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Abstract

A hexanucleotide repeat expansion within a non-coding region of the C9ORF72 gene is the most

common mutation causative of frontotemporal lobar degeneration (FTLD) and amyotrophic lateral

sclerosis (ALS). Elucidating how this bidirectionally transcribed G4C2 C4G2 expanded repeat

causes “C9FTLD/ALS” has since become an important goal of the field. Likely pathogenic

mechanisms include toxicity induced by repeat-containing RNAs, and loss of C9orf72 function

due to epigenetic changes resulting in decreased C9ORF72 mRNA expression. With regards to the

former, sense and antisense transcripts of the expanded repeat aberrantly interact with various

RNA-binding proteins and form discrete nuclear structures, termed RNA foci. These foci have the

capacity to sequester select RNA-binding proteins, thereby impairing their function. (G4C2)exp and

(C4G2)exp transcripts also succumb to an alternative fate: repeat-associated non-ATG (RAN)

translation. This unconventional mode of translation, which occurs in the absence of an initiating

codon, results in the abnormal production of poly(GA), poly(GP), poly(GR), poly(PR) and

poly(PA) peptides, collectively referred to as C9RAN proteins. C9RAN proteins form neuronal

inclusions throughout the central nervous system of C9FTLD/ALS patients and may contribute to

disease pathogenesis. This review aims to summarize the important findings from studies

examining mechanisms of disease in C9FTLD/ALS, and will also highlight some of the many

questions in need of further investigation.
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Introduction

In 2011, a hexanucleotide repeat expansion in the C9ORF72 gene was identified as the most

common genetic cause of frontotemporal lobar degeneration (FTLD) and amyotrophic

lateral sclerosis (ALS), two devastating neurological conditions [29,84]. This repeat

expansion, located in a non-coding region of C9ORF72, is present in approximately 6% of

sporadic ALS and FTLD patients, and in 40% and 25% of familial ALS and FTLD cases,

respectively [66]. ALS, the most frequent motor neuron disease, is characterized by the

degeneration of upper and lower motor neurons, leading to muscle weakness, spasticity and

atrophy. FTLD, a common cause of early-onset dementia [42], results from the degeneration
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of frontal and temporal lobes, and encompasses a group of disorders distinguished clinically

by abnormalities in behavior, language and personality. FTLD-like cognitive and behavioral

impairments are present in up to 50% of ALS patients [40,61,80], and approximately 40% of

FTLD patients develop motor neuron dysfunction reminiscent of ALS [61].

Despite the fact that only 2 years have passed since the identification of the C9ORF72 repeat

expansion in FTLD and ALS, now commonly referred to as C9FTLD/ALS, many advances

have been made in gaining a better understanding of the putative pathomechanisms by

which it causes disease. The fast pace of research in this field stems in large part from

lessons learned from other repeat expansion disorders [10]. Likely mechanisms involved in

C9FTLD/ALS include toxicity induced by repeat-containing RNAs, which form nuclear

RNA foci and aberrantly interact with various RNA-binding proteins causing transcriptome

defects, and loss of C9orf72 function due to decreased C9ORF72 mRNA expression as a

result of epigenetic changes (Fig. 1). Adding layers of complexity to the mix are the

occurrence of bidirectional transcription of the expanded repeat, and repeat associated non-

ATG (RAN) translation of the resulting sense and antisense transcripts, two phenomena that

are becoming more widely appreciated in repeat expansion disorders (Fig. 1). This review

aims to highlight the potential mechanisms contributing to C9FTLD/ALS and possible

therapeutic strategies for treating these devastating diseases.

RNA-mediated toxicity

A role for RNA-mediated toxicity in microsatellite expansion disorders was first described

for myotonic dystrophy type 1 (DM1). This most common form of adult muscular dystrophy

is caused by a CTG repeat expansion in the 3’UTR of the myotonic dystrophy protein kinase

(DMPK) gene [64]. In 1995, RNA transcripts from the CTG repeat expansion were detected,

in the form of nuclear foci, in fibroblasts and muscle biopsies from DM1 patients [95]. It

was later shown that RNA of long CUG repeats fold into stable structures that bind and

sequester select RNA-binding proteins [33,49,70,73,96,101]. For instance, RNA transcripts

of expanded CUG repeats [(CUG)exp] are bound by the splicing factor muscleblind-like 1

(MBNL1) [67,73,91,95]. The resulting sequestration of MBNL1 into foci leads to its

inactivation and the mis-splicing of a subset of pre-mRNAs, such as muscle-specific

chloride ion channel and insulin receptor, which respectively account for the myotonia and

insulin insensitivity associated with DM1 [28,68]. In addition to DM1, RNA foci are

observed in several neurodegenerative diseases caused by repeat expansions, including the

spinocerebellar ataxias SCA8, SCA10 and SCA31, myotonic dystrophy type 2 (DM2),

Huntington disease-like 2, fragile X-associated tremor/ataxia syndrome (FXTAS), and

C9FTLD/ALS (for review, see[10]).

RNA foci in C9FTLD/ALS

Upon discovery that an expanded G4C2 repeat causes C9FTLD/ALS, the Rademakers group

found that RNA foci formed of G4C2-repeat containing RNA are present in the frontal

cortex and spinal cord of repeat expansion carriers [29]. These results have since been

replicated, and RNA foci composed of sense transcripts from the expanded repeat have also

been documented in the motor cortex, temporal lobe, cerebellum and hippocampus, being

present mostly in neurons, but also observed in astrocytes, oligodendrocytes, and microglia
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(Fig. 2) [32,37,57,59,72,110]. Spurred by the fact that, for some microsatellite expansion

disorders, such as Huntington’s disease and SCA8, the expanded repeat is bidirectionally

transcribed [8,22,23,56,77,102], and the fact that sense and antisense transcripts of the

hexanucleotide repeat were detected in cerebellum of C9ORF72 patients [76], we and others

investigated whether foci formed of antisense transcripts are present in C9FTLD/ALS. As

with sense foci, antisense foci are found in the frontal cortex, motor cortex, hippocampus,

cerebellum and spinal cord (Fig. 2) [37,57,72,110]. Sense and antisense foci, while typically

found in separate cells, can co-occur within the same cell, and can even colocalize within the

nucleus [72,110]. Foci have been detected throughout all layers of the frontal cortex [37], in

pyramidal cells of layers III and V of the motor cortex [57], and in cells of the dentate gyrus

and CA1 of the hippocampus [57,72]. In the cerebellum, RNA foci are often observed in

cerebellar Purkinje cells and in cells in proximity to the Purkinje cell layer, but are also

present in cells of the molecular layer, granular layer, and white matter [37,59]. With

regards to the spinal cord, foci are observed in motor neurons, interneurons and non-

neuronal cells [37,57].

