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Abstract: A hexanucleotide repeat expansion mutation in the first intron of C90rf/2 is the most
common known genetic cause of amyotrophic lateral sclerosis and frontotemporal dementia. Since
the discovery in 2011, numerous pathogenic mechanisms, including both loss and gain of function,
have been proposed. The body of work overall suggests that toxic gain of function arising from
bidirectionally transcribed repeat RNA is likely to be the primary driver of disease. In this review,
we outline the key pathogenic mechanisms that have been proposed to date and discuss some of the
novel therapeutic approaches currently in development.
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1. Background

Amyotrophic lateral sclerosis (ALS) is a devastating, progressive, neurodegenerative
disease characterised by the loss of upper and lower motor neurons [1]. It typically presents
in the fifth or sixth decade of life and is characterised by profound muscle wasting, relent-
less weakness of limb and/or bulbar muscles leading to paralysis, and death secondary
to respiratory compromise within 3-5 years from symptom onset [1]. Frontotemporal de-
mentia (FTD) is a heterogeneous, progressive, neurodegenerative disorder encompassing a
broad range of distinct clinical phenotypes associated with changes in executive function,
behaviour, language, and motor dysfunction [2]. In the vast majority of both ALS and FTD
cases, the aetiology is unknown and is said to be sporadic. However, in a subset of cases,
ranging up to 10% for ALS [1] and 30% for FTD [3], the disease is familial and is linked
to a specific genetic mutation. To date, there is no effective disease-modifying treatment
available for ALS or FTD, and clinical management is based on alleviating the symptoms
and disability that come with the diseases. In 2006, a locus on chromosome 9 was linked to
ALS and FTD, and this was further validated in a large genome-wide association study
in 2011 [4,5]. These findings paved the way to the landmark discovery that an intronic
hexanucleotide GGGGCC (G4C2) repeat expansion in the chromosome 9 open reading
frame 72 (C90rf72) gene is the most common cause of both familial ALS and FID, and
cemented the clinical, genetic, and molecular link between the two diseases, giving rise to
the C9orf72-associated ALS-FTD (C9ALS-FTD) disease spectrum [6,7].

Clinically, C9ALS-FTD is generally indistinguishable from what is considered to be
classic ALS or behavioural variant-FID (bvFTD) [2]. However, even within these categories
there is extensive heterogeneity amongst individual cases, and it is not uncommon for
diverse clinical presentations to occur within the same family. Cognitive impairment occurs
far more commonly in C9ALS than in cases not related to the expansion mutation [8], and
the occurrence of ALS and FTD within the same patient is recognised. Some studies
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LOSS OF FUNCTION

have shown an increase in bulbar-onset ALS in the presence of the C90rf/2 expansion
mutation [9,10], though this is not corroborated across all studies. Hallucinations and
delusions are far more common in C9FTD cases than in other forms of bvFTD [11,12], and
patients may even be diagnosed with schizophrenia when these features are particularly
prominent [13]. Overall, expansions within this gene are responsible for up to 20-40% of
familial FTD and ALS cases, respectively, as well as 10% of apparently sporadic ALS cases
in people of European ancestry [14]. The expansion mutation has also been occasionally
identified in people diagnosed with Parkinson’s disease [15], multiple system atrophy [16],
and corticobasal syndrome [17].

In the years that have followed the discovery of the mutation, significant progress has
been made in unearthing the mechanisms thought to be responsible for neurodegeneration
in C9ALS-FTD. Most cases are due to G4C2 repeat expansions reaching several hundreds
to thousands of repeats in size [18]. The vast majority of healthy individuals have less
than 10 repeats, though an intermediate repeat size of 24-30 repeats may confer increased
risk [19], and reports of disease with as few as 30 repeats have been described [20]. Three
major hypotheses have emerged as being mechanistic (Figure 1), namely: loss of function
due to haploinsufficiency of the C9orf72 protein, a toxic gain of function from intranuclear
sense and antisense RNA foci arising from bidirectional transcription of the expansion
mutation, and toxic gain of function from dipeptide repeat (DPR) proteins formed by
repeat-associated non-ATG-dependent (RAN) translation [21]. The exact contribution of
each of these mechanisms to disease is still unclear, and there may be a combined effect, in
conjunction with other downstream processes, leading to neurotoxicity.

