself and the inter-
mediary to one, with important inputs from specific RBPs
factoring into both.

Microsatellite expansions and RBP sequestration

Perhaps the most well-established RNAGOFmechanism
is the one described for myotonic dystrophy type 1 (DM1)
and DM2 (Udd and Krahe 2012). DM1 and DM2 are dom-
inantly inherited disorders affecting multiple organs,
characterized by muscle weakness, myotonia, cataracts,
cardiac arrhythmias, and neuropsychological symptoms
(Thornton et al. 2017), and are the most common forms
of adult muscular dystrophy (Caillet-Boudin et al. 2014).
The distinction between DM1 and DM2 refers to their
causative genes. The mutation leading to DM1 is a CTG
expansion in the 3′ noncoding region of the gene encoding
the dystrophia myotonica protein kinase (DMPK) (Brook
et al. 1992), while DM2 refers to a phenotypically similar
disorder due to a CCTG expansion in an intervening se-
quence of the gene encoding CCHC-type zinc finger nu-
cleic acid-binding protein (CNBP) (Fig. 1; Liquori et al.
2001). The two encoded proteins share no functional over-
lap, arguing against the idea that DM pathogenesis can be
explained by loss of protein function (La Spada and Taylor
2010). Instead, RNA transcribed from these genes forms
intranuclear foci that overlap with the proteins MBNL1,

MBNL2,MBNL3 (Jiang et al. 2004), andCUG-binding pro-
tein 1 (CUGBP1) (Timchenko et al. 2001). In vitro, purified
MBNL1 binds to extended hairpin structures consisting of
G–C base pairs and U–U mismatches (Michalowski et al.
1999) with high affinity that is similar for both short
(CUG4) and long (CUG90) repeat RNAs and higher for
short CCUG repeat RNAs (Warf and Berglund 2007).
However, it has been argued that CUGBP1 does not bind
the dsRNA hairpins that predominate (Michalowski
et al. 1999), and SELEX (systematic evolution of ligands
by exponential enrichment) experiments identified en-
richment of the trinucleotide UGU, not CUG (Marquis
et al. 2006), raising some doubts about the in vivo seques-
tration of CUGBP1. That the observed foci and biochem-
ical evidence of binding reflect functional sequestration of
these proteins has been demonstrated in patients and cell
models (Kanadia et al. 2003). Examples of missplicing of
genes targeted by MBNL and CUGBP include events
that directly correlate to disease phenotypes (Philips
et al. 1998; Kuyumcu-Martinez and Cooper 2006). Fur-
thermore, knockout of mouse Mbnl1 results in a pheno-
type that recapitulates several, but not all, aspects of
disease (Kanadia et al. 2003), reflecting the fact that hu-
man disease is the result of compound splicing factor dis-
ruption (Lee et al. 2013).
The potential for RAN translation in DM1/2 has also

been investigated. In DM1, this has been demonstrated
in cell culture when repeat constructs lacking an ATG
start codon are overexpressed, presumably requiring the
hairpin-forming propensity of the CUG repeats (Zu et al.
2011).While low levels of polyQ aggregates were observed
in tissues fromDM1 transgenicmice and humanDM1 pa-
tient myoblasts and skeletal muscle, whether these spe-
cies contribute to disease has not been further pursued.
No such potential for homopolymeric products exists in
DM2, and although DM1 is sometimes more clinically
severe than DM2 (Zu et al. 2011), the fact that both repeat
expansions cause such similar phenotypes suggests that
the mechanism is primarily RNA-driven.
An important issue in repeat expansion disorders is

whether the number of expanded repeats correlates with
anyobservablemetrics of disease, such as age of onset, dis-
ease duration, or molecular features such as splicing dys-
regulation. In DM, expansion length correlates roughly
with disease severity (Brook et al. 1992), although there
is no apparent relationship between expansion length
and the severity of splicing defects (Nakamori et al.
2013). However, confidence in such relationships is com-
plicated by somatic instability of repeat length (Savic
Pavicevic et al. 2013). Establishing the significance of
such correlations will depend on the development of sim-
pler, more accurate methods for measuring repeat length
(Yum et al. 2017). Along with these endeavors, ongoing
DM research has a broad curative focus, from developing
DM gene silencing therapies (Thornton et al. 2017) to un-
derstanding the structure and role of extended hairpins
and loops formed by the repeat sequences (Dere et al.
2004; Yuan et al. 2007; deLorimier et al. 2017) and how
their modular structure may be therapeutically targeted
(Garcia-Lopez et al. 2011; Childs-Disney et al. 2012, 2014).