While usually nuclear, foci in brain tissues are occasionally detected in the cytoplasm [72].

Sense and antisense RNA foci are heterogeneous in size, and, while the number of foci per

cell can range from few to many, a consistent finding among studies is that the majority of

cells have only 1 or 2 foci [29,37,57,72,110]. Nonetheless, the number of foci per cell, and

the number of cells bearing foci, may be influenced by brain region and foci type, though

there is some inconsistency among studies. For instance, Mizielinska and colleagues report

that the highest burden of foci was consistently found in the frontal cortex, the region that

suffers the greatest neuronal loss in FTLD. However, a separate study reported a higher

frequency of foci in the cerebellum compared to the frontal cortex and temporal lobes [59].

Fewer neurons appear to contain antisense foci than sense foci, but the number of antisense

foci per neuron is greater [72]. The latter should be interpreted with caution given that the

relative sensitivity of probes used to detect sense and antisense foci is not known. In

addition, no difference in the percentage of cells with either sense or antisense foci was

observed in two other studies, albeit the number of cases investigated was low, and a

comparison of foci type in different brain regions was not carried-out [37,110]. Despite

these caveats, a difference in frequency between sense and antisense foci could result from

the fact that (G4C2) RNA, but not C-rich antisense (C4G2) RNA, forms stable uni- and

multimolecular parallel G-quadruplex structures [35,83], and that such structures may

influence foci formation.

Not unexpectedly, marked sense and antisense foci burden was found in a case homozygous

for the C9ORF72 repeat expansion. This patient, who developed early-onset behavioral

variant frontotemporal dementia and displayed severe clinical and pathological features that

still fell within the normal spectrum of disease [36], had a higher proportion of neurons

containing foci in the frontal cortex and hippocampus, and also more foci per cell, than

heterozygous cases [72]. The severe foci burden and early age of onset of disease in this

case is consistent with the observation of Mizielinska et al. that foci burden inversely

correlates with age of onset in their cohort of 8 cases. Validating this finding in a larger

series, however, remains to be done.
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In addition to C9FTLD/ALS brain and spinal cord, nuclear foci, and less frequently

cytoplasmic foci, are observed in C9FTLD/ALS skin biopsy-derived fibroblasts [4,32,57],

immortalized lymphoblasts [57], peripheral blood leukocytes [110], and human neurons

differentiated from induced pluripotent stem cells (iPSCs) [4,32,86]. Of interest, RNA-FISH

using probes to sequences either upstream or downstream of the C9ORF72 expanded repeat

revealed that these sequences are not primary components of the nuclear RNA foci in

C9ORF72 iPSC-derived neurons (iPSNs), suggesting that foci are mainly composed of

repeat tracts [32]. In addition to foci, iPSNs recapitulate several of the genomic and

pathological abnormalities found in the brain and spinal cord of C9FTLD/ALS patients,

including the expression of RAN translated proteins (C9RAN proteins; Table 1). As such,

iPSNs provide a valuable model with which to investigate the pathophysiological pathways

of C9FTLD/ALS

Foci formation and protein sequestration in models of C9FTLD/ALS

Lee and colleagues recently provided evidence that cellular toxicity is associated with the

nuclear retention of G4C2 transcripts and the appearance of RNA foci. Specifically, they

demonstrated that longer G4C2 repeats generate RNA foci that are toxic when expressed in

SH-SY5Y cells and zebrafish embryos [59]. Whereas apoptosis was induced upon

expression of foci-forming (G4C2)38 or (G4C2)72, no such toxicity was observed upon

expression of (G4C2)8, which does not result in foci formation [59]. As with other

microsatellite expansion diseases, the presence of sense and antisense transcripts of the

expanded C9ORF72 repeat, and the foci resulting thereof, implicates RNA-binding protein

sequestration and dysregulation as a pathogenic mechanism of C9FTLD/ALS. In vitro

studies have identified several proteins, such as hnRNPA3, hnRNPH, Pur , ASF/SF2 and

ADARB2 that bind G4C2 transcripts [4,32,59,75,83,86,106], and these are discussed in more

detail below.

hnRNPA3—Using in vitro-transcribed (G4C2)23 RNA incubated with nuclear extracts from

HEK 293 cells, Mori et al. identified 20 top candidate RNA-binding proteins that interact

with (G4C2)23 RNA. These included heterogeneous ribonucleoproteins (hnRNPs), splicing

factors and mRNA-binding proteins having a variety of functions in RNA metabolism,

translation and transport. Upon investigating the pathological involvement of select

(G4C2)23-RNA-binding proteins for which antibodies were available, hnRNPA3 was found

to form neuronal cytoplasmic and intranuclear inclusions in the hippocampus of patients

with the C9ORF72 repeat expansion [75]. While the relationship of these inclusions to RNA

foci was not examined in this study, hnRNPA3 was found to be a constituent of some

TDP-43-negative, p62-positive neuronal inclusions characteristic of C9ORF72 repeat

expansion carriers [3,81]. These inclusions are also immunoreactive for ubiquitin and select

ubiquitin-binding proteins, most notably ubiquilin-2 [12,14], as well as C9RAN proteins

[69,76]. In fact, because of the involvement of hnRNPA3 in mRNA export [62], it was

speculated that binding of hnRNPA3 to (G4C2)exp pre-mRNA would result in its export to

the cytoplasm where it could be RAN translated [75].

Consistent with binding of hnRNPA3 to (G4C2)exp transcripts causing their export to the

cytoplasm rather than being retained in the nucleus, hnRNPA3 was not found to colocalize
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with nuclear foci in C9FTLD/ALS cerebellar tissues [59]. Likewise, Sareen and colleagues

have shown that nuclear foci of (G4C2)exp RNA do not colocalize with hnRNPA3 or

hnRNPA2/B1 in C9ALS iPSN, but do colocalize with hnRNPA1. While the colocalization

between hnRNPA3 and foci must still be investigated in C9FTLD/ALS brain tissues, this

finding suggests that not all proteins capable of binding (G4C2)exp RNA are sequestered

within foci. The function of RNA-binding proteins that escape this fate is nonetheless

expected to be altered given that, in binding (G4C2)exp RNA, these RNA-binding proteins

may fail to bind and regulate their actual RNA targets. The notion of such RNA toxicity is

not unique to repeat expansion diseases - defective RNA metabolism is a likely contributor

to the pathogenesis of various neurodegenerative disorders. Mutations in hnRNPA1 and

hnRNPA2/B1 cause motor neuron disease [50], and mutations in TDP-43 and FUS, which

are structurally related to the family of hnRNPs, are causative of ALS and FTLD

[41,55,85,100,107]. Some studies [4,75], but not all [106], have shown that TDP-43 and