Poly (GA) Poly (GP)
Poly (GR) Poly (PR)
Poly (GP) Poly (PA)
5" 3 5 3
Dipeptide repeat proteins i | Dipeptide repeat proteins

GAIN OF TOXICITY

Figure 1. Pathological mechanisms associated with the hexanucleotide repeat expansion in C9ALS-FTD: (A) The presence

of the expanded GGGGCC mutation in intron 1 of C90rf72 potentially causes abortive transcription from exon 1a leading
to haploinsufficiency of C9orf72 protein (1). Loss of function is further compounded by reduced transcription secondary
to hypermethylation of both DNA and histones (2). (B) Bidirectionally transcribed repeat RNA is proposed to be toxic by
sequestering RNA-binding proteins into RNA foci, and through the formation of aberrant dipeptide repeat proteins arising

from repeat-associated non-AUG-dependent (RAN) translation.
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A pathological hallmark for the vast majority of ALS cases, and approximately half of
all FTD cases, is the presence of Transactive Response DNA-Binding Protein 43 (TDP-43)
inclusions within neuronal and glial cells [22]. The role of TDP-43 in neurodegeneration has
been extensively investigated and is reviewed elsewhere [23,24]. C9ALS-FTID belongs to
this group of TDP-43 proteinopathies. However, in COALS-FTD cases, the hallmark pathol-
ogy is the presence of p62-positive (and TDP-43-negative) cytoplasmic and intranuclear
inclusions, which were subsequently shown to colocalise with DPR protein aggregates [25].
Nonetheless, this overlap of C9ALS-FTD with other forms of the disease may reflect a
common point of convergence across the disease spectrum [26].

2. Disease Mechanisms
2.1. Loss-of-Function Mechanisms

It has previously been shown that C9orf72 protein levels are decreased, giving rise to
haploinsufficiency in C9ALS-FID [27]. C90rf72 messenger RNA (mRNA) is alternatively
spliced such that at least five different transcripts are generated, of which only two retain
the G4C2 expansion mutation [28]. Interestingly, whilst overall mature C9o0rf72 mRNA is
decreased, the levels of sense and antisense transcripts containing intron 1, and hence the
expansion mutation, are increased in C9ALS-FTD [29]. C90orf72 is structurally related to
the differentially expressed in normal and neoplastic cells (DENN) guanine nucleotide
exchange factor (GEF) proteins, which mediate activation of Rab proteins [30]. Knock-
down of C90rf72 in human cell lines has been shown to inhibit autophagy and leads to
cytoplasmic aggregation of TDP-43 and the accumulation of p62 [31]. Similarly in C9orf72
knockout mouse models, an accumulation of autophagy substrates including p62 has
been observed [32]. These findings have established a role for C9orf72 as a modulator
of autophagy, and it is thought that this process is primarily driven by its interaction
with the Unc-51 like kinase-1 (ULK1) complex [33]. Furthermore, C90rf72 has also been
implicated in endolysosomal trafficking, and studies in C9ALS-FTD human iPSC-derived
motor neurons have shown there is a reduction in lysosomes corresponding to reduced
vesicular trafficking [34].

Several C9orf72 knockout mouse models have been generated to study loss-of-function
mechanisms in C9ALS-FTD. Most models have been linked to autoimmune dysregulation
whereby knockout mice develop a fatal phenotype characterised by cervical lymphadenopa-
thy, splenomegaly, and increased levels of inflammatory cytokines [35-37]. Transcriptomic
analysis in human samples has shown that C90rf72 transcripts are highly expressed in
CD14* myeloid cells, which are involved in innate and adaptive immunity, further sug-
gesting an important role for C90rf72 in regulating the immune response [38]. However,
none of the knockout models to date develop a neurodegenerative phenotype in keeping
with C9ALS-FTD, suggesting that a loss-of-function mechanism alone is not sufficient to
cause disease.