RNA-binding proteins in neurodegeneration

GENES & DEVELOPMENT 1517

 Cold Spring Harbor Laboratory Press on April 26, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


RNA-centric mechanisms in C9ORF72 ALS–FTD

The advances made in DM have provided an important
paradigm for subsequent repeat expansion discoveries.
Most notable is the GGGGCC hexanucleotide expansion
in the previously unstudied gene C9ORF72 (C9), which is
by far the most common known cause of ALS and FTD
and the best proof for the continuous nature of the two dis-
orders (DeJesus-Hernandez et al. 2011; Renton et al. 2011).
A tremendous amount of effort has gone into defining
several nonmutually exclusive disease mechanisms sug-
gested by this mutation (Haeusler et al. 2016; Taylor
et al. 2016), yet the relative contributions of each muta-
tion are unclear in vivo. C9 ALS/FTD is similar to most
other forms of ALS in that it is marked by TDP-43 pathol-
ogy but also has a distinct class of Ub+/p62+ cytoplasmic
inclusions containing dipeptide repeat (DPR) proteins
made by RAN translation (Kearse and Todd 2014; Schip-
per et al. 2016). Why C9 causes some people to get pure
ALS or FTD or a mixture of both is a mystery. Further
complicating matters, C9 has also been associated with
Parkinson’s disease (PD) (Wilke et al. 2016) and schizo-
phrenia (Galimberti et al. 2014), and neuronal loss and
gliosis have been described quite broadly throughout the
brain and spinal cord in C9 ALS (Cooper-Knock et al.
2014).

DPR pathology has been a major focus of C9 ALS–FTD
research. For instance, it presents an intriguing link to the
low-complexity sequences and hydrogel properties in-
volved in RNA granule formation. One possibility is
that DPRs may actually disrupt cellular functions by in-
teracting with proteins involved in membraneless organ-
elles and cytoskeletal intermediate filaments (Lin et al.
2016). DPRs may also provide a useful diagnostic bio-
marker (Lehmer et al. 2017), and their demonstrated abil-
ity to spread between cells (Westergard et al. 2016) offers a
simple explanation for the observation that ALS tends to
spread from a region of onset to other parts of the nervous
system (Brettschneider et al. 2015). However, an under-
standing of how expanded RNA repeats make DPRs is
lacking (Freibaum and Taylor 2017). Furthermore, anti-
bodies against poly-DPRs derived from multiple frames
of the GGGGCC expansion recognize short epitopes
that could be present in unrelated proteins such that
detection on filter-bound/membrane assays may be mis-
leading. Meanwhile, more informative visualization of
foci in post-mortem human tissue is fraught with preser-
vation, fixation, and background technicalities. While
toxicity of DPRs has been shown in model organisms
and cell culture (Wen et al. 2014; Lopez-Gonzalez et al.
2016), this could reflect nonphysiological effects resulting
from overexpression. Understanding how DPRs are made
(Green et al. 2016) and how abundant they truly are in de-
generating regions (Gomez-Deza et al. 2015) will be im-
portant in order to gauge how critical they are to the
pathology of the ALS/FTD spectrum.