FUS interact with (G4C2)n RNA in vitro. However, neither TDP-43 or FUS show changes in

subcellular localization in C9FTLD/ALS iPSCs [4,32], nor colocalize with foci in cultured

cell models [59], or in C9ALS patient motor neuron cultures [86]. Similarly, TDP-43-

containing aggregates were not found to colocalize with RNA foci in spinal motor neurons

from C9ORF72 patients [57]. In C9FTLD frontal cortex, hippocampus and cerebellum,

RNA foci are observed in neurons with TDP-43 inclusions, but not at a greater frequency

than expected by chance, indicating that the presence of foci does not predict the presence of

TDP-43 pathology [72]. Nevertheless, because hnRNPA1 is a binding partner of TDP-43

[15], the sequestration of hnRNPA1 by foci could indirectly influence TDP-43 function,

thus providing a potential link between the C9ORF72 repeat expansion and TDP-43

dysfunction in C9FTLD/ALS.

hnRNPH—To explore which RNA-binding proteins interact with transcripts of G4C2

repeats, Lee and colleagues utilized SH-SY5Y cells transfected with foci-forming (G4C2)72

and carried-out immunofluorescence studies with antibodies to 30 proteins having a known

or predicted ability to bind GC-rich sequences. This led to the identification of 3 proteins

that colocalized with (G4C2)72 RNA foci in their cell model: hnRNPH, serine-arginine-rich

splicing factor 1 (SF2), and serine-arginine-rich splicing factor 2 (SC35) [59]. Among these

3 proteins, hnRNPH immunoreactivity showed the most overlap with foci, and was the only

protein to interact with (G4C2)72 RNA, as assessed by RNA immunoprecipitation.

The sequestration of hnRNPH with foci in (G4C2)72-expressing cells was associated with a

decrease in exon 7 inclusion in TARBP2, an RNA target of hnRNPH [105]. Given that

knockdown of hnRNPH in cells similarly affected TARBP2 RNA splicing, these results

suggest that binding of hnRNPH to (G4C2)exp transcripts impairs the splicing function of

hnRNPH. Of importance, although the colocalization of SF2 and SC35 with foci was quite

rare in C9FTLD/ALS cerebellar tissues (occurring for less than 5% of foci), a striking

colocalization of hnRNPH with 70% of RNA foci was observed [59]. While further studies

are needed, these findings suggest that the sequestration of hnRNPH by (G4C2)exp foci, and

the ensuing dysregulation of RNA processing, could play a pathogenic role in C9FTLD/

ALS.
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Pur—By incubating (G4C2)10 RNA with whole-cell lysate from mouse spinal cord, Xu and

colleagues identified Pur , as well as Pur and Pur , as (G4C2)10 RNA binders [106]. They

subsequently found that (G4C2)n RNA was bound by both recombinant mouse and

Drosophila Pur in vitro, by exogenous mouse Pur in cultured N2A cells, and by endogenous

Pur in brain lysate from mouse and control human frontal cortex. In a similar fashion to

hnRNPA3, Pur inclusions were detected in the cerebellum of C9ORF72 repeat expansion

carriers, as well as in (G4C2)30-expressing flies. The significance of this finding, however, is

unclear since Pur inclusions were also observed in FTLD cases without the expanded repeat

[106]. While this study did not investigate whether Pur colocalized with foci, it was later

shown that such colocalization was observed in an iPSN motor neuron model of

C9FTLD/ALS [86], but no colocalization was observed between (G4C2)exp foci and Pur in

C9FTLD/ALS cerebellar tissue [59]. Studies by Xu and colleagues did nonetheless provide

compelling data supporting that (G4C2)exp RNA is toxic, and that this toxicity is due, at least

in part, to Pur dysregulation. Indeed, expression of (G4C2)30, but not (G4C2)3, in eyes or

motor neurons of Drosophila resulted in disruption of eye morphology and decreased

locomotor activity, respectively. Of importance, overexpression of Pur suppressed

neurodegeneration in the eyes of (G4C2)30-expressing flies. These results suggest that

binding of Pur by (G4C2)exp RNA causes a toxic loss of Pur function, a theory that is

strengthened by the finding that knockdown of Pur is sufficient to reduce cell viability in

N2A cells, which is also rescued by Pur overexpression [106].

ADARB2—Compared to the above-mentioned studies, the Rothstein and Sattler groups

employed a different approach, hybridization of Cy5-labeled (G4C2)6.5 RNA to a proteome

array containing nearly two-thirds of the annotated human proteome, to identify (G4C2)6.5

RNA-binding proteins [32]. Of the 19 proteins thusly identified, they focused their attention

on ADARB2, a known RNA-binding protein and member of the ADAR family of proteins

involved in RNA editing. RNA FISH combined with immunofluorescence staining for

ADARB2 revealed that ADARB2 colocalized with nuclear (G4C2)exp RNA foci in

C9ORF72 iPSNs, as well as in motor cortex of C9ALS patients [32]. In addition, nuclear

localization of ADARB2 was increased in C9ORF72 iPSNs and C9ALS postmortem tissue.

Notably, siRNA-mediated knockdown of ADARB2 in patient iPSNs decreased the number

of cells with RNA foci by half, suggesting that ADARB2 is involved in the formation or

maintenance of sense RNA foci, and that the interaction between ADARB2 and (G4C2)exp

RNA plays a role in RNA-mediated toxicity. In support of this, it was found that C9ORF72

iPSNs are much more vulnerable to glutamate-induced excitotoxicity compared to control

iPSNs, and that ADARB2 knockdown in control iPSNs enhances their susceptibility to

glutamate toxicity to levels comparable to that observed in C9ORF72 iPSNs [32].

Transcriptional changes and enhanced vulnerability associated with the C9ORF72
expanded repeat

The above studies highlight that steady progress is being made in identifying proteins

bound, and potentially sequestered, by RNA transcripts of expanded G4C2 repeats. No doubt

similar studies are underway to identify protein binders of antisense C4G2 repeat transcripts.

It should nonetheless be kept in mind that, due to the technical difficulties associated with

cloning long GC-rich sequences, the (G4C2)n RNA utilized to identify interacting proteins
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have had relatively few repeats compared to the hundreds to thousands of repeats in

C9FTLD/ALS patients. In addition, using extracts from cultured cells or mouse tissues to

identify protein binders of (G4C2)n or (C4G2)n RNA may have limitations given that the

pool of proteins present in these models may not accurately reflect the full-complement of

proteins expressed in affected regions of C9FTLD/ALS patients. Also to consider when

investigating whether (G4C2)n or (C4G2)n RNA-binding proteins are sequestered in foci is

that the quantity of expanded repeat RNA used in transfectant cell models is likely to be

much higher than is present in C9FTLD/ALS patients and, as such, may lead to the

identification of false-positive hits. For example, Almeida and colleagues identified proteins

in nuclear mouse brain extracts that bound biotinylated (G4C2)30 RNA and that were

sequestered by large foci formed in cultured cells overexpressing G4C2 repeats; however,

such sequestration was not observed in iPSC harboring smaller foci. Similar results were

observed by the Shaw group: SF2 and SC35 colocalized with foci in cells overexpressing

(G4C2)72, but no such colocalization was observed in C9FTLD/ALS cerebellar tissue [59].

