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G,4C, repeat expansions within the C9ORF72 gene are the most common genetic cause of
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). These bidirection-
ally transcribed expansions lead to (1) the accumulation of sense G4C, and antisense G,Cy4
repeat-containing RNA, (2) the production of proteins of repeating dipeptides through un-
conventional translation of these transcripts, and (3) decreased C9ORF72 mRNA and protein
expression. Consequently, there is ample opportunity for the C9ORF72 mutation to give rise
to a spectrum of clinical manifestations, ranging from muscle weakness and atrophy to
changes in behavior and cognition. It is thus somewhat surprising that investigations of
these three seemingly disparate events often converge on similar putative pathological mech-
anisms. This review aims to summarize the findings and questions emerging from the field’s
quest to decipher how C9ORF72 repeat expansions cause the devastating diseases collec-

tively referred to as “c9ALS/FTD.”

myotrophic lateral sclerosis (ALS), the most

common form of motor neuron disease
(MND), is characterized by the progressive de-
generation of upper and lower motor neurons,
leading to muscle weakness, atrophy, and spas-
ticity. In addition, ALS involves several nonmo-
tor systems and subcortical structures (Lowe
1994). In fact, cognitive and behavioral impair-
ments reminiscent of frontotemporal dementia
(FTD) are present in up to 50% of ALS patients
(Lomen-Hoerth et al. 2003). FTD, second only
to Alzheimer’s disease as a cause of dementia in
patients under 65 (Neary et al. 1998), encom-
passes a group of disorders neuropathologically
characterized by degeneration of the frontal
and temporal lobes. Most commonly, patients
present with behavioral variant FTD, which is

marked by changes in personality and behavior.
Other syndromes falling under the FTD um-
brella are categorized by changes in language
function. The heterogeneous nature of FTD is
further underscored by the fact that a propor-
tion of patients with FTD develop ALS (Snow-
den et al. 2002). A better understanding for the
basis of the clinical overlap between ALS and
FTD came about in 2006 with the discovery
that TDP-43, an RNA/DNA-binding protein,
forms inclusions in the central nervous system
(CNS) of the majority of ALS cases and the
most common pathological subtype of FID,
frontotemporal lobar degeneration with TDP-
43-positive inclusions (FTLD-TDP) (Arai et al.
2006; Neumann et al. 2006). Relatively soon
thereafter, another major discovery connecting
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ALS and FTD was made: G,C, hexanucleotide
repeat expansions in chromosome 9 open read-
ing frame 72 (C9ORF72) were identified as the
most common known genetic cause of ALS and
FTD (DeJesus-Hernandez et al. 2011; Renton
et al. 2011). C9ORF72 expansions account for
~10%—50% of familial ALS, 5%—7% of spora-
dic ALS, 12%—25% of familial FTD, and 6%—
7% of sporadic FID (Majounie et al. 2012;
Cruts et al. 2013; van der Zee et al. 2013), and
are also found in related clinical phenotypes,
including Alzheimer’s disease and parkinson-
ism (Cooper-Knock et al. 2014a; also see Gha-
semi and Brown 2017 and Gijselinck et al.
2017).

Clinical heterogeneity is associated with the
C90ORF?72 expansion, with the majority of af-
fected patients displaying symptoms of either
ALS or FTD or mixed features of both (referred
to as FTD-MND). There is also great variability
among patients with regard to age of disease
onset and duration (Boeve et al. 2012; Byrne
et al. 2012; Chio et al. 2012; Cooper-Knock
et al. 2012; Hsiung et al. 2012; Mahoney et al.
2012; Simon-Sanchez et al. 2012; Snowden et al.
2012). The molecular basis for this clinical var-
iation, seen both among and within families, is
not yet known. Upon first consideration, expan-
sion length would seem a likely cause. Although
the lower limit for pathological G,C, ex-
pansions is not yet definitely established, un-
affected individuals typically have two to 30
repeats, whereas tens to even thousands of re-
peats can be present in patients with ALS, FTD,
and FTD-MND (DeJesus-Hernandez et al.
2011; Renton et al. 2011; Beck et al. 2013; van
Blitterswijk et al. 2013; Dols-Icardo et al. 2014).
Repeat length not only varies among family
members, including monozygotic twins, but
also differs among tissues of the same individual
owing to somatic instability (Beck et al. 2013;
Buchman et al. 2013; van Blitterswijk et al.
2013; Dols-Icardo et al. 2014; Waite et al. 2014;
Fratta et al. 2015; Gijselinck et al. 2015; Nordin
et al. 2015). At present, the influence of repeat
length on clinical phenotype has not been re-
solved (van Blitterswijk et al. 2013; Benussi et
al. 2014; Dols-Icardo et al. 2014; Cooper-Knock
et al. 2015a; Nordin et al. 2015). Some studies