2.2. Gain-of-Function Mechanisms

The presence of intranuclear RNA foci derived from sense and antisense C9orf72
transcripts in C9ALS-FTD is well-recognised. Repeat RNA foci have been observed in the
motor cortex, frontal cortex, hippocampus, cerebellum, spinal motor neurons, interneurons,
and glial cells of patients with C9ALS-FTD [39]. Toxicity from RNA foci is thought to be
driven by the sequestration of RNA-binding proteins. Interactome analyses have shown
that heterogeneous nuclear ribonucleoproteins (hnRNPs) are particularly prone to bind to
C90rf72 repeat RNA. Isoforms of hnRNP-H, in particular, are capable of binding to repeat
RNA and may lead to neurotoxicity by disrupting alternative splicing of intron-exon
cassettes [40]. Furthermore, the RNA recognition motif of hnRNPs is shared with other
proteins implicated in ALS pathogenesis including TDP-43 and fused in sarcoma (FUS) [41].
Interactions are mediated by the underlying structure of mutant RNA including hairpins, G-
quadruplexes, and R-loops (DNA-RNA heteroduplexes), and thus, the structural variation
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within G4C2 repeats may in turn affect several RNA pathways leading to a multi-hit
gain-of-function model [42].

Despite the intronic location of the expansion mutation, sense and antisense repeat
RNA is exported to the cytoplasm and is translated in every reading frame to form five
different DPR proteins: poly(GP), poly(GA), poly(GR) from the sense strand, and poly(PR),
poly(PA), and poly(GP) from the antisense strand [29]. Numerous studies support the
toxicity of DPR proteins. It has previously been shown that arginine-containing DPRs drive
neurodegeneration in a Drosophila eye model [43]. Preventing RAN translation by inter-
rupting the repeats with stop codons in each reading frame within this model subsequently
rescued the phenotype. In another study, expression of poly(GA) proteins in the chick
and mouse CNS lead to neurodegeneration [44], and behavioural deficits linked to the
ability of poly(GA) to aggregate and sequester various proteins, including those involved
in nucleocytoplasmic transport and proteasomal protein degradation [45]. In human cell
lines, the arginine-rich poly(PR) and poly(GR) were shown to be particularly toxic by
binding to nucleoli and disrupting RNA processing when exogenously applied to cultured
astrocytes [46]. Furthermore, poly(GR) and poly(PR) have been shown to cause TDP-43
mislocalisation through a mechanism by which accumulation of DPRs leads to enhanced
karyopherin dysfunction and, thus, impaired nuclear TDP-43 import [47]. Several other
downstream mechanisms have been implicated in C9ALS-FTID, including dysfunctional nu-
cleocytoplasmic transport, impaired assembly of membrane-less organelles such as stress
granules and nucleoli through the effect of arginine-containing DPRs on liquid-liquid
phase separation [48,49], and translational inhibition by binding of poly(GR) and poly(PR)
to mRNA [50]. Translational inhibition and altered stress granules are indeed implicated
in ALS and FTD cases associated with FUS and TDP-43 inclusions and may represent a
common mechanism across the spectrum [51]. Overall, several in vitro and in vivo models
support the toxicity of the arginine-rich DPRs across multiple pathways in C9ALS-FTD,
with some evidence supporting toxicity of poly(GA).

3. Therapeutic Approaches in C9ALS-FTD

As knowledge of disease mechanisms in C9ALS-FTD has grown, therapies specifically
targeting the mutation have started to emerge. To date, these have largely focused on
alleviating the toxic gain of function arising from the G4C2 repeat expansion mutation
(Figure 2).