Irrespective of whether the binding of proteins to (G4C2)exp or (C4G2)exp RNA causes their

sequestration into foci, this abnormal interaction is likely to be deleterious. The

transcriptome is affected by the C9ORF72 repeat expansion, and this may be partially due to

the aberrant binding of repeat containing-transcripts to a plethora of RNA-binding proteins

[32,57,86]. Studies have shown that the transcriptome in fibroblasts [32,57], iPSNs [32,86]

and motor cortex [32] of C9ORF72 repeat expansion carriers is different than the

transcriptome in respective models derived from control subjects. Of note, the altered gene

expression profile in C9ALS iPSN is improved upon treatment of cells with antisense

oligonucleotides (ASOs) that decrease C9ORF72 transcript levels and/or foci formation,

suggesting that these transcriptome changes are due to a gain of function of the C9ORF72

repeat [32,86]. However, no such reversal of differentially expressed RNAs was observed in

C9FTLD/ALS patient fibroblasts treated with ASOs targeting sense strand C9ORF72

transcripts, perhaps because some of the transcriptome abnormalities are due to antisense

C4G2 transcripts [57].

While no overt toxicity is observed in iPSCs and iPSNs that harbor the C9ORF72 mutation

[4,32,86], defects in their gene expression profile could nonetheless have harmful

consequences. Several genes involved in regulating membrane excitability (DPP6 and

KCNQ3) and synaptic transmission (CBLN1, CBLN2 and CBLN4) are disrupted in C9ALS

iPSC-derived motor neuron cultures compared to control controls, and this may play a role

in their decreased electrical excitability [86]. Furthermore, as mentioned above, C9ALS

iPSNs are significantly more sensitive to glutamate-induced toxicity than are control iPSNs

[32]. The formation of RNA foci, nuclear accumulation of ADARB2, and deregulated gene

expression are believed to underlie this heightened susceptibility to excitotoxicity. That the

treatment of C9ALS neurons with ASOs targeting sense strand C9ORF72 transcripts was

found to mitigate these features and provide partial protection against glutamate-induced cell

death supports this notion. In addition to foci and altered gene expression, these C9ORF72

iPSN recapitulate other features of C9FTLD/ALS, namely decreased C9ORF72 transcript

levels and the production of poly(GP) C9RAN proteins (Table 1), thus leading to the

question as to whether these phenomena also contribute to the increased vulnerability of

cells to excitotoxicity. Arguing against the involvement of loss of C9orf72 function,
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Donnelly and colleagues reported that, in addition to ASOs that target the repeat without

altering C9ORF72 RNA levels, ASOs that do decrease C9ORF72 mRNA levels still

significantly protected iPSNs against glutamate-induced cell death. They also found that

poly(GP) C9RAN proteins persisted following ASO-treatment, suggesting that poly(GP) did

not contribute to the observed acute neurotoxicity. Nonetheless, the expression of other

C9RAN proteins was not examined, and the possibility remains that greater rescue may be

observed at later time-points that allow for C9RAN proteins to be degraded. In fact, it is not

yet known whether all C9RAN proteins are expressed in iPSC-derived neurons, and whether

they have different expression, stability, solubility and toxicity profiles. While the

neurotoxic potential of C9RAN protein will be discussed in more detail below, the findings

herein imply that RNA toxicity causes cells affected with the C9ORF72 repeat expansion to

be highly sensitive to excitotoxicity. In a similar manner, the Gao group has shown that

C9FTLD/ALS iPSN are more sensitive to chloroquine and 3-MA, two inhibitors of

autophagy [4]. This heightened sensitivity is not general to all cellular stressors, as no

difference in toxicity was observed between control and C9FTLD/ALS iPSN treated with

rotenone, an inducer of mitochondrial dysfunction, tunicamycin, an inducer of endoplasmic

reticulum stress, and the broad-spectrum kinase inhibitor, staurosporine, which induces

apoptosis. These results thus raise the possibility that proper autophagic processing, a

biological process known to be disrupted in neurodegenerative diseases [103], is

compromised in C9FTLD/ALS iPSNs. This is further supported by the finding that levels of

p62, a known substrate of the autophagy pathway and a component in neuronal inclusions in

C9ORF72 patients [3,81], were significantly higher in iPSNs from C9ORF72 repeat

expansion carriers compared to iPSNs from non-carriers [4]. The cause of the enhanced

vulnerability of C9FTLD/ALS iPSNs to autophagy inhibitors is unknown; the Gao group

has shown that foci and poly(GP) proteins are present in the C9FTLD/ALS iPSN lines they

generated, as is a decrease in mRNA expression of C9ORF72 variant 2 (Table 1). At

present, the role of C9orf72 remains unknown, but evidence demonstrates that it is

structurally related to DENN domain proteins, GDP-GTP exchange factors for Rab GTPases

[60,108], raising the possibility that decreased C9orf72 expression may result in the

misregulation of Rab-dependent vesicular trafficking necessary for proper autophagic

processing. In addition, the accumulation of C9RAN proteins could indirectly or directly

impair the autophagy pathway, perhaps by overwhelming the system. Finally, (G4C2)exp or

(C4G2)exp RNA, by binding to and/or sequestering RNA-binding proteins, could influence

the expression of various molecular players involved in the autophagy pathway.

RAN translation and C9FTLD/ALS

Translation initiation, a highly regulated process in eukaryotes, involves the formation of a

pre-initiation complex that scans along a mRNA from the 5’ end to locate the start codon

[1]. The most common start codon is AUG, which is translated into methionine. Recent

studies indicate that, although rare, cellular eukaryotic mRNAs can also undergo translation

using CUG or ACG as alternative start codons [99]. Furthermore, while investigating the

molecular mechanisms of SCA8 and DM1, neurodegenerative disorders caused by CAG and

CTG expansion mutations, Ranum and colleages discovered a novel form of translation,

namely repeat-associated non-ATG (RAN) translation [109]. RAN translation occurs across

expanded repeat tracts despite the absence of an initiating AUG codon. Because RAN

Gendron et al. Page 8

Acta Neuropathol. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



translation can occur in all reading frames, various products can be synthesized from a given

transcript. For example, RAN translation of transcripts of long expanded CAG CUG repeats

leads to the production of homopolymeric polyglutamine (polyQ), polyalanine (polyA), and

polyserine (polyS) proteins [109].