found that repeat size had no effect on clinical
presentation (van Blitterswijk et al. 2013; Gijse-
linck et al. 2015; Nordin et al. 2015), whereas
others report that patients with ALS harbor a
higher number of repeats than FTD patients
(Dols-Icardo et al. 2014; Suh et al. 2015). The
reported effects of repeat size on age at disease
onset, age at death, and disease duration have
also been discordant (Beck et al. 2013; van Blit-
terswijk et al. 2013; Benussi et al. 2014; Dols-
Icardo et al. 2014; Gijselinck et al. 2015; Nordin
et al. 2015; Suh et al. 2015), perhaps because of
the different methodologies used to estimate
repeat length, as well as differences in the tissues
analyzed and the age of patients at their collec-
tion, factors that may influence repeat size.
Neuropathologically, all ALS, FTD, and
FTD-MND cases caused by the COORF72 repeat
expansion, collectively referred to as c9ALS/
FTD, have TDP-43 pathology consisting of the
abnormal accumulation of neuronal and oligo-
dendroglial TDP-43 inclusions in the frontal
and temporal cortex, hippocampus, and pyra-
midal motor system (Mackenzie et al. 2014).
The underlying cause of TDP-43 pathology in
C90RF72 repeat expansion carriers, and in
sporadic forms of ALS and FTD for that matter,
nevertheless remains unknown. In addition
to TDP-43 pathology, a characteristic finding
of c9ALS/FTD is the presence of TDP-43-
negative, p62-positive neuronal inclusions in
the cerebellum, hippocampus, and neocortex
regions (Pikkarainen et al. 2010; Al-Sarraj
et al. 2011). These inclusions, also immuno-
reactive for ubiquitin and select ubiquitin-
binding proteins, most notably ubiquilin-2
(Brettschneider et al. 2012), contain dipeptide
repeat (DPR) proteins synthesized from sense
and antisense expanded repeat-containing tran-
scripts (1(G4Cy)exp and 1(G,Cy)exp) through
repeat associated non-ATG (RAN) translation.
1(G4Cy)exp and 1(GyCy)eyp also form nuclear
RNA foci throughout the CNS, another consis-
tent feature of c9ALS/FTD. Both RAN transla-
tion and foci formation are thought to con-
tribute to disease pathogenesis. Furthermore,
because repeat expansions cause a decrease in
C90RF72 mRNA and protein expression, a loss
of COORF72 function may too be involved.
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Each of these events and their possible contri-
bution to disease are discussed below, as are
potential biomarkers and therapeutic strategies
for these devastating diseases.

CI90ORF72 LOSS OF FUNCTION

There are two C9ORF72 protein isoforms—a
short isoform of 222 amino acids (isoform B)
and a long isoform of 481 amino acids (isoform
A)—derived from three alternatively spliced
C9ORF72 transcripts. The alternative splicing
of C9ORF72 pre-mRNA transcripts occurs
within two noncoding first exons (exons la
and 1b) upstream of the translation start site
(Fig. 1). The G4C, repeat is located between
exons la and 1b, and on either side of the repeat
are two putative CpG islands (stretches of DNA
with a high frequency of CG sequence that reg-
ulate transcription at their associated promot-
ers). If exon 1la is used, the repeat is located

Disease Mechanisms of COORF72 Repeat Expansions

in intron 1 and is transcribed (variant 1,
NM_145005.6; variant 3, NM_001256054.2);
if exon 1b is used, the repeat is located in the
promoter region and is not transcribed (variant
2, NM_018325.4) (Fig. 1). Depending on the
location of the G,4C, repeat (within the promot-
er or intron 1), it is conceivable that an
expansion of the repeat would influence tran-
scription of C9ORF72 or the processing of its
pre-mRNA. Indeed, decreased transcript levels
for all C9ORF72 mRNA variants have been
observed in C9ORF72 patient CNS tissues,
lymphoblastoid cell lines, and some lines of
neurons differentiated from patient-derived
induced pluripotent stem cells (iPSCs) (DeJe-
sus-Hernandez et al. 2011; Gijselinck et al. 2012;
Belzil et al. 2013; Ciura et al. 2013; Donnelly
et al. 2013; Fratta et al. 2013; Mori et al.
2013c; Xi et al. 2013; Waite et al. 2014; van Blit-
terswijk et al. 2015). In the largest case series of
C90ORF?72 expansion carriers analyzed to date, a

Stop
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DNA Start

1a 1b 2 3456 7 8 910 11
RNA

1a 2 34 5
Variant 2

1b 2 3456 7 8 910 11

Variant 3

1a 2 3456 7 8 910 11
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Figure 1. The C9ORF72 gene encodes two COORF72 protein isoforms derived from three alternatively spliced
C9ORF?72 transcripts. The G4C, repeat (red diamond) is located between two noncoding exons of the COORF72
gene (exon la and exon 1b, light blue). Thus, the repeat is located in the promoter region of transcript variant 2
(NM_018325.4) or in the first intron of variant 1 (NM_145005.6) and variant 3 (NM_001256054.2). Variant 1 is
predicted to result in a short COORF72 protein of 222 amino acids (exons 2—5, isoform B), whereas variants 2
and 3 encode a long C9ORF72 protein of 481 amino acids (exons 2—11, isoform A).
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significant decrease in variants 1 and 2, but not
variant 3, was observed in the frontal cortex and
cerebellum of expansion carriers compared
with patients without the expansion or control
subjects (van Blitterswijk et al. 2015). Notably,
an association between variant 1 and survival
after disease onset was found, suggesting that
higher C9ORF72 levels may have beneficial
effects. This study additionally reported that
levels of transcripts containing intron 1 (and
thus the repeat) were elevated in expansion car-
riers (van Blitterswijk et al. 2015), in agreement
with previous reports (Donnelly et al. 2013;
Mori et al. 2013¢; Sareen et al. 2013; Zu et al.
2013; Haeusler et al. 2014; Liu et al. 2014).

