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Aberrant RNA homeostasis in
amyotrophic lateral sclerosis: potential for
new therapeutic targets?

Christopher J Donnelly'?, Jonathan C Grima? & Rita Sattler*'?

Practice points

e Amyotrophic lateral sclerosis (ALS) is a chronic and universally fatal neurodegenerative disease, for which there is
currently no cure and only one approved therapeutic that leads to a moderate increase in survival.

e Atotal of 90-95% of ALS cases are of sporadic nature, while only 5-10% are familial, with a family history of gene
mutations.

e Anincreasing number of mutations are identified in RNA/DNA-regulating genes, supporting an essential role of
dysfunctional RNA processing in ALS pathogenesis.

e Altered RNA processing includes changes in RNA editing, splicing, stabilization and transport, as well as aberrant
miRNA profiles.

e Theincreasing knowledge of RNA toxicity in ALS pathogenesis has led to the discovery of novel therapeutic targets,
and in combination with new ways of patient stratification, it provides hope for more efficacious treatments for ALS
patients.

SUMMARY Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder
characterized by progressive motor neuron degeneration. The disease pathogenesis is
multifaceted in that multiple cellular and molecular pathways have been identified as
contributors to the disease progression. Consequently, numerous therapeutic targets
have been pursued for clinical development, unfortunately with little success. The recent
discovery of mutations in RNA modulating genes such as TARDBP/TDP-43, FUS/TLS or C9ORF72
changed our understanding of neurodegenerative mechanisms in ALS and introduced the
role of dysfunctional RNA processing as a significant contributor to disease pathogenesis.
This article discusses the latest findings on such RNA toxicity pathways in ALS and potential
novel therapeutic approaches.

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is a chronic, incurable KEYWORDS

and invariably fatal neurodegenerative disease with an annual worldwide incidence of 2-5 per ¢ ALS ¢ ALS therapeutics
100,000 people [1.2]. While ALS is rather heterogeneous with regards to age and anatomic site of ~® C9ORF72 e repeat
onset, it is clinically uniformly characterized by the progressive degeneration of motor neuronsand ~ expansion ¢ RNA toxicity
interneurons in the brain and spinal cord. This loss leads to continuous diminished motor func- ¢ TDP-43

tion such as limb weakness. Most patients die within 3—5 years after diagnosis due to the loss of
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respiratory muscle capacity [2]. ALS can occur
sporadically, without any family history (sALS;
90-95% of patients), while a small percentage of
ALS cases are considered familial or hereditary
(fALS; 5-10%) [2]. Due to increased genome
wide sequencing projects, more mutations are
being discovered, adding more heterogeneity
to the upstream disease mechanisms. Until
recently, the most common genetic mutations
of fALS (<20%) were mutations found in SODI
(3]. Recently, a hexanucleotide repeat expansion
in the noncoding region of C9ORF72 has been
identified as the cause of approximately 36-46%
of familial and up to 8% of sporadic ALS cases
(combining Europe and the US), making this
the most common genetic cause of ALS to date
while also raising questions about the classifica-
tion of sporadic ALS patients [4-6]. Additional
important genetic causes of rare subsets of
fALS include mutations in TARDBP/TDP-43
and FUS/TLS [78). Interestingly, these recently
discovered mutations are found in DNA/RNA
regulation proteins, providing for the first time
strong evidence for the existence of a dysregula-
tion of RNA processing in ALS. Aberrant RNA
metabolism is known to induce abnormal RNA
splicing and editing as well as dysfunctional
RNA transport, translation and miRNA bio-
genesis. This dysfunctional RNA processing has
been ascribed to other neurological disorders in
the past [9-12], but has only recently come to the
forefront of thorough molecular and cellular
scientific investigation of ALS pathogenesis.
With increased understanding of the specific
mechanisms of dysfunctional RNA processing,
novel therapeutic targets are being searched for.
At the same time, pharmacodynamic biomarker
assays aimed to validate drug-target activity are
being explored with the hope of better success for
future clinical trials. This article highlights the
difficulties of past therapeutic targets and failed
clinical trials in ALS and will speculate on the
potential of targeting different steps along the
RNA-mediated disease pathways.

Past & current therapeutic trials for ALS

The only approved drug for ALS to date is
Riluzole, which has been on the market since
1995 (13,14]. The mechanism of action for Riluzole
is through antiglutamatergic pathways, ranging
from blocking presynaptic glutamate release to
increasing glutamate uptake via astrocytic gluta-
mate transporters [15]. Despite numerous clinical
trials over the last two decades testing over 30
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different therapeutic agents, Riluzole remains
the only approved therapeutic providing neuro-
protection and subsequent increased survival
(<3—6 months; see reviews [16-18)).

Many explanations can be given to address
the lack of better ALS therapeutics, and one that
seems to be discussed frequently is the lack of
an appropriate preclinical animal model to test
potential new drugs that have been discovered
over the last 20+ years. The most common ani-
mal model used to date for preclinical testing of
ALS therapies is the SOD1™* mouse, an mouse
model, which overexpresses the human SODI
gene with varying mutations [19]. Mutations
in SODI were the first genetic mutations to
be identified in a small percentage of fALS
patients (<20%) over 20 years ago. Based on
this discovery, transgenic mice overexpressing
the human mutated SODI protein have been
created and closely resemble ALS disease symp-
toms, including loss of motor neuron function
and progressive paralysis, followed by dimin-
ished pulmonary function and eventual death
within 150-300 days, depending on the specific
mutation [19.20].

While this animal model has been extremely
helpful in studying ALS disease mechanisms, it
has not been very predictive of the efficacy of
drug candidates. Independent of the therapeu-
tic target, almost every compound that tested
positive in this animal model and which was
subsequently advanced toward clinical tri-
als, failed to prove efficacy in ALS patients
(1617). The pathways targeted in these trials
include glutamate excitotoxicity, mitochon-
drial dysfunction, free radical oxidative injury,
immunomodulatory dysfunction (including
neuroinflammation and cytokine activity) and
protein aggregation, all of which were identi-
fied using the SOD1™* mouse models. While
most of these mechanisms were subsequently
confirmed in human postmortem patient
autopsy tissue, the question remains whether
any mechanisms identified using this specific
mutation-based animal model are representative
for the non-SOD1™* ALS patient populations,
which generally represent a large percentage
of patients participating in ALS clinical trials.
Perhaps stratifying the patient population and
selecting only mutant SOD1 ALS patients for
these trials would have provided more positive
outcomes? Perhaps designing more rigorous pre-
clinical trials where compounds are only tested
when animals start showing disease symptoms,
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similar to the real patient situation, would give
more accurate and predictive datasets on drug
efficacy? Given the multifaceted pathogenesis
of ALS, perhaps combinatorial drug treatments
should be considered instead of targeting indi-
vidual disease pathways? Alternatively, with the
technological advancements of patient-derived
induced pluripotent stem cell (iPSC) culture
systems one could speculate whether there still
is a need of a preclinical animal model at all.
Maybe the use of patient- and/or mutation-
specific iPSC cultures to test drug candidates
provides a more promising and more predic-
tive readout for decision making with regards to
the advancement of a novel compound into the
clinic. This approach also supports the growing
interest in a personalized medicine approach for
CNS disorders, similar to what has been devel-
oped and successfully implemented for cancer
patients (e.g., see reviews [21,22]). Whether the
dynamics of ALS disease progression will influ-
ence the choice of certain drug candidate is still
not fully explored, but should be considered
particularly for the treatment of familial ALS
patients with a known genetic mutation, where
early intervention before disease onset is of great
interest.