Although the mechanisms of RAN translation are unknown, the Ranum group has identified,

through a series of elegant experiments, certain biological guidelines for this unconventional

mode of translation. First, RAN translation appears to depend on repeat length, with

different reading frames having a different length threshold [25,109]. For instance, polyQ

proteins RAN translated from the first reading frame are synthesized upon transfection of

cells with constructs of 42–107 CAG repeats, but not of only 15–20 repeats. PolyS proteins

encoded by the second reading frame are not synthesized from 42 repeats as are polyQ

proteins, but are synthesized by longer 58–107 repeats. Finally, polyA proteins encoded by

the third reading frame are not expressed with 42 or 58 repeats, only moderately expressed

from 73 and 78 repeats, but robustly expressed from 105 and 107 CAG repeats [109]. Next,

RAN translation of CAG repeats requires secondary hairpin structure; long tracts of CAG

repeats that form hairpins undergo RAN translation but non-hairpin-forming CAA repeats of

similar length are not RAN translated [109]. Yet another interesting aspect of RAN

translation is that, once started, it can read through the entire expanded repeat without

frame-shifting or prematurely stopping [109,110].

In addition to expanded CAG CTG repeats, expanded repeats of CGG [97], G4C2 [5,76] and

C4G2 [37,74,110] are now known to be RAN translated, making RAN translation an

established occurrence in multiple microsatellite expansion disorders (DM1 [109], SCA8

[109], FXTAS [97], and C9FTLD/ALS [5,37,74,76,110]), with the list likely to grow longer.

The discovery of RAN translation, a phenomenon so far considered unique to expanded

repeat diseases, implicates that RAN proteins thusly synthesized are involved in pathogenic

mechanisms culminating in neurodegeneration. Of importance, polyA and polyG proteins

respectively accumulate in disease-relevant tissues of patients with SCA8 and DM1, and

their expression in cultured cells is sufficient to cause apoptotic cell death [109]. The quest

to determine whether the same is true for C9RAN proteins produced in C9FTLD/ALS is

now underway.

RAN translation of sense and antisense transcripts of the expanded C9ORF72 repeat in
C9FTLD/ALS

When examining cerebellar C9ORF72 mRNA expression, Mori and colleagues found that,

consistent with previous results [29,39], C9ORF72 mRNA levels were decreased in

C9FTLD/ALS patients. However, they also observed that both sense and antisense RNA

containing intron 1, where the hexanucleotide repeat is located, were strongly increased

[76]. This finding raised the possibility that both sense and antisense transcripts of the

expanded repeat are available for RAN translation, which was later independently confirmed

by several groups, including our own [5,37,69,74,76,110]. RAN translation of sense

(G4C2)exp-containing transcripts leads to the synthesis of poly(GA), poly(GP) and poly(GR)

proteins, whereas RAN translation of antisense (C4G2)exp transcripts leads to the synthesis

of poly(PR), poly(PG) and poly(PA) proteins. The antisense repeat is denoted here as
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“C4G2” rather than “G2C4”, the reverse complement of the sense G4C2 repeat. The reason

for this is that there are Gs downstream of the last sense G4C2 repeat, thus making the first

antisense repeat C4G2. Note that C9RAN proteins with the GP repeat motif are predicted in

both the sense and antisense directions; however, because of their unique C-terminal region

they represent two distinct C9RAN proteins, thus bringing the total to 6 C9RAN proteins in

C9FTLD/ALS, excluding putative ATG-initiated antisense poly(GP) and poly(PR) proteins

[110].

In a similar fashion to what has been observed for expanded CAG CUG repeats [109], RAN

translation of expanded G4C2 C4G2 repeats may too be dependent on reading frame and

repeat size. Mori and colleagues have reported that, upon transfection of HEK 293 cells with

a (G4C2)38 construct, poly(GA) proteins were faintly detected, and these products increased

in size and abundance as the repeat lengthened [76]. Unlike the synthesis of poly(GA)

proteins, which occurs from the first reading frame, poly(GP) proteins from the second

reading frame were only observed when cells were made to overexpress ~145 G4C2 repeats,

and no poly(GR) proteins encoded by the third reading frame were detected at any of the

repeat lengths tested [76]. With regards to RAN translation of antisense transcripts, we have

reported that poly(PR) (first reading frame) and poly(PG) (second reading frame) proteins

are synthesized from 66, but not 2, C4G2 repeats. However, poly(PA) protein synthesis from

the third reading frame was not observed in cultured cells expression (C4G2)66 [37].

Together, these findings suggest that RAN translation mechanisms become more efficient

with increasing repeat length. However, Zu et al. have shown that as few as 30 G4C2 repeats

are sufficient to cause RAN translation of poly(GA), poly(GP) and poly(GR) proteins [110].

They have also reported that poly(PR), poly(PG) and poly(PA) proteins are all expressed

following transfection of cells with 40 or 50 antisense C4G2 repeats [110]. The disparate

results among studies may result from different sensitivities of antibodies used to detect each

C9RAN protein, or from the different expression vectors utilized; our group and the Edbauer

group included 5’ flanking sequences upstream of the repeat, and these may regulate or

influence RAN translation [37,76].

While the mechanisms regulating RAN translation are still unclear, the pathology resulting

from RAN translation is no less distinctive. Using multiple antibodies against individual

C9RAN proteins, made either to detect dipeptide-repeat regions or unique C-terminal

regions, all potential C9RAN proteins have been detected in brain tissues of C9FTLD/ALS

patients but not in FTLD/ALS patients without the C9ORF72 repeat expansion

[5,37,63,74,76,110] (Table 2). Biochemical analysis has revealed the presence of high-

molecular weight, insoluble C9RAN proteins in the cerebellum and frontal cortex of

C9FTLD/ALS patients [5,76,110]. Neuropathologically, dot-like and “star-shaped” neuronal

cytoplasmic inclusions and intranuclear inclusions of poly(GA), poly(GP) and poly(GR)

proteins are found throughout the central nervous system (CNS), being highly abundant in

neocortical regions, the hippocampus and cerebellum (Fig. 2) [5,63,69,74,76]. C9RAN

pathology, however, is less frequently observed in the spinal cord [5,63,74]. Poly(GA) and

poly(GP) inclusions are specifically deposited in neurons and not observed in glia [5,63].