The reduced expression of COORF72 mRNA
in c9ALS/FTD patients may be caused by sev-
eral factors, including the structure of G4C, re-
peat DNA and RNA. G,C, DNA forms G-quad-
ruplex structures (stacks of planar tetramers
consisting of four guanines connected by
Hoogsteen hydrogen bonds), whereas G4C, re-
peat RNA forms G-quadruplex structures and
hairpins that can bind to repeat DNA to form
RNA-DNA hybrids (Fratta et al. 2012; Reddy
et al. 2013; Haeusler et al. 2014; Su et al. 2014).
Using in vitro transcription assays of G,C, re-
peats of varying lengths (three to 70 repeats),
Haeusler et al. observed that the generation of
these distinct polymorphic DNA and RNA
structures causes, in a repeat length-dependent
manner, the abortive transcription of the repeat.
It is thus noteworthy that, in the frontal cortex
of C9ORF72 expansion carriers, there is an in-
crease in transcripts containing sequences up-
stream of the intronic repeat but not sequences
downstream from the repeat, suggesting that
some repeat-containing transcripts are indeed
truncated in c9ALS/FTD brain tissues (van
Blitterswijk et al. 2015).

Epigenetic processes have also been associ-
ated with decreased CIORF72 expression (Xi
et al. 2013, 2014, 2015a,b; Belzil et al. 2013,
2014; Liu et al. 2014; Russ et al. 2014; Gijselinck
etal. 2015; He et al. 2015; McMillan et al. 2015),
in line with studies showing that expanded
repeats in microsatellite expansion disorders
dysregulate mRNA expression through changes
in DNA and histone methylation (Sutcliffe et al.

1992; Greene et al. 2007; Al-Mahdawi et al.
2008; Todd et al. 2010). Trimethylated histones
(H3K9me3, H3K27me3, H3K79me3, and
H4K20me3) are known to repress gene expres-
sion (Barski et al. 2007). Chromatin immuno-
precipitation studies revealed that trimethylated
histones bound strongly to expanded G4C, re-
peats but not to nonpathogenic repeats in the
frontal cortex and cerebellum, and this binding
is associated with decreased COORF72 mRNA
levels in ¢9ALS/FTD patients (Belzil et al.
2013). A causal effect between histone trimeth-
ylation and decreased COORF72 expression was
supported by the findings that treatment of
c9ALS/FTD-derived fibroblasts with a DNA
and histone-demethylating agent not only de-
creased trimethylated histone binding to
C90ORF?72 but also increased C9ORF72 mRNA
expression (Belzil et al. 2013). In addition to
histone methylation, repeat and CpG island hy-
permethylation may decrease C9OORF72 mRNA
expression in c9ALS/FTD. Methylation of the
repeat was found to occur in virtually all indi-
viduals with alleles of more than 90 repeats and
associated with reduced C9ORF72 expression
(Xi et al. 2015a,b). The CpG island 5’ of the
repeat was also hypermethylated in an expan-
sion-specific manner, albeit only in a propor-
tion of carriers (Xi et al. 2013, 2014; Belzil et al.
2014; Liu et al. 2014; Russ et al. 2014). None-
theless, Liu et al. (2014) show that, for the
subset of cases for which this CpG island was
hypermethylated, transcriptional silencing of
C90ORF?72 was observed. Somewhat counterin-
tuitively, rather than being detrimental, epige-
netic silencing of the mutant CIORF72 allele
may be protective, as it was shown to associate
with decreased accumulation of intronic repeat-
containing RNA, RNA foci formation, and
RAN translation. To test this hypothesis further,
the relationship between C9ORF72 promoter
hypermethylation and clinical features was in-
vestigated (Russ et al. 2014). C9ORF72 hyper-
methylation did not significantly differ between
ALS and FTD cases, nor did it predict age of
onset. Nonetheless, in ¢9FTD cases, C9ORF72
hypermethylation in both the cerebellum and
peripheral blood associated with later age at
death, and C9ORF72 hypermethylation in the
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blood also associated with longer disease dura-
tion. Furthermore, neuroimaging and neuro-
pathological studies showed that C9ORF72
promoter hypermethylation measured in the
blood associated with less atrophy and neuronal
loss in several brain regions, and with slower
rates of verbal recall decline on neuropsycholog-
ical testing (McMillan et al. 2015). Taken to-
gether, these results suggest that epigenetic
silencing of C9ORF72 may represent a protec-
tive response by mitigating toxic events caused
by the accumulation of repeat-containing RNA,
but also may promote a putatively detrimental
loss of COORF72 function. To establish a better
understanding of the latter, it is imperative to
thoroughly evaluate COORF72 protein expres-
sion in c9ALS/FTD, as well as determine the
functions of C9ORF72 and how well loss of
these functions is tolerated.