Finally, no matter which way a drug has been
validated preclinically, the need for biomark-
ers to accompany every trial has finally been
recognized and efforts are ongoing to develop
pharmacodynamic biomarker assays in conjunc-
tion with every newly developed drug candidate.
A biomarker measures the pharmacological or
phenotypic target response to a therapeutic
intervention, independent of a primary out-
come measure such as increased survival rate.
Biomarker readouts can be obtained very early
after initiation of drug treatment and can help
select patients who respond positively to the
therapy while removing nonresponders early on
from the trial. This would make nonresponders
available to other trials with the hope of a better
response.

Mutations of RNA processing proteins

& toxic RNAs in ALS

RNA-mediated toxicity has been gaining
increasing importance in contributing to the
pathogenesis of neurological diseases. This can
be observed in several repeat expansion disorders
such as spinocerebellar ataxia or Huntington’s
disease but also in diseases in which RNA-

binding proteins (RBPs) such as SMN, TDP-43
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or FUS/TLS are mutated and consequently lead
to dysfunctional RNA processing [9]. Aberrant
RNA processing has only recently been impli-
cated in ALS, and while these novel pathways of
RNA-mediated pathogenesis have added more
complexity to the disease, they offer at the same
time more opportunities for future therapeutic
intervention.

Advances in genomics combined with
GWAS analyses of fALS families have led to
the identification of numerous ALS-associated
gene mutations. Interestingly, mutation(s) in
seven RBPs have been identified to date (Table 1;
reviewed by [23.24]). Genetic mutations in RBPs
and RNA-processing proteins are rare and
either comprise approximately 1-5% of fALS
cases (TDP-43, ANG, FUS/TLS, MATR3)
[24-29] or have unknown prevalence (EWSRI,
SETX, TAFI5) [2330-32]. Nevertheless, dys-
functional RNA processing is thought to be a
common mechanism underlying neurodegen-
eration in ALS since pathologic ubiquitinated
and hyperphosphorylated inclusions of TDP-
43, a RBD, are present in the brain and spinal
cord of most (-97%) fALS and sALS patients
(7.8]. A similar TDP-43 pathology has also been
found in approximately 45% of frontotempo-
ral dementia (FTD) cases, a disease that has
recently been linked to ALS based on shared
genetic mutations as well as pathological and
mechanistic overlap [7-8,33].

Adding to the mounting evidence of an
RNA-based neurodegenerative mechanism
in ALS, two 2011 studies from independent
laboratories simultaneously published the dis-
covery of a GGGGCC repeat expansion in the
first intron of the CIORF72 gene in families
with ALS/FTD [45]. While in healthy patients
this sequence is repeated less than 20-times, in
CIOREF72 ALS/FTD patients, the sequence is
repeated more than 30-times (as determined
by repeat primed PCR methodologies) [s] and
typically found to be repeated between 400-
and 2000-times (as determined by Southern
blot analysis) [4-5.61]. One previously identi-
fied pathogenic mechanism elucidated in other
repeat expansion mutations is the generation
of toxic RNA molecules (reviewed by [62]) and
early studies of COORE72 ALS patient cells
and tissue pathology similarly suggest the pres-
ence of a neurotoxic RNA species (discussed
in depth below) [4.58-60]. As mentioned above,
the COORF72 repeat expansion is the most
prevalent ALS-associated mutation identified
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Table 1. Summary of RNA dysregulation processes in amyotrophic lateral sclerosis.

RNA process
mRNA splicing

RNA translational
machinery

RNA transport

miRNAs

RNA editing

RNA toxicity

Gene mutations

TARDBP

FUS

TAF15

EWSR1

SETX

C90RF72

ANG

C90RF72
TARDBP

FUS

MATR3

TARDBP

FUS

Unknown (sALS)
Unknown (sALS)

C90ORF72

MATR3
C90ORF72

Function/amyotrophic lateral sclerosis affected pathway Ref.
Interacts with >6000 RNA and preferentially binds to UG-rich sequences of long introns [34-39]
(>100 kb) knockdown alters splicing of >950 RNAs; silences spicing of CFTR, ApoAll, RXRG

and ETF1 mRNAs; promotes splicing of BRCA™* and SKAR mRNAs

Interacts with >5500 RNAs and preferentially binds GUGGU-motifs of long introns [34.35]
(>100 kb) knockdown alters splicing of >370 RNAs

Interacts with hnRNP M, which is involved in splicing [40]
Shown to regulate splicing following DNA damage [41]
Depletion results in altered splice site selection of SRp20 (SFRS3) splicing factor [42]
GGGGCC expanded RNA colocalize and interact with splicing factors SRSF2, hnRNP H1/F [43,44]
exogenous G4C2 transcripts bind directly to hnRNP H and indirectly to SC35 and SF2

G4C2 expression reduces exon 7 retention of TARBP2 RNA

Regulates rRNA transcription depleted from nucleus in ALS [45]
Sequesters nucleolin (site of rRNA biogenesis) 455 rRNA maturation impaired in motor [46]
cortex of COORF72 ALS patients

Localizes axons and dendrites; represents a component of RNP transport granule that [47-49]
localize NEFL mRNA to axons TDP-43 ALS mutations impair trafficking

Localizes to dendritic spines [50]
Promotes the nuclear retention of inosine containing RNAs [51]
Associates with Drosha and Dicer Knockdown alters mRNA levels including [52]
downregulation of let-7b and upregulation of miR663

Binds Drosha and promotes biogenesis of neuronal miRNAs such as miR-9, miR-125b and (53]
miR-132

mirR146a* miR-524-5P, miR-582-3P which target NEFL mRNA are dysregulated in SALS [54]
Downregulation of ADAR2 in SALS motor neurons leads to reduced GluA2Q/R editing, [55-57]
thereby increasing Ca?* permeability and potentially leading to glutamate induced

neuronal toxicity

GGGGCC RNA binds to ADARB2 knockdown of ADARB2 enhanced glutamate sensitivity of [58]
iPS neurons

Represents part of a complex that binds edited A-to-I RNAs [51]
GGGGCC RNA sequesters RBPs GGGGCC RNA expression is toxic to cells antisense (43,46,58-60]
oligonucleotides targeting the toxic RNA mitigate phenotypes and neuronal sensitivity to

extracellular stressors

ALS: Amyotrophic lateral sclerosis; NEFL: Neurofilament light polypeptide; sALS: Sporadic ALS.
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to date comprising approximately 36-46% of
fALS and up to approximately 8% of sALS [6].
Interestingly, this mutation is also the most
common known cause of familial and sporadic
FTD cases [23.33.63]. Moreover, the COORF/2
repeat expansion is the most common genetic
cause of Huntington disease phenocopies [64],
has been found in some Alzheimer’s patients
and intermediate length repeats are a risk factor
for Parkinson’s disease [65-68].