Consistent with this finding, no poly(GP) inclusions are detected in other organs, including

peripheral nerves and ganglia, with the exception of testes [5].
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Similar to inclusions of sense transcript-derived C9RAN proteins, most inclusions of

poly(PR) and poly(PA) proteins have a star-shaped morphology [37,74,110]. Somewhat

surprisingly, although 80% of poly(GP) inclusions are estimated to derive from the antisense

transcript [110], inclusions of poly(PR) and poly(PA), also generated from the antisense

transcript, are sparse in the brain of C9FTLD/ALS patients, and not detectable in the spinal

cord [37,74,110] (Table 2). This lower frequency of antisense poly(PR) and poly(PA)

inclusions could be due to lower RAN translation efficiency in these reading frames, or a

decreased capacity of these proteins to form aggregates. It is unlikely to be due to

differences in antibody sensitivity given that several groups report the same finding despite

using different antibodies [37,69,74,110].

The relationship between C9RAN proteins and other pathological features of C9FTLD/ALS

Prior to the discovery of RAN translation in C9FTLD/ALS, a neuropathological feature

highly characteristic of patients with the C9ORF72 repeat expansion was observed in the

cerebellum and hippocampus: TDP-43-negative cytoplasmic and intranuclear inclusions

immunoreactive for ubiquitin and the ubiquitin-binding proteins, p62 and ubiquilin-2

[3,14,78]. It is now known that all C9RAN proteins, but especially poly(GA), poly(GP) and

poly(GR), are among the proteins making up many of these p62-positive inclusions

[63,69,74,76].

In addition to the TDP-43-negative, p62-positive inclusions pathognomic to C9FTLD/ALS,

TDP-43-positive inclusions typical of classical sporadic ALS and the most common

molecular subtype of FTLD (FTLD-TDP) are a consistent feature of C9FTLD/ALS

[13,26,29,46,65,78]. Double-label immunofluorescence studies for TDP-43 and poly(GA)

revealed that affected neurons in neocortical regions contained either TDP-43 or poly(GA)

inclusions [63]. Yet, in cases with abundant TDP-43 pathology, both proteins could be

found to co-accumulate within hippocampal dentate granules cells. In such instances,

poly(GA) aggregates were present in the center of the neuron and surrounded by TDP-43

[63]. In a similar fashion, Mori and colleagues found neither poly(GA) or poly(GP) proteins

co-aggregate with phospho-TDP-43. On the rare occasion, however, small spherical

poly(GA) inclusions were found to form a core inside phospho-TDP-43 inclusions, but

never vice versa, suggesting that C9RAN protein aggregation may precede TDP-43

pathology [76].

Just as C9RAN protein pathology is rarely observed in the same cells harboring TDP-43

inclusions, we have found that RNA foci and poly(GP) inclusions seldom co-occur within

the same cell in the frontal cortex and cerebellum of C9FTLD/ALS patients [37]. Of

interest, the brain region sampled (frontal cortex vs. cerebellum) and foci type (antisense vs.

sense) both significantly affected the frequency of cells having both foci and inclusions,

with sense foci being more likely to co-occur with poly(GP) inclusions than antisense foci.

While it remains to be determined whether other C9RAN proteins more commonly co-

localize to the same cells as foci, these results suggest there are competing mechanisms in

place to determine whether (G4C2)exp and (C4G2)exp transcripts are fated to form foci or

instead be RAN translated. Just recently, the Shaw group, using cultured cells transfected

with expression vectors in which G4C2 repeats were placed 3’ to EGFP, demonstrated that
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cells with intranuclear RNA foci expressed little or no EGFP, implicating that foci formed

shortly after transcription of the repeat precludes nuclear export of the transcript [59]. Thus,

only those transcripts that escape being sequestered in foci are likely to be RAN translated.

Are C9RAN proteins involved in neurodegeneration?

C9RAN proteinaceous inclusions are present in vulnerable areas of the CNS (e.g., neurons

of neocortex and hippocampus), but we have shown there is a paucity of inclusions in

certain affected areas, such as the spinal cord, making the contribution of RAN translation to

disease pathogenesis unclear [5,37]. Mackenzie and colleagues subsequently reported that,

unlike TDP-43 pathology, there is no correlation between poly(GA) pathology and the

degree of neurodegeneration in C9FTLD/ALS [63]. While one interpretation of this result is

that poly(GA) proteins do not directly cause neuronal death, another explanation could be

that, as with other aggregation-prone proteins involved in neurodegeneration (e.g. tau [38]),

poly(GA) proteins, as well as other C9RAN proteins, may contribute to neurodegeneration

through the formation of toxic soluble oligomers. Moreover, given that the different C9RAN

proteins are likely to have different expression, stability, and solubility profiles, and that

some may be post-translationally modified, their neurotoxic potential may differ from one

another. With this in mind, it is interesting to note that Mori and colleagues have observed

that poly(GR) inclusions in C9FTLD/ALS contain a mixture of non-methylated, as well as

symmetrically and asymmetrically dimethylated, arginine residues [74]. This post-

translational modification, which increases protein hydrophobicity, may influence the

aggregation and toxicity of poly(GR) proteins.

While it is difficult to reconcile whether C9RAN proteins are merely benign bystanders or

harmful entities in post-mortem tissue, the Ranum group has provided the first evidence that

C9RAN proteins, specifically poly(PR) and poly(GP), induce cellular toxicity in cultured

cells independently of the accumulation of repeat RNA [110]. The novel antibodies for each

C9RAN protein now available provide valuable tools to allow researchers of the field to

further investigate the contribution of RAN translation to the development of C9FTLD/ALS.

The generation of cell and animal models, especially those that preferentially drive the

expression of individual C9RAN proteins, will be critical to decipher whether any of the

C9RAN proteins are neurotoxic and, if so, by what means. Whatever the outcome of these

studies, C9RAN proteins, if reliably detectable in cerebrospinal fluid, could become a much

needed biomarker for C9FTLD/ALS. In fact, determining whether C9RAN proteins

accumulate in cerebrospinal fluid prior to or after the first appearance of symptoms will shed

light on the role of C9RAN proteins in disease pathogenesis.