With the first in vivo model of C9ORF72
loss of function, Ciura et al. (2013) showed
that downregulation of the COORF72 ortholog,
zC90rf72, in zebra fish led to altered morphol-
ogy of motor neuron axons and locomotor def-
icits, and that these features were reversed upon
expression of human C9ORF72. Similarly, dele-
tion of the C9orf72 ortholog, alfa-1, in Cae-
norhabditis elegans caused the degeneration of
GABAergic motor neurons, age-dependent
motility defects leading to paralysis, and sensi-
tivity to environmental stress (Therrien et al.
2013). In mice, C90rf72 is enriched in neu-
rons known to degenerate in ALS and FTD, per-
haps shedding mechanistic light on the selective
vulnerability of these neuronal populations
(Suzuki et al. 2013). However, knockdown of
C9ORF?72 was well tolerated in primary cortical
and motor neurons of rats (Wen et al. 2014),
mice (Lagier-Tourenne et al. 2013; Koppers
et al. 2015), and neurons differentiated from
c9ALS/FTD iPSC (iPSNs) (Donnelly et al.
2013; Sareen et al. 2013). It nonetheless remains
unknown how sustained loss of COORF72 in the
context of the aging brain would influence neu-
ronal function and survival. Studies on
CI90ORF72 function are adding much-needed
perspective on this question.

Until recently, there has been little consen-
sus on whether COORF72 protein expression is

Disease Mechanisms of COORF72 Repeat Expansions

appreciably decreased in ¢9ALS/FTD (DeJesus-
Hernandez et al. 2011; Renton et al. 2011; Coo-
per-Knock et al. 2012; Gijselinck et al. 2012;
Hsiung et al. 2012; Simon-Sanchez et al. 2012;
Snowden et al. 2012; Stewart et al. 2012). With
the generation of new antibodies, COORF72 de-
pletion in specific neuroanatomical regions has
been demonstrated. Though studies on larger
case series are needed, data indicate that the
long C9ORF72 isoform is downregulated in
the frontal cortex and temporal cortex of
c9ALS/FTD cases, but not in the motor cortex
or cerebellum (Waite et al. 2014; Xiao et al.
2015). Intriguingly, the short COORF72 isoform
is concomitantly upregulated in the temporal
and frontal cortices (Xiao et al. 2015). Using
isoform-specific antibodies, the Robertson
group also discovered that the biochemical pro-
file and intracellular distribution of long and
short COORF72 isoforms differ from one an-
other in human brain tissues. This suggests
that the functions of each isoform are distinct
(Xiao et al. 2015), and similar findings were
reported for C9orf72 protein isoforms in mice
(Atkinson et al. 2015). In ALS cases with or
without C9ORF72 expansions, and in healthy
controls, the long COORF72 isoform is diffusely
distributed in the cytoplasm of neurons and
also labels large speckles in the cytoplasm and
dendrites of cerebellar Purkinje cells. In healthy
controls, the short isoform localizes to the nu-
clear membrane where it interacts with impor-
tin-B1 and Ran-GTPase. These are components
of the nuclear pore complex, a channel used for
the active transport of large proteins between
the cytoplasm and the nucleus. Compared
with control cases, the nuclear membrane local-
ization of the short COORF72 isoform, as well as
of importin-B1 and Ran-GTPase, is diminished
in ALS cases with or without COORF72 expan-
sions. Importantly, this associates with the mis-
localization of TDP-43 from the nucleus to the
cytoplasm and TDP-43 pathology. Consequent-
ly, COORF72 may play a role in nucleocytoplas-
mic transport, and defects in this pathway may
account, at least in part, for nuclear TDP-43
depletion and TDP-43 pathology in ALS.

In addition to a potential role in nucleocy-
toplasmic shuttling, homology searches suggest
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that COORF72 is a member of the DENN (dif-
ferentially expressed in normal and neoplasia)-
like superfamily (Zhang et al. 2012; Levine et al.
2013). DENN domain proteins are highly con-
served Rab-GEFs, GDP/GTP exchange factors
that activate Rab-GTPases, the master regula-
tors for intracellular membrane trafficking (Hu-
tagalung and Novick 2011). Protein trafficking
through the endosomal system is required for
sorting and degrading proteins through au-
tophagy or the ubiquitin—proteasome system
(UPS) (Korolchuk et al. 2010). In neuronal-
like cell lines, primary neurons, and human
spinal cord sections, C9ORF72 colocalizes
and/or interacts with Rab-GTPases implicated
in endosomal transport and autophagy (Farg
et al. 2014). When C9ORF72 was knocked
down, endocytosis was impaired and autopha-
gosome formation dysregulated. Studies also
suggest that COORF72 interacts with ubiqui-
lin-2, a member of the ubiquilin family that
regulates the degradation of ubiquitinated pro-
teins, and with heterogeneous nuclear ribonu-
cleoproteins (hnRNP) Al and hnRNPA2/B1
(Farg et al. 2014). hnRNPs, which include
TDP-43, are RNA-binding proteins involved
in many aspects of mRNA metabolism. Al-
though hnRNP A1l and hnRNP A2/B1 reside
predominantly in the nucleus, exposure to
stress can trigger their recruitment to cytoplas-
mic stress granules, which assemble to facilitate
cell survival by triaging RNAs not required for
coping with the stress (Guil et al. 2006).
Additional studies are needed to fully deci-
pher the potential role of COORF72 in nucleo-
cytoplasmic transport, stress granule dynamics,
and autophagy. However, with regard to the
latter, it is conceivable that perturbations in
C90ORF72 function contribute to the increased
sensitivity of c9ALS/FTD iPSNs to chloroquine
and 3-MA, two inhibitors of autophagy (Al-
meida et al. 2013). This increased sensitivity sug-
gests that proper autophagic processing was
compromised, which is further supported by
the finding that levels of p62, a known substrate
of the autophagy pathway, were significantly
higher in iPSNs from C9ORF72 repeat expansion
carriers compared with iPSNs from noncarriers
(Almeida et al. 2013). Nevertheless, it is not yet