3.1. Targeting C9orf72 Repeat RNA or DNA
3.1.1. Antisense Oligonucleotides

The most clinically advanced therapeutic approaches currently involve the use of anti-
sense oligonucleotides (ASOs). ASOs are short, synthetic, single-stranded DNA molecules
designed to bind to mRNA by complementary base pairing. This leads to the degradation
of mRNA via RNase H-mediated decay, providing a strategy to knockdown toxic mRNA
and thus protein. This approach is under investigation to treat ALS secondary to mutations
in the superoxide dismutase 1 (SOD1) gene, with initial results confirming a reduction
in CSF SOD1 protein following intrathecal ASO (BIIB067/tofersen) administration in pa-
tients [52]. A global phase 3 clinical trial is currently underway to determine the clinical
efficacy of this approach (ClinicalTrials.gov identifier: NCT02623699). ASOs can also be
used to modulate RNA splicing events to favour the formation of particular RNA species,
thereby augmenting the production of a gene product. This approach has been used to
successfully treat spinal muscular atrophy in children [53,54].
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THERAPEUTIC APPROACHES
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Figure 2. Proposed therapeutic approaches in C9ALS-FTD: Targeting of toxicity arising from sense and antisense RNA foci
and dipeptide repeat proteins (DPRs) through a combination of therapies including repeat-targeting antisense oligonu-
cleotides (ASQOs), viral vector gene therapy, small molecules, and CRISPR.

ASOs targeting the C9orf72 repeat expansion mutation have shown encouraging re-
sults in various animal models of disease and in human cells. Rescue of disease-specific
pathologies such as RNA foci, dipeptide repeats (DPRs), and defective nucleocytoplas-
mic transport (NCT) have been observed in C90rf72 patient fibroblasts and iPSC-derived
neurons following treatment with ASOs [55-57]. Similar approaches also alleviate neu-
rodegeneration in Drosophila [58] and reduce RNA foci and DPRs in transgenic mouse
models [35]. Of note, selective degradation of repeat RNA is achievable without complete
knockdown of C9orf72 protein. This is an important consideration given the potential
synergistic effect of haploinsufficiency in disease pathogenesis [59,60] and the immune
dysregulation observed in C9rf72 knockout mouse models [32,35,36]. A phase 1 clini-
cal trial to determine the safety and tolerability of an ASO (BIIB078) targeting the sense
strand of C9orf72 transcripts containing the repeat expansion is currently underway in
patients with C9-ALS (ClinicalTrials.gov identifier: NCT03626012). Furthermore, an ASO
(ION363/]Jacifusen) targeting fused in sarcoma (FUS) mRNA is currently under investigation
in an expanded access program at Columbia University for patients with ALS secondary to
mutations in FUS.

3.1.2. RNA Interference

Alternative approaches to gene silencing have made use of the RNA interference
(RNAI) pathway. Short non-coding RNA molecules, such as small interfering RNA (siRNA)
and artificial microRNA (miRNA), have been proposed as therapeutic strategies in C9ALS-
FTD. Single-stranded siRNA (ss-siRNA) targeting the hexanucleotide repeat have been
shown to bind to mutant C9orf72 transcripts leading to a reduction in RNA foci in patient-
derived fibroblasts in an RNAi-dependent and independent manner [61]. Targeting of the
transcription elongation factor SPT4 with siRNA reduces levels of sense and antisense
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C90rf72 repeat transcripts, thereby decreasing RNA foci and DPRs in C90rf72 iPSC-neurons
and mitigating neurodegeneration in a Drosophila model of disease [62].

More recently, an artificial microRNA (miRNA) strategy incorporating adeno-associated
virus (AAV) has been proposed as a gene therapy to target COALS-FID. In this study,
miRNA designed to target intron 1 of C90rf72 was shown to reduce mutant RNA transcripts
in iPSC neurons derived from C9FTD patients following transduction with AAV5. This
resulted in selective knockdown of mutant transcripts, while preserving normal C9orf72
mRNA levels [63]. Bilateral intra-striatal injection of AAV5 expressing miRNA targeting
total C90rf72 mRNA in a C9orf72 transgenic mouse model led to efficient transduction of
the cortex, striatum, and midbrain. This resulted in a 20-40% reduction in total and mutant
C9orf72 mRNA and ~20% reduction in the number of frontal cortical neurons containing
sense RNA foci in treated mice [63]. A similar viral vector strategy incorporating AAV
encoding miRNA targeting SOD1 mRNA has been tested in an experimental human study
involving two patients with SOD1 ALS [64]. A phase 1 clinical trial is currently under-
way for Huntington Disease in which intrastriatally delivered AAV5 encoding artificial
miRNA targeting Huntington mRNA is under investigation (ClinicalTrials.gov Identifier:
NCT04120493). These ventures represent a new era of AAV-based gene therapies with the
potential to transform treatment of neurological diseases.