C9orf72 loss of function

Through alternative splicing, at least three transcripts are produced from the human

C9ORF72 gene, and these are predicted to encode two protein isoforms. The G4C2 repeat is

located between two alternatively spliced noncoding first exons (exons 1a and 1b) of

C9ORF72. If exon 1a is used, the repeat is transcribed (variant 1, NM_145005.5; variant 3,

NM_001256054.1); if exon 1b is used, the repeat is located in the promoter region (variant

2, NM_018325.3). This raises the possibility that the expanded repeat could influence

C9ORF72 expression in a transcript-specific manner. Initial studies revealed a decrease in
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variant 2 expression in lymphoblastoid cell lines and frontal cortical tissue from C9ORF72

repeat expansion carriers [29,84]. Thereafter, decreased expression of multiple C9ORF72

variants were observed in C9FTLD/ALS frontal cortex, motor cortex, cerebellum and

cervical spinal cord [9,24,32,36,39,76], lymphoblast cell lines [24], and in some lines of

neurons differentiated from patient iPSC [4,32]. Still to be determined is the variability in

expression of individual C9ORF72 transcript variants across brain regions in normal

subjects and C9FTLD/ALS patients, since regional differences in their expression may

account for the susceptibility of certain cell populations to neurodegeneration. Despite the

aforementioned decreases in C9ORF72 expression, it was also shown that both sense and

antisense transcripts containing intron 1 (where the repeat is located) were strongly

increased in C9ORF72 patients, suggesting a selective stabilization of repeat containing pre-

mRNA or of the excised intron 1 [76]. In addition, the Baloh group reported that

transcription of the repeat was increased in C9ALS iPSC-derived motor neurons due to

increased use of exon 1a by the mutant allele [86]. The increase in repeat-containing RNA

likely contributes to foci formation and RAN translation, whereas the reduction of other

C9ORF72 transcripts could cause C9orf72 depletion. Whether C9orf72 protein expression is

decreased in C9FTLD/ALS has not yet been definitively determined, in large part because

limitations with currently available C9orf72 antibodies render them unsuitable for

quantification analyses. Studies to date have either shown a reduction in C9orf72 protein

expression in fibroblast cell lines from ALS patients [84], or have failed to detect marked

changes in C9orf72 in brain tissue from expanded repeat carriers [26,29,39,46,89,90,93].

More recently, Sareen et al. have reported that no difference in expression of C9orf72

protein is observed between C9ALS and control iPSC-derived motor neurons; yet, this is not

unexpected given that no decrease in C9ORF72 transcripts was observed in their C9ALS

iPSN model [86], in contrast to other C9FTLD/ALS iPSN models [4,32] (Table 1).

Because knockdown of C9ORF72 is well tolerated in mice [57] and C9FTLD/ALS iPSN

[32,86], and even abrogates toxicity associated with the endogenous C9ORF72 mutation in

iPSN [32], it has been put forth that loss of C9orf72 function is not a major cause of

C9FTLD/ALS. Prior to drawing this conclusion, however, one must consider that C9orf72

protein expression was not examined in these models, and its degree of knockdown not

established. Furthermore, it remains unknown how sustained loss of C9orf72 in the context

of the aging brain, especially under circumstances where aberrant foci and proteinaceous

inclusions are present, would influence neuronal survival. While it may be telling that a

patient homozygous for the C9ORF72 repeat expansion developed severe clinical and

pathological features but not sufficiently so to fall outside the usual disease spectrum [36], a

loss of function mechanism in C9FTLD/ALS ought not to be discounted based on this one

case, especially given the clinical heterogeneity across C9ORF72 mutation carriers. Indeed,

that downregulation of the zebrafish C9ORF72 orthologue leads to altered morphology of

motor neuron axons and locomotor deficits, and that these features are reversed upon

expression of human C9ORF72 [24], support the notion that loss of C9ORF72 is

detrimental.

Keeping in mind limitations with current antibodies, C9orf72 is reportedly expressed in

swollen dystrophic neurites in the CA1 and molecular layer of the hippocampus of ALS,
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Alzheimer’s disease, Parkinson’s disease, multiple system atrophy and normal control brains

[88]. This observation could suggest that C9orf72 plays a role, protective or otherwise, in

the process of neurodegeneration. Of interest, the neuronal populations most sensitive to

ALS and FTD transcribe the highest levels of C9ORF72 in mouse, perhaps providing an

explanation for this selective vulnerability in individuals harboring the C9ORF72 mutation

[94]. Upon availability of reliable C9orf72 antibodies, these questions will be more readily

answered as they will provide a means to quantitatively assess C9orf72 protein levels in

different regions of the CNS, and to track changes in C9orf72 expression at different stages

of disease. Furthermore, a better understanding of C9orf72 function will shed light on

whether, and how, its dysregulation contributes to disease. As mentioned, C9orf72 is

structurally related to DENN domain proteins [60,108], but nothing about its function in the

CNS is currently known. DENN domain proteins are highly conserved Rab-GEFs:

GDP/GTP exchange factors that activate Rab-GTPases, the latter serving as master

regulators for intracellular membrane trafficking [48]. Several DENN domain proteins have

been linked to neurodegeneration [6,30,43], and it has been postulated that depletion of

C9orf72 may play a part in C9FTLD/ALS pathogenesis through altered Rab-dependent

vesicular trafficking processes, such as autophagy [11,60,108]. Macroautophagy is a bulk

degradation process thought critical for the clearance of large protein aggregates and the

maintenance of neuronal health [44]. Indeed, increasing evidence links dysregulated

autophagy to the pathogenesis of ALS, FTLD and other dementias [19,53,79]. In addition to

autophagy, aberrant endocytic trafficking may too contribute to disease. For instance,

mutations in GRN, the gene encoding progranulin, cause GRN haploinsufficiency and

FTLD-TDP [7,27], highlighting the importance of proper progranulin homeostasis. Sortilin,

a neuronal progranulin receptor, mediates progranulin endocytosis and delivery to

lysosomes [16,47,58], and we have recently reported that TDP-43 dysfunction, which causes

altered splicing of sortilin, may consequently contribute to altered progranulin metabolism

[82]. Whether or not C9orf72 influences sortilin-mediated endocytosis is worth

investigating, as is determining which Rabs interact with C9orf72, whether C9orf72 does in

fact possess GEF activity, and what role in may play in modulating intracellular trafficking.

Answers to these questions will provide mechanistic insight into the potential contribution

of C9orf72 loss of function to C9FTLD/ALS.

Epigenetic alterations cause decreased C9ORF72 mRNA expression

While many questions remain regarding the consequences of decreased C9ORF72 mRNA

expression in C9FTLD/ALS, great progress has been made in elucidating the mechanisms

by which this occurs. Epigenetic alterations contribute to the pathogenesis of almost all

repeat expansion disorders [45]: chromatin changes are believed to be implicated in DM1

[34,92], SCA8 [18] and SCA31 [87], Freidreich ataxia [2], as well as fragile X syndrome

and FXTAS [98]. In addition, levels of proteins involved in methylation processes, such as

DNMT1, DNMT3a, and 5-methylcytosine, are reportedly upregulated in motor neurons of

ALS patients [20], further supporting a role of epigenetic alterations in disease. Of interest,

studies from our group suggest that the decrease in C9ORF72 expression in C9FTLD/ALS

is modulated by epigenetic processes. We recently reported that the reduction in C9ORF72

mRNA expression in frontal cortex and cerebellum of expanded repeat carriers is associated

with histone trimethylation at residues H3K9, H3K27, H3K79, and H4K20 [9]; these
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modifications, observed in all C9FTLD/ALS cases tested, are well-known to silence gene

expression. In fact, we found that treatment of C9FTLD/ALS-derived fibroblasts with 5-

aza-2-deoxycytidine, a DNA and histone demethylating agent, increased C9ORF72

expression, an effect not observed in control fibroblasts. The increase in C9ORF72

expression upon demethylation was accompanied by a decrease in binding of C9ORF72

with trimethylated histones, validating that the reduction in C9ORF72 mRNA expression in

C9FTLD/ALS results from aberrant histone methylation [9]. Moreover, because these

histone modifications are easily detected in the blood of expanded repeat carriers [9], these

epigenetic events may prove useful as biomarkers for C9FTLD/ALS.