known whether loss of COORF72 function and/
or the presence of DPR proteins, which have also
been linked to defects in protein degradation
(May et al. 2014; Zhang et al. 2014; Yamakawa
et al. 2015), cause the enhanced vulnerability of
c9ALS/FTD iPSNs to autophagy inhibitors.

TOXICITY MEDIATED THROUGH (G4Cy)exp
OR (G2Cy)exp TRANSCRIPTS

Repeat-containing RNA transcribed from
CI90RF72 expansions, which leads to RNA
foci formation and the production of DPR pro-
teins through RAN translation, has been heavily
implicated in c9ALS/FTD pathogenesis (Fig.
2). Exogenous expression of expanded sense
G,4C, or antisense G,C, repeats alone (i.e., not
in the context of the full COORF72 gene) leads
to the development of various aberrant pheno-
types and toxicity in cultured cell models (Lee
et al. 2013; Xu et al. 2013; Zu et al. 2013; Wen
et al. 2014; Rossi et al. 2015), Drosophila (Xu et
al. 2013; Mizielinska et al. 2014; Freibaum et al.
2015; Tran et al. 2015; Zhang et al. 2015), zebra
fish embryos (Lee et al. 2013), and mice (Hu-
kema et al. 2014; Chew et al. 2015). Indeed,
using somatic brain transgenesis to induce
(G4Cy)e6 expression throughout the murine
CNS, the Petrucelli group reported the first
mouse model to mimic neuropathological and
behavioral phenotypes of c9ALS/FTD (Chew
et al. 2015). The brains of (G4C,)¢¢ mice exhib-
ited nuclear RNA foci, inclusions of DPR pro-
teins, and neurodegeneration. Furthermore,
these mice developed TDP-43 pathology, as ev-
idenced by inclusions of phosphorylated en-
dogenous TDP-43 in the hippocampus and cor-
tex. The latter is especially remarkable given that
most rodent TDP-43 transgenic models fail to
show appreciable TDP-43 pathology (Gendron
and Petrucelli 2011). These findings also place
TDP-43 abnormalities downstream from the
accumulation of 1(G4C;)exp» although whether
RNA foci per se are involved is not yet known. In
the c9ALS/FTD frontal cortex, hippocampus,
and cerebellum, the presence of sense or anti-
sense foci does not predict TDP-43 pathology
(Mizielinska et al. 2013; Cooper-Knock et al.
2014b), but antisense foci have been shown to
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fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

Disease Mechanisms of COORF72 Repeat Expansions

DNA

2
RNA
Sense 5(GGGGCC)n -
Antisense 5 (GGCCCC)n—>|

345 67 8 910 11

|

RNA foci

@%’ - %e
+ ' B B %’&
¢ o ¥ 37

RAN translated proteins

(GAN CBcC00
(GP)n C%eCeo
(GR)IN P00

[(PRIN @cB0O

(PG)n @P0O
(PAN @000

|

DPR protein pathology

Figure 2. The repeat expansion in C9ORF?72 is bidirectionally transcribed and can lead to foci formation and
RAN translation. Sense and antisense RNA transcribed from the COORF72 repeat expansion accumulate as foci
in the nucleus of cells and also serve as templates for RAN translation, thereby resulting in the production of six
dipeptide repeat proteins that aggregate into neuronal inclusions.

associate with nuclear loss of TDP-43 in c9ALS
motor neurons (Cooper-Knock et al. 2015b).
Yet another possibility is that TDP-43 pathology
develops in (G4C,)gs mice as a consequence
of DPR protein expression and subsequent
downstream events. Because the expression of
expanded repeats in (G4C,)¢s mice and the
above-mentioned models give rise to the accu-
mulation of repeat-containing RNA, RNA foci,
and RAN-translated DPR proteins, it is difficult
to definitively ascribe the emergence of ¢9ALS/
FTD-associated phenotypes to a given event. In
the sections below, the neurotoxic potential me-
diated specifically by RNA toxicity or DPR pro-
teins is further discussed.