Taken together, the overlap of TDP-43
pathology in ALS and FTD patients as well as
the prevalence of the C9ORF72 hexanucleotide
repeat expansions across CNS diseases indicate
that dysfunctional RNA homeostasis is likely to
be a common neurodegenerative pathway for a
number of neurological disorders.

Neurodegener. Dis. Manag. (2014) 4(6)

¢ Mutations in RNA-binding & -processing
proteins

Mutations of RBPs

The discovery of cytoplasmic TDP-43 inclu-
sions in postmortem CNS tissue of both sALS
and fALS patients led to the identification of
ALS-causing mutations in 7ZARDBP, the gene
encoding TDP-43. TDP-43 is a predominantly
nuclear RBP with 2 RNA recognition motifs
(RRM) and a C-terminal glycine-rich prion-
like domain [23.69-71]. Missense mutations in the
region of TARDBP that encodes the protein’s
glycine-rich domain cause a rare but dominant
form of ALS [26-2772]. Interestingly, neuronal
and glial pathological TDP-43 inclusions can
be found in nearly all ALS patients, except
the approximately 2% ALS patients that har-
bor a SOD1 mutation [73,74]. The cytoplasmic
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TDP-43 inclusions are often accompanied by a
loss of nuclear TDP-43 suggesting that the loss
of TDP-43 function might play a role in ALS
pathogenesis.

Another recently identified mutant RBP caus-
ing an aggressive form of ALS is the FUS/TLS
protein (28], which is encoded by the FUS gene
and is a member of the FET (FUS/TLS, EWSRI
and TAFI5) gene family [23,29.75-86]. FUS/TLS is
an RBP with a single RRM and an N-terminal
QGSY-rich region and RRM glycine-rich
region that, together, comprise a prion-like
domain [31,87]. Similar to TDP-43, FUS/TLS
is predominantly nuclear but binds RNAs and
shuttles between the nucleus and cytoplasm [ss].
ALS-causing missense FUS mutations are typi-
cally found within FUS” C-terminal NLS [89];
however, some have also been identified in its
glycine-rich domain [72]. Notably, CNS tissues
from patients with FUS mutations exhibit FUS/
TLS inclusions and mutations in the NLS region
result in enhanced cytoplasmic localization of
the FUS/TLS protein, similar to those seen with
TDP-43 in most ALS cases [28-29.89].

RNA splicing in ALS

In addition to their commonalities in ALS
pathology, protein structure and localization,
TDP-43 and FUS/TLS share a number of cel-
lular RNA regulatory functions. Both TDP-43
and FUS/TLS have been shown to play a role in
transcription. TDP-43 was initially identified
as a transcriptional suppressor of the HIV virus
(69] and FUS/TLS associates with RNA poly-
merase II [90] as well as nuclear hormone factors
[911. FUS/TLS is also a general repressor of RNA
polymerase III-mediated transcription in non-
neuronal cultured cells [92]. Both TDP-43 and
FUS/TLS are also potent RBPs that participate
in and coordinate pre-mRNA splicing events [33].
TDP-43 has been shown to bind both single and
double stranded TG-rich DNA sequences [93.94].
Much effort has been directed at determining
the RNA targets of these two RBPs and several
thousand RNAs have been found to bind TDP-
43 or FUS/TLS [343s]. TDP-43 preferentially
binds intronic GU-rich regions of long introns
far from exon sequences [34,95]. Studies have
also shown that five UG repeat sequences are
required for TDP-43:RNA interaction through
its RRM1 domain [71]. TDP-43 also promotes
skipping of exon 9 of cystic fibrosis transmem-
brane regulator (CFTR) mRNA [36], exon 3
of apolipoprotein AIl (ApoAIl) mRNA [37],
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retinoid X receptor gamma (RXRG) mRNA
and eukaryotic termination factor 1 (ETF1)
(38]. In contrast, TDP-43 has been shown to
promote splicing of mutated breast cancer 1
(BRCAI™)mRNA [38] and Polymerase (DNA-
directed), Delta Interacting protein 3 mRNA
(SKAR) (39. While the targets of FUS are less
well known, FUS does seem to preferentially
bind with AU-rich sequences in a sawtooth-like
pattern along long introns [96,97]

To recapitulate the ALS condition (i.e., loss of
nuclear TDP-43 or FUS/TLS and therefore loss
of function), studies have employed antisense
mediated knockdown of TDP-43 or FUS/TLS.
Depletion of TDP-43 and FUS/TLS resulted in
the downregulation of numerous genes as well
as in aberrant RNA splicing [33-35]. Interestingly,
TDP-43 knockdown alters the splicing or RNA
levels of a number of genes involved in other neu-
rodegenerative diseases, specifically synaptic pro-
teins with long introns (>100 kb) such as parkin2
and neuroligin (reviewed by [33]). TDP-43 deple-
tion also reduced levels of EAAT?2, an astroglial
glutamate transporter responsible for buffering
extracellular synaptic glutamate to prevent neu-
ronal excitotoxicity [98]. Intriguingly, reduced
EAAT?2 protein levels are commonly seen in
ALS patient tissue [99]. Due to the large number
of RNA targets for TDP-43 and FUS, it is easy
to imagine how their dysfunction, via mutation
or mislocalization as seen in ALS, could disrupt
upstream RNA metabolism and exert devastat-
ing effects on downstream cellular processes
ultimately leading to neurodegeneration.

RNA trafficking & ALS

Although it predominantly resides in the nucleus,
TDP-43 contains nuclear localization sequence
(NLS) and nuclear export sequence motifs and
is trafficked into the cytoplasm under normal
physiological conditions [23,100]. Consequently,
TDP-43 and FUS/TLS have been identified
as components of cytoplasmic RNA granules
including ribonucleoprotein (RNP) transport
granules, and stress granules [33,47,101-105] and
therefore implicating cyptoplasmic RNA trans-
port/localization and translation as impor-
tant functions of normal TDP-43 and FUS.
Supporting this hypothesis, TDP-43 is translo-
cated to dendritic spines in mouse hippocampal
neurons in response to neuronal depolarization
where it co-localizes with synaptic proteins such
as PSD95 [48]. TDP-43 has also been found in the

axonal compartments of mouse motor neurons
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where it is trafficked in response to neurotrophic
factor stimulation. Axonal TDP-43 co-localizes
with various known axonal RBPs involved in
the transport and translation of axonal RNAs
[49] suggesting that perturbations in TDP-43
function might alter axonal protein synthesis.
Further supporting its role in RNA traffick-
ing, 34% of cytoplasmic TDP-43 targets are
located in 3’UTR regions of mRNAs [95], which
are known to contain cis localization elements
required for mRNA transport into neuronal
processes [106]. This was confirmed in a recent
study that found TDP-43 moves bidirectionally
in Drosophila, mouse and human iPS-derived
motor axons and is a component of the mRNP
(messenger ribonucleoprotein particle) that ante-
reogradely trafficks neurofilament light polypep-
tide NEFL) mRNA. Importantly, ALS-causing
TDP-43 mutations (TDP-43*3T TDP-4352985
and TDP-43M%7V) impair the anterograde
axonal transport of endogenous NEFL mRNA
(47]. Since axonal transport and localized protein
synthesis play an important role in growth cone
mobility, axonal regeneration and dictating the
axonal growth program [106-108], it is likely that
deficits in this process might negatively affect
axon health in ALS. Moreover, these TDP-43
mutations might also affect synapse formation
since TDP-43 is transported with mRNP com-
ponents into dendrites and dendritic protein syn-
thesis is essential for synaptic plasticity [48,109].
Similarly, FUS/TLS localizes to dendritic spines
of mouse hippocampal neurons, is actively trans-
ported to the synapses in response to mGluR5
activation, and FUS/TLS null mice exhibit
reduced dendritic spine number and abnormal
spine morphology [50].