In addition to histone methylation, CpG island hypermethylation can lead to gene expression

silencing [51]. Xi et al. report that the CpG island 5’ of the repeat expansion is

hypermethylated in blood, frontal cortex, and cervical spinal cord of approximately 40% of

ALS patients carrying the expansion, while the CpG island 3’ of the repeat expansion is not

hypermethylated [104]. Of note, C9ALS patients with a hypermethylated allele with >50

repeats had reduced expression of C9ORF72 transcripts [104], and the level of methylation

5’ of the G4C2 repeat inversely correlated with disease duration, implicating it may be

associated with increased ALS severity. That high methylation of the CpG island near the

G4C2 repeat was significantly associated with familial ALS, but more than half of the ALS

expansion carriers showed either low or no methylation is intriguing. Xi et al. propose that

repeat size may influence CpG methylation and account for the wide range of methylation

levels among expansion carriers, akin to the correlation between CpG methylation and

repeat size observed in Friedreich ataxia [17]. It is also possible that other CpG sites near the

repeat, or the repeat itself, which becomes a new CpG island upon expansion, are aberrantly

methylated. Elucidating whether this is the case will be of great interest, as will determining

whether global DNA methylation levels at these islands and/or methylation of specific

cytosine sites correlate with different disease phenotypes, and consequently act as a disease-

modifier. Furthermore, while the studies above convincingly implicate histone and DNA

methylation in the C9FTLD/ALS disease cascade, it remains to be determined whether DNA

hypermethylation triggers histone trimethylation, whether histone trimethylation leads to

DNA hypermethylation, or whether histone trimethylation alone is sufficient to cause

disease. Finally, given that both sense and antisense transcripts of the expanded repeat are

involved in C9FTLD/ALS, evaluating the methylation state of the antisense strand of DNA,

and whether methylation influences sense and antisense repeat transcription, also merits

attention.

Conclusion

The findings discussed above highlight the great strides made towards elucidating how the

expanded repeat in C9ORF72 causes C9FTLD/ALS. While many questions remain, and the

exact mechanisms involved are not yet known, the accomplishments to date provide

significant insight into potential C9FTLD/ALS diagnostics and therapeutics. Even as we

seek to bridge the gap in our understanding, we can nonetheless pursue the development of

therapeutic strategies based on the assumption that repeat-containing RNA is at the crux of

C9FTLD/ALS pathogenesis. Whatever the contribution of foci or RAN translation may be,

therapeutic strategies aimed at neutralizing or degrading transcripts of the expanded repeat
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are expected to inhibit downstream neurotoxic cascades. On this front, it is very encouraging

that several groups have identified ASOs that target repeat-containing transcripts and

thereby decrease RNA foci formation, mitigate disease-specific transcriptional changes, and

attenuate susceptibility to excitotoxicity in C9FTLD/ALS patient fibroblasts and iPSN,

without significantly affecting the overall level of RNAs encoding for C9orf72 [32,57,86].

Such ASOs could provide a therapeutic approach to suppress the toxic effects of repeat-

containing transcripts without decreasing C9orf72 protein expression and contributing to its

loss of function. Of importance, intrathecal administration of ASOs have gone to clinical

trial for SOD1-related familial ALS [71], with similar trials in the planning for DM1 and

Huntington disease [52,71]. In addition to ASOs, small ligands may offer an attractive

therapeutic alternative given their permeability and tight binding affinities. Several studies

have shown that small molecules can bind RNA and abrogate RNA-toxicity [21,31,54].

Accordingly, small molecules that bind (G4C2)exp or (C4G2)exp RNA could potentially

inhibit foci formation or the interaction between these transcripts and RNA-binding proteins,

as well as prevent RAN translation by steric blocking mechanisms that impede translation or

by altering the RNA structure thought necessary for it to occur. As prospective treatments

are investigated, a related need must also be addressed: a means to accurately and

reproducibly monitor C9FTLD/ALS disease progression and assess drug efficacy.

Biomarkers in the form of molecular indicators of disease pathology could offer sensitive

and efficient ways to diagnose and evaluate disease activity. Whether levels of C9RAN

proteins in cerebrospinal fluid, or the detection of trimethylated histone residues in blood,

can serve this purpose are important questions in need of being answered.
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Figure 1. Potential mechanisms of disease in C9FTLD/ALS
Expansion of the G4C2 C4G2 repeat within intron 1 of the C9ORF72 gene may cause C9FTLD/ALS through various

mechanisms. 1) Abnormal DNA and histone methylation leads to a decrease in C9ORF72 mRNA expression which may

consequently result in C9orf2 protein loss of function; 2) (G4C2)exp and (C4G2)exp transcripts are bound by select RNA-binding

proteins and this may impair the ability of such proteins to bind their actual RNA targets. In addition, because (G4C2)exp and

(C4G2)exp transcripts form nuclear foci, RNA-binding proteins that interact with these transcripts may too be sequestered in foci,

also resulting in their loss of function; 3) In the cytosol, (G4C2)exp and (C4G2)exp transcripts are susceptible to repeat-associated

non-ATG translation, producing poly(GA), poly(GP), poly(GR), poly(PR) and poly(PA) C9RAN proteins. Each C9RAN protein

may have a different toxicity profile, and may contribute to neurodegeneration through the formation of soluble oligomers or

their aggregation into insoluble inclusions within neurons.
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Figure 2. RNA foci and C9RAN protein pathology are present in various regions of the central nervous system in C9FTLD/ALS
Fluorescence in situ hybridization of C9FTLD/ALS tissue sections using a probe against sense G4C2 transcripts (spinal cord,

hippocampus) or antisense C4G2 transcripts (cerebellum, frontal cortex) was followed by immunofluorescence staining to detect

poly(GP) inclusions. Note that RNA foci (red) in the nucleus (stained with DAPI, blue), and star-shaped cytoplasmic poly-GP

inclusions (green), seldom co-occur in the same cells. Scale bar = 10 μm.
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