RNA TOXICITY

RNA-mediated toxicity, first described for myo-
tonic dystrophy type 1, is a putative pathome-
chanism involved in various microsatellite ex-
pansion disorders (Belzil et al. 2012; Gendron

et al. 2014). It is believed to arise from the ab-
normal interaction between essential RNA-
binding proteins and repeat expansion RNA
transcripts, and the sequestration of these pro-
teins into nuclear RNA foci. In ¢9ALS/FID,
1(G4Cy)exp and 1(G,Cy)eyp foci are detected
throughout the CNS, being present mostly in
neurons but also in astrocytes, oligodendro-
cytes, and microglia (DeJesus-Hernandez et al.
2011; Donnelly et al. 2013; Gendron et al. 2013;
Lagier-Tourenne et al. 2013; Lee et al. 2013;
Mizielinska et al. 2013; Zu et al. 2013; Cooper-
Knocket al. 2014b, 2015b). Foci are also present
in ¢c9ALS/FTD lymphoblastoid cell lines (La-
gier-Tourenne et al. 2013; Cooper-Knock et al.
2014b), peripheral blood leukocytes (Zu et al.
2013), human neurons differentiated directly
from fibroblasts (iNeurons) or from iPSC (Al-
meida et al. 2013; Donnelly et al. 2013; Sareen
et al. 2013; Su et al. 2014), and fibroblasts (Al-
meida et al. 2013; Donnelly et al. 2013; Lagier-
Tourenne et al. 2013; Cooper-Knock et al.
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2014Db). In fact, foci are detected in fibroblasts of
both symptomatic and asymptomatic carriers
of the C9ORF72 expansion (Lagier-Tourenne
et al. 2013; Cooper-Knock et al. 2014b).

Though inconsistencies exist among stud-
ies, the percentage of cells bearing sense or an-
tisense foci appears to vary among neuroana-
tomical regions and could thus potentially
influence disease phenotype. 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 observed a
higher frequency of foci in the cerebellum of
c9ALS/FTD cases compared with the frontal
cortex and temporal lobes (Lee et al. 2013).
That foci burden inversely correlated with age
of onset in a cohort of eight c9FTD cases is of
interest, yet needs validation in a larger series of
cases (Mizielinska et al. 2013). Also intriguing,
but in need of confirmation in additional cases,
was the observation that, in three c9ALS pa-
tients, RNA foci were present in a higher pro-
portion of motor neurons of the ventral horn
compared with cerebellar granule cells; con-
versely, in a patient who first presented with
FTD, more foci were detected in the cerebellum
than in the ventral horn (Cooper-Knock et al.
2014b).

Heterogeneity in clinical phenotype among
C90ORF72 repeat expansion carriers might be
influenced not only by regional differences in
foci frequency but also by the differential bind-
ing and/or sequestration of select RNA-binding
proteins in various neuroanatomical regions.
Indeed, irrespective of whether the binding of
proteins to r(G4Cs)exp OF 1(GyCy)exp causes
their sequestration into foci, a potentially re-
versible event (Cooper-Knock et al. 2014b),
these abnormal interactions are likely to ad-
versely influence their function. It is thus not
surprising that the transcriptome in fibroblasts
(Donnelly et al. 2013; Lagier-Tourenne et al.
2013), iPSNs (Donnelly et al. 2013; Sareen
et al. 2013), laser-captured motor neurons
(Cooper-Knock et al. 2015a), the motor cortex
(Donnelly et al. 2013), the frontal cortex (Pru-
dencio et al. 2015), and especially the cerebel-
lum (Prudencio et al. 2015) of C9ORF72 repeat

expansion carriers differs from that in respective
models/tissues from control subjects, ostensi-
bly as a consequence of aberrant binding of re-
peat-containing transcripts to proteins that reg-
ulate gene expression and splicing. In line with
this notion, prediction studies for regulators of
alternative splicing events in c9ALS brain tissues
identified hnRNP H (Prudencio et al. 2015), a
protein binder of r(G,C,) previously implicated
in 1(G4C;).exp toxicity (Lee et al. 2013; Cooper-
Knock et al. 2014b). Additional members of the
hnRNP family have been identified in screens to
determine protein binders of r(G4C;) and
r(G,C,y), as have many other proteins. These
include hnRNP A3, hnRNP Al, serine—argi-
nine-rich splicing factor 1 (SF2), serine—argi-
nine-rich splicing factor 2 (SC35), Pur «, Aly/
REF export factor (ALYREF), elF2a, elF2[3, nu-
cleolin, ADARB2, and RanGAP1 (Almeida et al.
2013; Donnelly et al. 2013; Mori et al. 2013b;
Reddy et al. 2013; Sareen et al. 2013; Xu et al.
2013; Cooper-Knock et al. 2014b, 2015b;
Haeusler et al. 2014; Rossi et al. 2015). The in-
teractions between G,C,-repeat RNA and some
of these proteins are discussed in more detail
below.

The binding of nucleolin, a principal com-
ponent of the nucleolus, to r(G,C,) when in a
G-quadruplex structure (Haeusler et al. 2014)
implicates nucleolar stress as a potential patho-
mechanism of ¢9ALS/FTD. In lymphoblastoid
cell lines, fibroblasts, and iPSNs from c9ALS
patients, the nucleolus appeared more fractured
and the nucleolin more dispersed throughout
the nucleus compared with cells from ALS con-
trols. In the c9ALS/FTD motor cortex, nucleo-
lin frequently colocalized with r(G4C, )y, foci,
and there was evidence of impaired rRNA pro-
cessing. In accordance with chronic nucleolar
stress, an increase in processing bodies (P bod-
ies), which are composed of ribonucleoprotein
complexes involved in the degradation of un-
translated mRNA, were significantly increased
in c9ALS iPSNs (Haeusler et al. 2014).