Despite these caveats, DPR pathology and its mysteri-
ous origins may be linked to the structures formed by
the RNA repeats and the proteins that bind them. The
C9 repeats are notable for their ability to form highly sta-

ble G-quadruplex (G-Q) structures, which, interestingly,
have been implicated in translational control (Bolduc
et al. 2016; Song et al. 2016) and suggested to serve as in-
ternal ribosomal entry sites (Morris et al. 2010). Expanded,
long arrays of G-Q-forming sequences may give rise to
complex mixtures of G-Q structures and linear G-tract
RNA, which have been reported to bind RBPs such as
hnRNP H (Conlon et al. 2016), nucleolin (Haeusler et al.
2014), and other known G-Q binders (Brazda et al. 2014)
as well as many other proteins (Fig. 1; Haeusler et al.
2016). The ability of G-Qs to self-interact (Petraccone
2013) combined with the potential for self-interaction
among LCDs of proteins that experience high local con-
centration as a result of RNA binding, such as the Gly-
rich domains of TDP-43 and other hnRNPs,may drive for-
mation of compact RBP/RNA aggregates.

Numerous proteins have been suggested to bind to the
C9 repeat RNA. However, functional sequestration of
only one, hnRNP H, has been documented in post-mor-
tem C9 patient brains, where it was detected in intranu-
clear aggregates, and a large fraction was found to be
insoluble in extracts. Importantly, this correlated with
missplicing of many known hnRNP H target exons (Con-
lon et al. 2016). hnRNP H levels affect splicing of hun-
dreds of targets (Huelga et al. 2012), including many
encoding proteins involved in splicing—among them
TDP-43 and FUS (Uren et al. 2016). Thus, hnRNP H defi-
ciencymay result in splicing errors that extend beyond ex-
ons with which hnRNP H interacts physically. hnRNP H
regulates splicing of several transcripts that encode pro-
teins important to the proper functioning of neuromuscu-
lar junctions, which are vulnerable to denervation in ALS
(Ohno et al. 2017). One of these transcripts, ACHE, which
encodes acetylcholinesterase, contains an important
hnRNP H-regulated exon (Nazim et al. 2017) that is mis-
spliced in C9 ALS in a manner consistent with hnRNP H
deficiency (EGConlon and JLManley, unpubl.). However,
whether missplicing can account for the complex traits
associated with C9 ALS/FTD is not known. Beyond splic-
ing, hnRNP H deficiency may affect polyadenylation
choices in C9 brains (Bagga et al. 1998; Prudencio et al.
2015) as well as increase the overall global level of RNA
G-Qs. This latter possibility reflects a recently proposed
role of hnRNP H in keeping RNA G-Qs unwound (Guo
and Bartel 2016), and hnRNP H deficiency could thus re-
inforce C9-derived G-Q-based aggregates and promote
folding of other genomic G-Qs.

Nucleotide expansions occur in multiple
neurodegenerative diseases

G-Qs have been linked to additional expansion-related
neurodegenerative diseases; for example, FXS (Fry and
Loeb 1994; Simone et al. 2015). However, the significance
of these G-Qs is unclear, as the CGG repeats in FMR1 are
predicted to form a relatively unstable G-Q structure due
to the weakness of two tetrad stack G-Qs compared with
three or four (Mullen et al. 2012). CGG expansion in
FMR1 causes two distinct disorders depending on the
length of the expansion: FXS in the case of long (>230-
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repeat) expansions and fragile X tremor ataxia syndrome
(FXTAS) in so-called premutation carriers (60–230 repeats)
(Jin andWarren 2000). In the former case, the long 5′ UTR
expansion forms aCpG island, resulting in transcriptional
silencing and therefore reduced levels of FMRP. Support-
ing the significance of the G-Qs, FMRP is capable of bind-
ing transcripts containing them (Darnell et al. 2001;
Vasilyev et al. 2015), which can facilitate their transloca-
tion, in some cases, to synapses (Zhang et al. 2014; Stefa-
novic et al. 2015). In FXTAS patients, FMR1 is not
completely silenced, and the expansion is actively tran-
scribed into a repeat-containingRNA that has been report-
ed to bind multiple RBPs, such as hnRNP A2/B1, MBNL1
(Iwahashi et al. 2006), Sam68 (Sellier et al. 2010), Drosha,
DGCR8 (Sellier et al. 2013), and more (Galloway and Nel-
son 2009). Evidence for the functional significance of this
binding to human disease is somewhat limited; however,
overexpression of hnRNP A2/B1 and CUGBP1 (Sofola
et al. 2007) or Pur-α (Jin et al. 2007) in Drosophila models
of FXTAScan suppress theneurodegenerativephenotypes.
Only one protein, Sam68, has been shown to be function-
ally sequestered in humans, demonstrated byaltered splic-
ingof Sam68-responsive transcripts in thebrainsof FXTAS
patients (Sellier et al. 2010).
Whether the bifurcated nature of FXS and FXTAS re-