While more work is required to elucidate
the specific role of TDP-43 and FUS/TLS in
mRNA transport and localized protein synthesis
in neurons, these early studies strongly suggest
that loss of function of TDP-43 or FUS/TLS via
ALS-causing mutations or inclusion formation
(as seen in ALS patient tissue) negatively affect
dendritic and axonal health and functionality.

Stress-granules & cytoplasmic aggregation

Stress granules are cytoplasmic RNP structures
that form in response to environmental stress-
ors (e.g., heat shock or oxidative stress) to pre-
vent the translation of any sequestered mRNAs
until the stressor is ameliorated and they are
disassembled. Many RBPs that comprise these
cytoplasmic RNP structures, including TDP-43

Neurodegener. Dis. Manag. (2014) 4(6)

and FUS/TLS, contain prion-like domains that
allow for self-aggregation and the formation of
these RNP structures [110]. Interestingly, there
are a number of ALS mutations found in the
prion-like domain of TDP-43 and FUS/TLS,
and for TDP-43, these mutations promote its
cytoplasmic aggregation and promote cellular
toxicity [111]. One gain-of-function hypothesis
is that stress granules form under normal condi-
tions, thus recruiting TDP-43 and FUS/TLS;
however, the excessive recruitment of these pro-
teins might lead to the formation of toxic cyto-
plasmic aggregates that cannot be disassembled
thus perturbing normal RNP functions and
cellular toxicity [110]. Since it is unclear if these
cytoplasmic aggregates are neurotoxic, another
hypothesis is that cytoplasmic aggregation of
TDP-43 or FUS/TLS might also induce a loss-
of-function phenotype for TDP-43 disrupting
many nuclear RNA processing and transport
events [110].

Mutations in other RNA processing proteins
associated with ALS

The FET (FUS/TLS, EWSRI1 and TAF15)
protein family is a group of DNA-binding pro-
teins/RBPs that are predominantly nuclear and
are involved in various aspects of normal RNA
metabolism [112]. In addition to FUS/TLS, muta-
tions in TAF15 and EWSRI are also associated
with ALS and similar to TDP-43 and FUS/TLS,
TAF15 and contain prion-like domains making
them aggregation-prone [31.110,113]. Consistent
with this, cytoplasmic mislocalization and inclu-
sions of TAF15 and EWSR1 have been found in
neurons of sporadic ALS tissue [31.113]. While the
pathogenic mechanisms are unknown, EWSR1
has been shown to regulate splicing following
DNA damage [41] and TAF15 has been shown to
interact with the splicing factor hnRNP M [40],
strongly implicating aberrant RNA processing
in protein dysfunction.

Angiogenin (ANG) is a member of the rib-
onuclease A (RNase A) family and missense
mutations in this gene have been found in less
than 1-5% of ALS patients [2325]. Angiogenin
is involved in ribosomal RNA transcription and
regulating levels of cellular tRNAs through its
RNase activity [45.114]. Sentaxin (SETX) is a
DNA/RNA helicase and mutations in this gene
causes an autosomal dominant form of juvenile
ALS [30]. While the mechanisms of SETX-
mediated pathogenesis remain unclear, heli-
cases are involved in many processes required for
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RNA metabolism including transcription, splic-
ing, transport, translation and editing [42,114].
Finally, missense mutations in the MATR3
gene that encodes for the Matrin 3 protein were
recently identified as a cause of a small percent-
age of fALS [24]. Although the precise function
of Matrin-3 is unknown, it is a DNA/RNA
binding protein [115] that is implicated in various
RNA processes including RNA editing (51] and
Argonaut-mediated gene silencing [116].

e miRNAs

miRNAs are small noncoding RNAs that post-
transcriptionally regulate gene expression by
targeting its complementary RNA sequence for
degradation. Analysis of sALS spinal cord tis-
sue showed dysregulation of miR-146a*, miR-
524-5P and miR-582-3P, all of which target the
3 UTR of neurofilament light chain mRNA [s4].
Another miRNA, miR-206, which is enriched
in skeletal muscle, is upregulated in ALS patient
muscle tissue [117]. It is believed that miR-206
plays a role in nerve-muscle communica-
tion and loss of miR-206 in transgenic SOD1
mouse accelerates the disease phenotype [118].
Interestingly, TDP-43 can bind small noncod-
ing RNAs and associates with the Drosha and
Dicer proteins suggesting that TDP-43 dysfunc-
tion alters miRNA processing [33]. Consistent
with this, TDP-43 knockdown results in the
downregulation of let-7b and the upregulation
of miR-663 [s2]. Similarly, FUS has been shown
to interact with Drosha and bind pri-miRNA
sequences and plays a role in the biogenesis
of some neuronal miRNAs including miR-9,
miR-125b and miR-132 [s3]. Although the rela-
tionship between miRNA regulation and ALS
pathology requires further study, these molecules
might also be employed as pharmocodynamic
biomarkers since miRNAs have been detected
in extracellular fluids such as cerebrospinal fluid
(119]. The extracellular presence of miRNAs is
likely due to leaky membranes of injured cells,
release upon cell death, or the active exocytosis
of miRNA-containing vesicles [120].

¢ Aberrant RNA editing

RNA editing is a post-transcriptional pro-
cess in which RNAs (typically pre-mRNAjs)
are modified or ‘edited’ resulting in a RNA
transcript with bases not complementary to
their genomic sequence. Two known types of
RNA editing are uridine-to-cytodine (C-to-U)

and the more common adenosine-to-inosine
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(A-to-I) (121]. The ‘adenosine deaminases act-
ing on RNA" or ADAR proteins are enzymes
responsible for catalyzing adenosine to inosine
via their deaminase activity. During translation,
inosine is read as a guanine, therefore, RNA
editing of any exonic region can have profound
effects on protein structure and function [121].
One target of ADARs is GluR2 (=GluA2), a
neuronal specific a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionate (AMPA) receptor, and a
subtype of the ionotropic glutamate receptors.
Approximately 95-100% of GluR2 pre-mRNA
transcripts are edited in the second membrane
domain (M2). The unedited transcripts encode
for a glutamine (Q), the edited transcripts
encode for an arginine (R) and this site of editing
is called the Q/R site [122]. Unedited GluR2 tran-
scripts encode for AMPA receptors (GluR2Q)
with high Ca** permeability compared with
their edited counterparts (GluR2R); therefore,
if GluR2 is unedited it enhances a cell’s suscep-
tibility to Ca?** dependent glutamate-induced
excitotoxicity [123]. Interestingly, motor neurons
isolated from the spinal cords of sALS patients
show incomplete editing at the GluR2Q/R-site
suggesting they exhibit increased susceptibility
to Ca** dependent excitotoxicity [5s]. In support
of this, ADAR2, the RNA enzyme responsible
for GluR2Q/R-site editing was significantly
reduced in spinal motor neurons from sALS
patients [56]. Pathological analysis revealed that
spinal motor neurons from sALS patients that
exhibited cytoplasmic TDP-43 inclusions also
showed downregulation of ADAR2 [57]; how-
ever, it is unclear how these two phenotypes are
related [124]. These studies suggest that the down-
regulation of ADAR?2 in spinal motor neurons of
sALS patients may mitigate GluR2 editing and
result in a greater proportion of Ca?* permeable
GluR2 receptors leading to neurodegeneration
via excitotoxicity.