The binding of r(G,C;) to mRNA export
adapters, such as ALYREE may provide a means
by which 1(G4C;)exp makes its way from the
nucleus to the cytoplasm (Cooper-Knock et al.
2014b). It has also been speculated that the
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binding of (G4C,)cxp pre-mRNA to hnRNP A3,
which is also involved in mRNA export (Ma
et al. 2002), would result in the export of r(G,.
C5)exp to the cytoplasm where it could be RAN
translated (Mori et al. 2013b). Consistent with
this, there is a significant reduction of intranu-
clear hnRNP A3 staining in the hippocampus of
c9ALS/FTD patients along with the formation
of cytoplasmic and intranuclear hnRNP A3 in-
clusions (Mori et al. 2013¢). Pur «, shown to
target specific mRNA molecules to sites of den-
dritic translation (Johnson et al. 2006), may also
influence the localization of 1(G4C,)cxp or vice
versa. For instance, in cultured cell models,
(G4C,)5, markedly affected the distribution of
Pur « and its binding partner, fragile X mental
retardation proteins, leading to their accumula-
tion in stress granules (Rossi et al. 2015). It is
also notable that Pur « formed inclusions in the
eyes of (G4C,)s0-expressing flies, and that eye
degeneration was suppressed upon Pur « over-
expression. These data suggest that binding of
Pur a by r(G4C;)exp causes a toxic loss of Pur o
function, a theory that is strengthened by the
fact that depletion of Pur a was sufficient to
reduce N2A cell viability, which was also rescued
by Pur a overexpression (Xu et al. 2013).

In a screen for r(G4C,) binders, the Roth-
stein and Sattler groups identified 19 proteins
and initially focused their attention on
ADARB2, a member of the ADAR family of
proteins involved in RNA editing. ADARB2 ab-
normally accumulated in the nucleus and colo-
calized with r(G4C;)eyp, foci in iPSNs and the
motor cortex of c9ALS patients (Donnelly
etal. 2013). The resulting loss of ADARB2 func-
tion is believed to have contributed to the
heightened vulnerability of c9ALS iPSNs to glu-
tamate as knockdown of ADARB2 in control
iPSNs enhanced their susceptibility to gluta-
mate toxicity to levels comparable to those ob-
served in c9ALS iPSNs (Donnelly et al. 2013).
Furthermore, knockdown of ADARB2 de-
creased the number of ¢9ALS iPSNs 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 (G4C,)exp RNA plays a role in RNA-medi-
ated toxicity. To determine which of the remain-

Disease Mechanisms of COORF72 Repeat Expansions

ing 19 protein binders of r(G4C,) modify
r(G4C,)-mediated neurodegeneration, genetic
screens were performed in Drosophila that
express 30 repeats and develop RNA foci but
show no detectable signs of RAN translation
(Zhang et al. 2015). This led to the identifica-
tion of RanGAP as a potent suppressor of G,C,
repeat toxicity in fly eyes and motor neurons.
RanGAB the fly ortholog of human RanGAP1, is
a key regulator of nucleocytoplasmic transport.
Confirming that G,4C, repeat toxicity in Droso-
phila involves disrupted nucleocytoplasmic
transport, a decrease in nuclear import was ob-
served in (G4C,)30-expressing flies, and enhanc-
ing nuclear import or suppressing nuclear ex-
port of proteins suppressed (G,C,)3o-mediated
neurodegeneration. Importantly, RanGAP1
and components of the nuclear pore complex
were mislocalized in c9ALS iPSNs and motor
cortex, and ¢9ALS iPSNs showed signs of im-
paired nuclear import and disrupted TDP-43
localization. These defects, as well as foci
formation, were rescued in c9ALS iPSNs by
ASOs targeting G4C, repeat RNA, suggesting
that sense r(G4C;).xp causes nucleocytoplasmic
transport deficits. It would thus appear that ab-
errations in the short COORF72 protein isoform
and G4C, RNA-mediated toxicity converge on a
similar mechanism of toxicity. Remarkably, this
same pathway has been implicated in poly(PR)
and poly(GR)-mediated toxicity, as discussed
below.