3.1.3. CRISPR-Cas 9

Advances in gene editing with CRISPR/Cas technology have made it possible to target
the hexanucleotide repeat expansion at the genomic level. CRISPR/Cas (clustered regularly
interspaced short palindromic repeats/CRISPR-associated protein) is an adaptation of a
naturally occurring genome editing process that occurs in bacteria. Studies have shown
that a CRISPR—Cas9 system targeting either the hexanucleotide repeat DNA [65], or repeat
RNA [66] reduces RNA foci and DPR levels in cell lines.

3.1.4. Small Molecules

An alternative strategy is to use small molecules which target the secondary structure
of C90rf72 repeat RNA. TMPyP4 binds C90rf72 repeat RNA in vitro and has been shown to
reduce sequestration of RBPs [67]. In another study, TMPyP4 was shown to rescue nucleo-
cytoplasmic transport defects and neurodegeneration in a Drosophila model overexpressing
hexanucleotide repeats [58]. Small molecules targeting the G-quadruplex have also been
shown to reduce the production of RNA foci and DPRs when applied to patient-derived
iPSC neurons [68]. More recently, peptidylic inhibitors that bind to G4C2 repeat RNA
have been proposed as another therapeutic strategy in COALS-FTID by alleviating nucleolar
stress in vitro and in vivo [69].

Collectively, multiple studies have shown that targeting of mutant RNA or DNA is a vi-
able therapeutic approach in COALS-FTD. At present ASOs are the most clinically advanced
candidates, though several other emerging therapies, as outlined above, hold promise.

3.2. Targeting Dipeptide Repeats

There is a large body of work suggesting DPRs arising from RAN translation of
CYorf72 repeat RNA are toxic (extensively reviewed elsewhere [21,70]). This has sparked
interest in developing strategies which directly target DPRs. Clearance of toxic proteins
via passive or active immunological approaches is a strategy that has been pursued in
other neurodegenerative disorders such as Alzheimer’s disease and Parkinson disease.
Passive immunisation against DPRs using targeted antibodies has been proposed as a
therapeutic strategy for COALS-FTD. Poly(GA)-specific antibodies have been shown to
reduce intracellular poly(GA) aggregation and the seeding activity of COALS-FTD brain
extracts [71]. More recently, another study showed that poly(GA)-specific antibodies
improved behaviour, decreased neuroinflammation, and increased survival in a C9orf72
transgenic mouse model [72]. In this study, peripherally delivered antibodies were able
to cross the blood-brain barrier to enter cells and target DPR aggregates, suggesting this
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could be a potentially viable strategy in humans. Clearance of DPRs by other mechanisms
has also been explored. Overexpression of the small heat shock protein HSPBS8 has been
shown to reduce DPR levels, possibly via the autophagy pathway [73].

3.3. Targeting RAN Translation

RAN translation is a recognised pathological phenomenon in several repeat expansion
disorders, such as spinocerebellar ataxia type 8 [74] and myotonic dystrophy type 1 [75].
Manipulation of RAN translation therefore represents a potential therapeutic approach
for multiple diseases. A recent study has identified RNA-dependent protein K (PKR) as a
regulator of RAN translation [76]. Metformin (an insulin sensitiser commonly used in the
treatment of diabetes mellitus) was shown to inhibit PKR phosphorylation leading to a re-
duction in RAN proteins in vitro and in vivo, mitigating disease in a C9ALS-FTD transgenic
mouse model [76]. A phase 2 clinical trial exploring the safety and therapeutic potential of
metformin in C9ALS-FTD is underway (ClinicalTrials.gov Identifier: NCT04220021).