¢ RNA toxicity from repeat expansions

Repeat expansions are the cause of over 20
known neurological disorders including myo-
tonic dystrophy type 1 and 2 (DM1 and 2) and
Fragile X ataxia (FXTAS) [125]. Eatly attempts
to identify the pathogenic mechanisms behind
the repeat expansion in C9ORFEF72 revealed a
similar pathology as that observed in myotonic
dystrophy, specifically the presence of nuclear
RNA foci [4]. In both DM1 and 2, the repeat
RNA sequences generate ‘toxic’ RNA molecules
that sequester the RBP muscleblind-like protein
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1 (MBNLI) suggesting that the proposed gain-
of-function for toxic RNA may cause a loss of
function for interacting RBPs such as MBNLI.
Since MBNLI is important for pre-mRNA splic-
ing, DM1 and 2 cells exhibit aberrant splicing
of mature mRNAss [62]. In tissue from DM1 and
2 patients, toxic RNA molecules that sequester
nuclear RBPs can be visualized as nuclear RNA
foci using RNA fluorescent 7z situ hybridiza-
tion (RNA FISH) targeting the repeat RNA
sequence [126]. Similarly, initial studies observed
GGGGCC RNA foci in the spinal cord from
CI9ORF72 ALS/FTD patients [4]. In addition,
these studies found that COOREF72 RNA levels
were reduced in C9ORFE72 ALS/FTD patient
tissue [5.61]. In various repeat expansion disor-
ders, the repetitive RNA sequences have been
shown to translate and accumulate in the cyto-
plasm despite the lack of an ATG-start codon,
a remarkable event now called repeat associated
non-ATG translation (RANT) [127]. Notably,
RANT dipeptides accumulate in COORE72
patient tissue [128,129]. Based on these initial
studies of C9ORF72 ALS pathology, three
pathogenic mechanisms have been proposed:
toxic gain-of-function RNA, loss of function
CI90ORF72 and accumulation of gain-of-function
RANT dipeptides.

Since C9ORF72 animal models are still
being developed, COORF72 ALS patient-
derived fibroblasts and iPS motor neurons have
proven critical in elucidating the neurotoxicity
of the GGGGCC expansion. COORF72 ALS
fibroblasts and iPS neurons all contain both
nuclear and cytoplasmic RNA foci [s8-60]. iPS
neurons from C9OREF72 ALS patients also
exhibit increased sensitivity to glutamate-
induced excitotoxicity and ER-stress [46,58]. In
addition, these neurons exhibit aberrant gene
expression of some neuronal and secreted tran-
scripts [58,60]. To date, a number of GGGGCC
interactors have been identified via biochemi-
cal and immunohistochemical means [130]. For
example, ADARB2, an RNA-editing enzyme,
has been shown to co-localize and biochemi-
cally interact with the GGGGCC repeat, and
its depletion has been shown to enhance glu-
tamate toxicity in control iPS neurons. This
suggests that ADARB2’s loss of function
might play a role in glutamate susceptibility
in C9ORE72 iPS neurons [58]. Nucleolin, a
eukaryotic nucleolar phosphoprotein, has been
shown to exhibit a strong biochemical affin-

ity for the GGGGCC RNA G-quardruplex
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structure and its interaction with the repeat
RNA results in disruption of the nucleolus
(46]. Inducible tissue-specific expression of an
exonic GGGGCC , RNA results in a neu-
rodegenerative eye phenotype in Drosophila,
which can be rescued by enhancing levels of
Pura,, a GGGGCC RNA interactor identified
by a pull down assay [131]. Expression of 38-
and 72mer GGGGCC RNA in neuronal cell
lines can also induce the formation of RNA foci
that co-localize with SF2, SC35 and hnRNP.
Of these, however, only hnRNP-H directly
interacts with the GGGGCC RNA sequence
(43]. hnRNDP-H is required for exon 7 inclusion
of TARBP2 RNA, and when TARBP2 RNA
splicing was analyzed in cell lines expressing 72
GGGGCC RNA repeats they found a modest
reduction in TARBP2 exon 7 inclusion. This
supports the toxic RNA hypothesis and sug-
gests that the GGGGCC RNA acts to sequester
hnRNP-H resulting in its loss of function [43].
A recent study has also shown the C9ORF72
RNA foci can co-localize and interact with
SRSF2, hnRNP H1/F and ALYREF in motor
neurons [44]. Although a number of interactors
have been identified to date, it is unlikely that
a single candidate will be responsible for all
of the observed COORF72 phenotypes. If this
protein does exist, it has not yet been identified.
Targeting the GGGGCC_ -containing RNA
pharmacologically does ameliorate a number of
CI9ORE72 phenotypes. For example, antisense
oligonucleotides (ASOs) targeting different
regions (coding and noncoding) of C9ORF72
RNA have reduced the prevalence of RNA foci
in C9ORF72 ALS fibroblasts and iPS neurons
(58-60] and rescued aberrant gene expression and
glutamate sensitivity of COORF72 iPS neurons
(58.60]. These studies suggest that RNA toxic-
ity represents a significant pathogenic mecha-
nism in COORF72 neurotoxicity. Notably, the
GGGGCC antisense transcript (CCCCGQG)
has also been detected in COORF72 patient
derived cells and tissue [s9] and found to be
translated into RANT dipeptides [132].

While the above-mentioned studies implicate
RNA roxicity characterized by the sequestration
of RBPs as a major cause of COORF72 neuro-
degeneration, it does not rule out COORF72
loss of function or RANT dipeptide toxicity as
a pathogenic mechanism. Three recent publica-
tions overexpressing varying di-peptides 77 vitro
and 77 vivo support toxicity due to the cytoplas-
mic accumulation of RANT dipeptides [133-135],
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although the disadvantages of overexpression
models have been noted in all three reports as
a caution in regards to the overinterpretation
of their datasets. At least one of the five pos-
sible RANT dipeptides, glycine-proline (GP)
[136,137], has been detected in C9ORE72 iPS
neurons, suggesting that the use of iPS neu-
rons could aid in the future investigation of
disease-relevant levels of dipeptide accumula-
tions. Interestingly, GP RANT proteins were
still detected following acute short-term ASO
treatment, which rescued other C9ORF72
phenotypes, including susceptibility to extra-
cellular glutamate [s8]. Long-term treatments are
needed to fully support a potential ASO rescue
of RANT dipeptides. Notably, sense targeting
ASOs do not affect the antisense RNA foci [59];
therefore, any mitigated COORE72 phenotypes
with sense ASO treatment can be attributed to
toxicity of the sense strand RNA. Future studies
are still required to elucidate the neurotoxicity
of the CCCCGGexp antisense RNA.