sulting from different lengths of the same expansion ap-
plies to other disorders, such as C9 ALS/FTD, is not
known. The ability to directly measure expansion
lengths, especially G-C rich expansions, with confidence
based on sequencing data (Dolzhenko et al. 2016) is an im-
portant technological challenge. When solved, such infor-
mation will hopefully prove useful in determining
whether expansion length correlates with clinical presen-
tation and/or molecular events such as splicing defects.
Repeat expansions are highly represented among spino-

cerebellar ataxias (SCAs). SCAs are a heterogeneous class
of disorders marked by cerebellar atrophy, incoordination
of gait, and loss of balance, among other noncerebellar
symptoms (Sun et al. 2016). Many of these are caused by
trinucleotide repeats, particularly CAG, which occurs in
SCA1, SCA2, SCA3, SCA6, SCA7, SCA8, SCA12, and
SCA17 (La Spada and Taylor 2010). The gene responsible
for SCA2, ATXN2, contains a CAG polyQ expansion in
its 5′ coding region that is between 36 and 52 repeats in
disease, making it one of the shortest known CAG expan-
sions (Pulst et al. 1996). Interestingly, intermediate
lengths of CAG (27–33 repeats) in ATXN2 have been
shown to increase the risk of ALS (Elden et al. 2010; Spro-
viero et al. 2017). The function of Ataxin-2 is still unclear,
although it has been shown to have roles in mRNA stabil-
ity (Yokoshi et al. 2014), P bodies, and stress granules
(Nonhoff et al. 2007) and can associate with TDP-43 in
an RNA-dependent manner (Elden et al. 2010). Decreased
ATXN2 expression can suppress TDP-43 toxicity in yeast,
flies (Elden et al. 2010), and mice (Becker et al. 2017), sug-
gesting that ASOs targeting ATXN2 transcripts may be a
viable therapeutic strategy in human ALS cases with
TDP-43 pathology (Becker et al. 2017).
Higher-order repeats are seen in several genes, such as

an ATTCT expansion in the ATXN10 gene responsible

for SCA10 (Handa et al. 2005), a TGGAA expansion in
SCA31 (Sato et al. 2009), and a GGCCTG expansion in
NOP56, responsible for SCA36 (Kobayashi et al. 2011). It
is notable that the UGGGCC repeats of the SCA36 expan-
sion are similar to theGGGGCC repeats fromC9 and thus
would also presumably formG-Q structures and associate
with a similar set of RBPs, although this has not been in-
vestigated. SCA36 presents as a “pure” SCA marked by
ataxia and cerebellar degeneration as well as progressive
loss of upper and lowerMNs, which separates it from oth-
er SCAs that are predominantly cerebellar and suggests
that SCA36 is a disorder at the intersection of SCA and
MN disease (Ikeda et al. 2012). Despite loss of MNs
from the anterior horn of the spinal cord, TDP-43 inclu-
sions were not detected in surviving neurons of affected
individuals, further differentiating this disorder from
ALS (Ikeda et al. 2012).
Comparison of C9 ALS/FTD and SCA36 at the molecu-