3.4. Targeting Downstream Mechanisms

Alternative strategies with therapeutic potential have targeted the downstream mech-
anisms implicated in C9ALS-FTD, such as nucleocytoplasmic transport (NCT) and stress
granule formation. Reducing nuclear export by targeting the nuclear export factors,
serine/arginine-rich splicing factor 1 (SRSF1) or exportin 1, alleviates toxicity in Drosophila
models of C9ALS-FTD [58,77]. Aside from genetic knockdown approaches used to reduced
SRSF1 and exportin 1, small molecules called selective inhibitors of nuclear export (SINE)
were also used and shown to be effective [58]. A phase 1 clinical trial involving the use
of a SINE molecule in ALS patients is currently underway (ClinicalTrials.gov Identifier:
NCT03945279). The inhibition of stress granule formation using ASOs targeting ataxin 2
has been shown to ameliorate NCT dysfunction and neurodegeneration in iPSC-neurons
derived from patients with C9ALS and in vivo [58]. Reduction in ataxin 2 has subsequently
been shown to significantly extend survival in a TDP-43 transgenic mouse model of ALS,
generating great interest in this approach [78].

3.5. Limitations to Therapies

Therapies have largely focused on knocking down toxicity arising from putative
gain-of-function mechanisms. However, there is increasing evidence that loss-of-function
mechanisms may contribute to disease in synergy with gain-of-function mechanisms [60].
Aside from toxicity arising from DPRs and RNA foci, haploinsufficiency of C9orf72 protein
is a recognised event in disease. This may be the result of the expansion mutation under-
going hypermethylation in an attempt to silence gene expression [79]. A picture is now
beginning to emerge, whereby both toxic gain-of-function and loss-of-function mechanisms
are likely to be involved in disease pathogenesis.

It is clear that knockdown strategies, such as those described above, should aim to
avoid total loss of C9orf72 protein given the deleterious effects seen in mouse models. This
implies that knockdown approaches ought to be selective such that only mutant RNA is
targeted. In this way, non-mutant transcripts would be preserved, thereby avoiding further
C9orf72 haploinsufficiency. Furthermore, it may be desirable to increase C9orf72 protein
levels, while simultaneously knocking down toxic RNA species or DPRs. Such an approach
may be critical to restore normal C9orf72 levels whilst alleviating the toxicity arising from
repeat RNA. A further factor to consider in C9ALS-FTD is that toxicity is thought to arise
from both sense and antisense strands, and thus, separate approaches may be required to
target both.

As ASOs are currently the most clinically advanced therapeutic candidates, it is im-
portant to note that intrathecal delivery of these molecules requires patients to undergo
repeated lumbar punctures. Although lumbar puncture is generally a safe procedure, it
is not without complications, and adverse events relating to the procedure have been fre-
quently reported in clinical trials of ASOs [52]. The procedure also requires skilled medical
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professionals to safely complete, and may limit widespread availability of these therapies,
particularly in resource-deficient healthcare systems. Non-ASO-based approaches, such as
viral vector gene therapies as described above, may overcome some of the limitations of
ASQ therapies, as a single administration may be sufficient to achieve sustained therapeutic
effects. However, the medical expertise and resources required to deliver such therapies
should not be underestimated. Development of novel modes of delivery may be required
to achieve widespread transduction within the CNS [80].

4. Conclusions

Since the discovery of the G4C2 repeat expansion in intron 1 of C9orf72, collective
efforts within the community have identified key mechanistic disease processes. This has
translated in numerous therapeutic approaches, of which several are already in clinical
development. It is clear that treatment of ALS-FTD, be it familial or sporadic, is likely to
require multiple interventions, targeting numerous aspects of disease, potentially including
both gain-of-function and loss-of-function mechanisms. The emergence of novel therapeu-
tics in the field in the form of ASOs, viral vector gene therapies, CRISPR/Cas-9 systems, or
small molecules holds promise and may change our understanding and management of
neurodegenerative disorders at large.
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