The function of C9ORF72 protein is not
known and, to complicate matters, there is no
consensus on a suitable antibody for protein
detection. However, a LacZ insertion C9orf72
reporter mouse model revealed C9orf72 expres-
sion is enriched in neurons [138]. Support for
the haploinsufficiency pathological mechanism
emerged when knockdown of the zebrafish
CI9OREF72 ortholog via morpholinos devel-
oped behavioral and cellular deficits, includ-
ing axonal degeneration of motor neurons
(139]. Conversely, acute ASO treatment tar-
geting CIORF72 exon 2 and reducing global
C90ORF72 RNA levels nevertheless rescued
susceptibility to glutamate induced excito-
toxicity [s8]. This suggests that acute knock-
down of C9ORF72 is not toxic to neurons
in vitro. Moreover, sustained ASO-mediated
knockdown of the endogenous mouse C90rf72
for 17-weeks did not induce any significant
pathological or behavioral deficits [59].

Potential therapies targeting aberrant
RNA homeostasis

As summarized above, abnormal RNA process-
ing has been accepted as a contributor to ALS
pathogenesis, even though not all mechanisms
of altered RNA metabolism are fully understood
and examined to date. Nevertheless, efforts are
underway to identify novel therapeutic targets
based on these newly discovered disease path-
ways. Some of these efforts are guided by studies
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of RNA toxicity in other neurodegenerative
disorders and are therefore aggressively moved
towards preclinical testing and clinical trials.

¢ Oligonucleotide-based therapeutic
strategies

Potential therapeutics for RNA-dominant dis-
eases include the development of oligonucleo-
tides that bind to mRNA in a sequence-specific
manner. The end result of this complementary
base pairing could either be degradation of the
targeted mRNA or steric blockade of the cellu-
lar machinery without degradation of the RNA
with both mechanisms resulting in decreased
gene expression of the target protein [140]. This
approach is certainly advantageous when the
mutant target protein leads to a disease mecha-
nism involving a ‘protein gain of function,” but
has to be approached carefully when haploin-
sufficiency and loss of protein function is of
concern. ASO approaches have recently been
shown to move rapidly into the clinic due to the
development of more effective delivery strate-
gies and higher stabilities of ASOs by chemical
modifications (for review, see [141]). For example,
ASOs targeted to SODI1 have been developed
and successfully tried in a Phase I safety trial
(142], strongly suggesting that ASO therapeutics
are a viable and safe option for gene silencing in
ALS patients.

In the case of repeat expansion disorders,
where RNA toxicity is often caused by the
sequestration of critical RBPs (see above),
blocking the binding of these RBPs with the
use of repeat-specific ASOs represents another
therapeutic approach for these aberrant RNA-
disorders (Figure 1B, ‘5°). This approach has been
successfully applied in myotonic dystrophy 1
(DM1) to prevent the sequestration of MBNL1
by the (CTG), repeat expansion in the DMPK
gene and thereby eliminating the formation of
CTG RNA foci and splicing abnormalities,
which are caused due to the loss of function of
sequestered MBNLLI protein [143-146].

Based on this, preliminary studies working
with human ALS C9ORF72 patient-derived
fibroblasts and iPS neurons confirmed that
CIOREF72-specific ASO treatment rescued
in vitro disease phenotypes, suggesting that
an ASO-based therapeutic approach presents
great promise for clinical trials for COORF72
patients [s8,147-148]. Interestingly, these studies
employed ASO targeted to either the repeat
expansion, upstream of the repeat or an exonic
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Figure 1. Schematic of dysfunctional RNA processing events in amyotrophic lateral sclerosis and
potential targets for therapeutic intervention (see facing page). (A) Mutations in RNA processing
proteins, such as TARDBP/TDP-43, can lead to dysregulation of RNA processing events at different
levels, offering numerous therapeutic targets: (1) Activation of autophagy with small molecule
compounds; (2) Targeting of miRNAs with antagomirs; (3) Increasing transcriptional activation of
wild-type RNA procession protein with small molecule compounds and (4) Increasing transcriptional
activation of wild-type RNA procession protein with gene therapy. (B) Repeat expansions, such as
the hexanucleotide expansion in C9ORF72, can sequester RBPs, leading to the formation of RNA
foci and a loss of function of RBPs. In addition, RANT of the hexanucleotide repeat can lead to the
formation and aggregation of dipeptides. This dipeptide aggregation could potentially be diminished
with the use of autophagy activators (1) as described in (A) for accumulation of cytoplasmic RNA
binding proteins, such as TDP-43. In addition, transcriptional activation of RBPs with small molecule
compounds could overcome their loss of function (3), similar to what has been suggested in (A).
Sequestration of RBPs to the repeat foci could be prevented with either antisense oligonucleotides
blocking the repeat sequence (5) or with small molecule compounds that bind and thereby block
the RBP binding site (6). (C) Yet unknown mechanisms can lead to the dysfunction of RNA editing
proteins, such as ADAR2. ADAR2 is responsible for the editing of the GIuA2 receptor, which if
unedited, shows increased calcium (Ca?*) permeability and can therefore trigger excitotoxicity in
amyotrophic lateral sclerosis. Therapeutic approaches as discussed in (A & B) can also be applied
to the rescue of RNA editing phenotypes, for example, increased activation and expression of
ADAR could be achieved with small molecule transcriptional activators (3) or via gene therapy (4).
RANT: Repeat-associated non-ATG translation; RBP: RNA-binding proteins; sALS: Sporadic amyotrophic

lateral sclerosis.

coding region of C9ORF72 mRNA, the lat-
ter leading to a further downregulation of the
C9ORF72 gene. Despite the enhanced silencing
of C9ORF72, neuroprotection was observed.
At the same time, 77 vivo knock down stud-
ies in zebrafish, Caenorhabditis elegans and
mice showed conflicting results with regards
to confirming or ruling out a role of reduced
C9ORF72 gene expression as a disease mecha-
nism [139,147,149]. The observed differences may
be explained by either species-related suscep-
tibility to loss of COORF72 homologs or due
to the different approaches used to reduce the
levels of C9ORF72 (genetic knock-out vs use
of ASO or morpholinos). Interestingly, one
CIOREF72 patient carries the repeat expansion
in both alleles without showing any increased
severity of clinical symptoms, suggesting that
CIOREF?72 loss of function may not be a domi-
nant mechanism in C9 pathogenesis [150]. As
mentioned earlier, COORF72 protein function
is still unknown, but the potential loss of protein
using an ASO therapeutic approach should nev-
ertheless be addressed during preclinical drug
validations. Furthermore, while validating ASO
therapeutics for repeat expansion mutations such
as COORF72, one should be aware of the possi-
bility of bidirectional transcription, which would
suggest that ASO might have to be designed for
both sense and antisense transcripts [137,147,151].
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RNA interference (RNAI) represents another
possible oligonucleotide based therapeutic
approach targeting RNA toxicity pathways [12].
Similar to the ASO therapeutic, RNAi achieves
gene silencing with the use of short interference
RNAs (siRNAs), short hairpin RNAs (shRNAs)
or artificial miRNAS [12,152-153]) generally with-
out discriminating between the mutant and the
normal allele. Therefore, similar to the ASO
approach for gene silencing, sufficient knowl-
edge on the cellular function of the target pro-
tein is important in order to decide whether a
loss of protein function due to the therapeutic
knock down is acceptable during treatment,
as these approaches would be most suitable to
gain-of-function mutations. To overcome the
loss of wild-type protein, allele-specific siRNA
strategies have been developed and successfully
described for Parkinson’s disease, Alzheimer’s
disease and Huntington’s disease [154-159]. For
ALS, mutant SODI and TDP-43 have been
targeted using this strategy [160-164]. The hope
is that knocking down mutant TDP-43 will
not only prevent the formation of cytoplasmic
inclusions, but also TDP-43-dependent axonal
mRNA trafficking, dysfunction of which has
recently been proposed to be a likely contribu-
tor to ALS pathogenesis in motor neurons [47].
Delivering these RNAI therapeutics to the cell
type of interest in an appropriate vehicle is yet
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one of the biggest hurdles to take for clinical trial
development of these therapeutic strategies [165].
Nevertheless, over 20 siRNA/shRNA therapeu-
tic candidates have been tested in clinical tri-
als to treat more than 16 different diseases [165].
Unfortunately, none of those diseases are CNS
diseases, but these statistics encourage the design
and development of iIRNA therapeutics targeting
RNA toxicity pathways in ALS, in particular
for dominant, gain-of-function ALS mutations.