lar level might yield interesting insights into what causes
these two disorders to have a mixture of clinical overlaps
and differences. At themost basic level, the two repeat ex-
pansions have different underlying repeat sequences. The
difference of oneG→Uper repeatmight have several con-
sequences related to the proteins that bind the expanded
RNA and their binding affinities, resulting in different de-
grees of sequestration. Furthermore, repetitive (G)4(N)2
tracts are predicted to give rise to more stable G-Q struc-
tures than (G)3(N)3 tracts due to the greater number of
stacked planar quartets and shorter loops, which may in-
fluence the permanence of RNA foci and their aggregation
properties. The expansions are also in different genes, and
reduced C9 or NOP56 protein levels may influence the
ALS/FTD and SCA36 phenotypes, respectively. Last,
while the potential RAN translation products of the
NOP56 expansion have not been studied (Arias et al.
2014), one frame each of the sense and antisense tran-
scripts can hypothetically give rise to a Gly–Pro DPRs,
which are commonly found in C9 carriers, and one frame
of the antisense can give rise to Arg–Pro DPRs; both are
thought to be toxic (Mizielinska et al. 2014). Such connec-
tions, while speculative,may inform the hunt for novel re-
peat expansions that are not as clearly and extensively
linked to disease as C9 andNOP56. It is the hope that pre-
dictive biomarkers, such as patterns of RBP sequestration
and splicing as well as DPRs, might provide evidence for
unknown (potentially G-Q-forming) expansions.

Concluding remarks: RBP dosage as the central
mechanism in neurodegenerative diseases

The examples discussed in this review reflect the increas-
ingly compelling view that neurodegeneration can arise
from alterations in RBP dosage. If we are to draw any ag-
gregate conclusions from the model of SMA, the pleiotro-
pic nature of ALS/FTD, and the contested mechanisms of
TDP-43, FUS, and C9ORF72mutations, it is that neurons
and perhaps especially MNs simply cannot tolerate di-
minished RBP function. It is hard to imagine a way to rec-
oncile TDP-43 aggregation in sporadic ALS and FTD as
well as FUS aggregation in sporadic FTD without
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acknowledging their centrality to a common disease
mechanism. We also note that a significant class of ALS
without TDP-43 pathology is caused by mutations in
superoxide dismutase 1 (SOD1), and the mechanism of
disease is not believed to involveRBPs or their aggregation
(Ling et al. 2013). Our reductionist treatment of these
complex heterogeneous diseases is not intended to mini-
mize the contributions of other mechanisms but rather
to consolidate the ideas pertaining to the broad topic of
RBP aggregation. Perhaps in thinking of this disease in
such terms, we will become poised to draw new parallels
between the aggregates that we discussed here and the
SOD1 aggregates that characterize SOD1mutation-affect-
ed patients (Bruijn et al. 1998).

It is our hope that as RBPs emerge as causative factors in
more neurodegenerative and neurological disorders, such
as TIA-1 in Alzheimer’s (Vanderweyde et al. 2012), the po-
tential for therapeutic intervention will be positively im-
pacted by the collaborative efforts of neurologists,
pathologists, and RNA biologists. From the vantage point
of basic research, wemay find that long-sought answers to
basic questions about RBP dosage in alternative splicing,
polyadenylation, and mRNA transport will come from
the study of these unfortunate ailments. Through at-
tempts to answer the question of how gene expression
specifies cellular (neuronal) identity, we may uncover
mechanisms that yield important benefits to those afflict-
ed by these devastating diseases.
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ERRATUM

Genes & Development 31: 1509–1528 (2017)

Erratum: RNA-binding proteins in neurodegeneration: mechanisms in aggregate

Erin G. Conlon and James L. Manley

In the abstract of the above-mentioned review, due to an editing error, the sentence, “Here we synthesize the progress
made at the clinical, genetic, and biophysical levels and conclude that this review offers the most parsimonious explana-
tion for these mysterious diseases” is incorrect. It should read, “Here we synthesize the progress made at the clinical, ge-
netic, and biophysical levels and conclude that this perspective offers the most parsimonious explanation for these
mysterious diseases.” This has been corrected online.

We apologize for any confusion this error may have caused.
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