If the loss of target protein is not acceptable as
a consequence of gene silencing, one could con-
sider the so-called replacement strategy where
the normal allele is replaced using nonallele-
selective RNAi silencing (see also ‘Gene therapy
approaches’) [166-170]. While this therapeutic
approach has been successfully applied in vitro,
preclinical validation is needed to address poten-
tial concerns regarding overexpression of the
target protein above endogenous levels as well
as safety and efficacy of viral delivery. A novel
approach to overcome potential off-target toxic-
ity using viral delivery methods is the use of lipid
nanoparticles [171,172], which have been shown
recently to efficiently deliver siRNAs into the
brain with little apparent toxicity [173].

As mentioned above, RNA toxicity can lead
to aberrant alternative splicing of downstream
genes. Splicing deficits can lead to the production
of truncated, low-functioning proteins, as seen in
spinal muscular atrophy (SMA), where splicing of
the SMN2 gene is disrupted, leading to a trun-
cated form of the SMN protein. This dysfunction
has been targeted with ASOs that either block
the binding of splicing suppressors or promote
the binding of splice activators and consequently
rescue disease phenotypes in SMA animal mod-
els 174]. Chemically optimized ASOs have been
validated in mouse and nonhuman primates and
clinical safety trials are ongoing to advance this
therapy to SMA patients [175]. Splicing abnor-
malities have been observed in response to RNA
toxicity in ALS, particularly in mutant TDP-43
and mutant FUS/TLS ALS [176-178]. Whether
targeting mutant TPD-43 to prevent splicing
abnormalities using ASOs will be appropriate
is not known, but one could consider targeting
downstream transcripts that are altered due to the
loss of function of TDP-43. While it is unlikely
that the rescue of only one single downstream
transcript will lead to neuroprotection of mutant
TDP-43, these pathways have not been explored
thoroughly and may therefore harbor suit-
able drug targets. Although no specific splicing
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abnormalities have been identified in C9ORF72
mutant cells or tissue, the sequestration of RBPs
strongly suggests that splicing abnormalities are
highly likely and are hypothesized to contribute
to COORF72 disease pathogenesis [s8]. Hence,
targeting these splicing abnormalities could cer-
tainly provide rescue of disease phenotypes and
subsequent neuroprotection. Notably, by target-
ing the mutant allele of any gain-of-function
RBP mutation, it may be possible to reduce any
mutation-dependent splicing deficits.

ASOs can also be designed to specifically
silence endogenous miRNAs and these are
called antagomirs [179]. An increasing number
of miRNAs has been identified to be upregu-
lated in neurodegenerative diseases, including
ALS (see above and [180-182]). Initial studies
have tested antagomirs to miRNA-155 in the
SODI%%* mouse model leading to extended sur-
vival and increased disease duration, suggesting
that the use of antagomirs is a promising new
therapeutic approach for ALS [183] (Figure 1A, °2').
Aberrant miRNA expression has been linked
to a list of mutant proteins known to cause
cytoplasmic aggregation (TDP-43, FUS/TLS)
or altered autophagy regulation (CHMP2B,
VCP, Ubiquilin-2) in ALS and/or FTD [1s1].
While it is yet to be determined whether the
repeat expansion in COORF72 is causing altered
miRNA expression, targeting miRNAs for ther-
apeutic intervention certainly represents a valid
approach to intervene with RNA toxicity in ALS.
Antagomirs can also be designed to bind to the
target RNA of a specific miRNA, while allowing
the miRNA to bind to all of its other targets, and
are sometimes referred to as blockmirs [184]. If
it is known which target mRNA of a miRNA is
participating in the disease pathogenesis, block-
mirs can be designed to sterically block the miR-
NA’s binding site on the target RNA to prevent
miRNA binding and subsequent gene silencing
of their complimentary RNA. This allows for
very specific rescue of aberrant miRNA function
and reduces off-target effects more frequently
to be expected with antagomirs, given the fact
that miRNAs often have multiple target RNAs.
miRNA therapeutics have been developed for
non-CNS diseases and reached clinical trials,
once again supporting the design and validation
of equivalent therapeutic interventions for CNS
diseases including ALS [18s].

Yet another experimental paradigm to block
miRNA function is the use of so-called miRNA
sponges or decoys [185-187]. These sponges are
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RNA transcripts composed of miRNA binding
sites, which upon cell delivery, compete with
endogenous miRNA binding sites, similar to
peptide block experiments at the protein level
(187]. While this miRNA sponge technology
is currently mostly used to study the function
of individual miRNAs, its use for therapeutic
applications could be of great potential.

¢ Small molecule-based therapeutic
strategies

The classic pharmacological approach of an
inhibitory small molecule compound therapy
is certainly applicable to target varying RNA
toxicity pathways. For example, there has been
great success in DM1 by applying small mol-
ecule inhibitors that prevent the interaction of
repeat RNA with MBNLI and thereby rescue
disease pathogenesis [188-190]. A similar approach
is therefore sought after for the COORF72 repeat
expansion (Figure 1B, ‘6’). While several repeat-
binding RBPs have been identified over the last
2 years [44,58,147-148,191-193], none of those RBPs
have been assigned similar unique disease-mod-
ifying properties like MBNLI. However, pre-
liminary studies are ongoing to design screening
assays with the goal of identifying small mol-
ecule compounds that bind to the repeat expan-
sion, or more specifically, to the secondary struc-
ture of the RNA and DNA repeat nucleotides,
and thereby inhibit the binding of any potential
RBPs. It has been shown that the sense strand of
the hexanucleotide repeat of COORF72 prefer-
entially forms so-called G-quardruplexes 191,194~
195] and proof of concept studies in vitro showed
that nucleic acid binding small molecules, such
as the cationic porphyrin, inhibits the interac-
tion of some RBPs with a (GGGGCC), repeat
by binding and stabilizing the repeat structure
(196]. Successful attempts in targeting RNA
structures with small molecules for therapeutic
benefits have been made in fragile X-associated
tremor ataxia syndrome (FXTAS), DMI1 and
DM2 [197-200], suggesting that this approach
could lead to similar success for C9ORF72-
mediated disease progression (ALS and/or
FTD). If a MBNLI1-like RBP is identified as an
interactor with the C9ORF72 hexanucleotide
repeat, then more targeted screening efforts can
be undertaken in the search for neuroprotective
small molecule compounds that inhibit the spe-
cific RNA-protein interaction. The alternative
is to target not only the interaction of one RBP,
but of multiple RBPs at the same time, which
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could likely occur using the nonspecific repeat
blocking approach described above.

Small molecule compounds can also be
designed to inhibit protein aggregations, such
as those found for mutant TDP-43 [201]. As
described above, the RBP TDP-43 forms cyto-
plasmic aggregates when mutated and thereby
loses it nuclear localization and function as
a transcriptional regulator of RNA process-
ing such as splicing or trafficking. Screening
a library of about 75,000 compounds in an
assay that detected stress-induced GFP-labeled
TDP-43 aggregation in vitro using a high con-
tent image analysis system, 16 compounds were
found to inhibit the aggregation, some of which
also showed neuroprotection in a mutant TDP-
43 C. elegans model [201]. One can imagine that
this approach could also be used to screen for
RBPs that are sequestered at the COORF72
repeat expansion. Almost all of those RBPs
form aggregates due to the sequestration and are
not only found in the cell nucleus, but also in
the cytoplasm, where small molecule inhibitors
should gain easy access.

Another way to protect against TDP-43
aggregation (or any other protein aggregation)
is to increase autophagy, and thereby enhancing
the removal of aggregated protein (Figure 1A, ‘1’).
This idea was tested in GFP-TDP-43 overex-
pression cell lines using automated fluorescence
microscopy [202]. The authors screened over one
million compounds for increased autophagy
stimulation and then tested the positive hits in
their TDP-43 screening assay measuring TDP-
43 clearance. Compounds that cleared TDP-43
more efficiently also prevented mutant TDP-43-
induced cell death, suggesting that therapeutic
targeting of these autophagy pathways can pre-
vent RNA toxicity. Clearly, this concept can be
applied for any other cellular protein aggregation
known to play a role in disease propagation and
pathogenesis.

Finally, small molecule compounds can also
be used to overcome loss of protein function due
to repeat RNA sequestration. Pharmacological
upregulation of target proteins has been
described in the past showing precedence for
this approach. For instance, Rothstein and col-
leagues discovered ceftriaxone as an upregulator
for excitatory amino acid transporter 2 (EAAT2)
(203]. This transcriptional upregulation leads to
neuroprotection of motor neuron cell death both
in vitro and in vivo as well as in several other
models of neurodegenerative diseases [204-207].
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At the same time, Lin and colleagues discovered
translational activators of EAAT2, which have
also been shown to provide neuroprotection in
an animal model of ALS [208,209]. These studies
support the idea of screening for small molecule
compounds that can selectively upregulate pro-
teins that are sequestered by repeat expansions
such as C9ORF72 and consequently rescue
the loss of function of these RBPs, similar to
what has been shown for Puro using a genetic
approach (see ‘Gene therapy approaches’; Figure
1A &C,3’) [210]. This approach can certainly also
be applied to any other protein loss of function
pathway that is known in ALS, for example, the
above mentioned downregulation of ADAR2,
which leads to editing deficits in ALS. As it
is known that dysfunctional RNA processing
does lead to general aberrant transcriptome sig-
natures, the approach of upregulating proteins
to make up for their loss of function is certainly
a strategy that could be applied therapeutically
after thorough target validation, similar to what
was done with EAAT?2.

¢ Gene therapy approaches

One way to overcome haploinsufficiency or to
gain back function of repeat expansion-seques-
tered RBPs is to replace these proteins via gene
therapy, in other words, replacing the defective
or dysfunctional gene with a healthy and func-
tional one (Figure 1A&C,'4). This approach has
been tried for DM1 by overexpressing MBLN1
in a DM1 mouse model [211] as well as for
FXTAS and COORF72 ALS/FTD by overex-
pressing Puro. in Drosophila and primary mouse
cultures, respectively [210.212]. Other targets for
ALS could be any of the currently identified
GGGGCC repeat binding RBPs, including
ADARB2, nucleolin or hnRPs. This thera-
peutic avenue could certainly also be applied
to the above mentioned replacement strategy
of mutant alleles, especially in combination
with gene silencing, in order to avoid loss of
function of the target gene (C9ORF72, TDP-
43, FUS/TLS). Proper delivery of the gene of
interest to the cell type of interest poses once
again the biggest problem for safe, nontoxic
therapeutic intervention using gene therapy.
Vehicles of choice are viral deliveries using, for
example, adeno associated virus (AAV) delivery,
similar to siRNA therapeutics discussed above.
However, nanoparticles are equally suited for
this purpose and have been tried successfully
in preclinical settings for brain deliveries [172].

Neurodegener. Dis. Manag. (2014) 4(6)

Conclusion & future perspective

Opverall, it has become more and more obvious
over the last years that the search for thera-
peutic targets for ALS patients is no longer seen
as ‘one-size-fits-all’ approach. Instead, it has
become apparent that similar to what we have
learned from cancer research, ALS manifests
itself in different subtypes of ALS and therefore,
therapeutic intervention needs to be developed
according to those subtypes. The discovery of
dysfunctional RNA processing as a contribu-
tor to ALS pathogenesis seems to represent
such an ALS subtype and has therefore greatly
revolutionized our search for therapeutic targets
in ALS. While representing a seemingly large
patient population, it is likely that ALS patients
characterized by RNA processing deficits will
be classified into even more defined subpopula-
tions. However, the fact that cytoplasmic inclu-
sions of TDP-43 are present in the majority of
sporadic and familial ALS cases suggests that
disrupted RNA homeostasis via RNA binding/
processing protein mutations and RNA toxic-
ity likely represent diseases pathway that if tar-
geted therapeutically, could be beneficial to this
larger patient population. Similarly, therapeutic
development targeted to the highly prevalent
C9ORF72 mutation is suggested to provide ther-
apeutic benefits to another large subpopulation
of ALS patients. Developing therapeutics for
specific subtypes of ALS patients leads the way
to a personalized medicine approach in ALS.
This strategy is supported by the use of human
adult patient-derived induced pluripotent stem
cells, which allow for the screening of patient-
specific and mutation-specific therapeutics as
well as accompanying biomarker assays. The
result of these novel screening opportunities are
expedited clinical trial development and hope-
fully better clinical trial outcomes, performed
on select patient populations.

Future genome wide sequencing projects
may discover other novel mutations in ALS,
maybe similar in prevalence to COORF72 or
even higher. These discoveries may lead to the
classification of all ALS patients into familial
ALS patients and thereby eliminate the pres-
ence of sporadic ALS. Meanwhile, due to the
multifaceted nature of ALS disease pathogen-
esis, perhaps treatment regimens combining
different therapeutic approaches, such as small
molecule inhibitors or ASOs together with gene
therapy, will provide a better and more effective
therapeutic strategy.
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