RAN TRANSLATION

DPR Protein Pathology: A Neuropathological
Hallmark of c9ALS/FTD

RAN translation is a noncanonical form of
translation discovered by the Ranum group
while investigating the microsatellite expansion
disorders myotonic dystrophy type 1 and spi-
nocerebellar ataxia type 8 (Zu et al. 2011). RAN
translation can occur across an entire expanded
repeat without frameshifting or prematurely
stopping, despite the absence of an ATG start
codon. In addition, because RAN translation
can initiate in multiple frames, various products
can be synthesized from a given transcript.
In c9ALS/FTD, both sense r(G4C)ey, and
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antisense 1(G,Cy)exp are RAN translated, lead-
ing to the synthesis of poly(GA), poly(GP),
and poly(GR) proteins from r(G4C;)exp, and
poly(PR), poly(PG), and poly(PA) proteins
from r(G,Cy)exp (Fig. 2) (Ash et al. 2013; Gen-
dron et al. 2013; Mann et al. 2013; Mori et al.
2013a,c; Zu et al. 2013). Immunohistochemical
analyses using multiple antibodies against the
various DPR proteins have demonstrated highly
specific staining of cytoplasmic inclusions, nu-
clear inclusions, or dystrophic neurites in
c9ALS/FTD patients (Ash et al. 2013; Gendron
et al. 2013; Mackenzie et al. 2013, 2015; Mann
et al. 2013; Mori et al. 2013a,c; Zu et al. 2013;
Zhang et al. 2014; Schipper et al. 2015; Schludi
etal. 2015). These inclusions, which are present
in neurons throughout the CNS (Ash et al
2013; Mackenzie et al. 2013) and in ependymal
cells of the spinal cord central canal and lateral
ventricles (Schludi et al. 2015), can contain
multiple DPR proteins (Mori et al. 2013a), are
positive for p62 (Mann et al. 2013; Mori et al.
2013a), and, at least in the case of poly(GA)
inclusions, contain filaments (Zhang et al
2014). The majority of DPR protein inclusions
are devoid of TDP-43, yet inclusions positive for
both poly(GA) and TDP-43 have been observed
on rare occasions (Mackenzie et al. 2013; Mori
et al. 2013¢c). In such instances, poly(GA)
formed the core of the inclusion and was sur-
rounded by TDP-43, suggesting that DPR pro-
tein aggregation precedes TDP-43 pathology
(Mackenzie et al. 2013; Mori et al. 2013c).
Poly(GA), poly(GP), and poly(GR) inclu-
sions are numerous in neocortical regions, the
hippocampus, and the cerebellum but are infre-
quently observed in the lower motor neurons of
the spinal cord (Ash et al. 2013; Mackenzie et al.
2013, 2015; Mann et al. 2013; Mori et al.
2013a,c; Gomez-Deza et al. 2015; Schludi et al.
2015). Compared with these DPR proteins, in-
clusions of poly(PR) and poly(PA), which are
uniquely RAN translated from antisense re-
peats, are far less abundant (Gendron et al.
2013; Mann et al. 2013; Mori et al. 2013a; Mac-
kenzie et al. 2015; Schludi et al. 2015), perhaps
because RAN translation is less efficient from
antisense r(G,Cy)exp Or because 1(G,Cy) exp lev-
els in the cytoplasm are relatively low. Alterna-

tively, poly(PR) and/or poly(PA) proteins may
be inherently more toxic than the other DPR
proteins, or their biochemical properties (e.g.,
half-life and solubility) may not be conducive to
their aggregation. With regard to the latter, a
larger proportion of total poly(GP) is soluble
in c9ALS/FTD cerebellar homogenates, where-
as a larger proportion of total poly(GA) is in-
soluble (Gendron et al. 2015), consistent with
poly(GA) inclusions being more frequent than
those composed of poly(GP) (Mackenzie et al.
2015). Investigating these possibilities will shed
light on the paucity of poly(PR) and poly(PA)
inclusions in c9ALS /FTD, whether soluble DPR
proteins may be toxic entities, and will also offer
mechanistic insight on the factors that govern
RAN translation in c9ALS/FTD. Studies to date
show that cerebellar poly(GP) and poly(GA)
expression levels associate with C9ORF72
transcript variant 3, the pre-mRNA of which
contains the expanded repeat that serves as a
template for RAN translation, but do not asso-
ciate with repeat length (Gendron et al. 2015).

DPR Protein Pathology and Clinical/
Neuropathological Correlations

The low abundance of DPR protein inclusions
in the spinal cord, which shows marked motor
neuron loss in c9ALS, renders the contribution
of RAN translation to disease pathogenesis un-
clear (Ash et al. 2013; Gendron et al. 2013; Zu
et al. 2013; Gomez-Deza et al. 2015; Schludi
et al. 2015). In addition, reports on clinical
and neuropathological correlations with DPR
protein pathology have been conflicting, per-
haps because different methods to estimate
DPR protein pathology were used (e.g., semi-
quantitative versus quantitative measures), dif-
ferent neuroanatomical regions and DPR pro-
teins were evaluated, and the staging of cases
also differed (i.e., clinically versus neuropatho-
logically) (Mackenzie et al. 2013, 2015; Mann
et al. 2013; Davidson et al. 2014; Schludi et al.
2015). Although Mackenzie and colleagues
found TDP-43 pathology to closely parallel
neurodegeneration, they detected only moder-
ate associations between the amount of poly(GA)
dystrophic neurites and degeneration in the
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frontal cortex, and between total poly(GA) pa-
thology and disease onset (Mackenzie et al.
2013, 2015). Moreover, they observed no other
relationship between DPR protein pathology
and clinical phenotype or neurodegeneration
in their cohort of 35 cases representing the clin-
ical spectrum associated with the C9ORF72
mutation (Mackenzie et al. 2013, 2015). Like-
wise, the Mann group found no significant dif-
ferences in the pattern or frequency of poly(GA)
inclusions among FTD, ALS, and FTD-MND
cases caused by C9ORF72 repeat expansions,
nor did they observe differences in the extent
of TDP-43 pathology between FTD patients
bearing an expansion and those who did not
(Davidson et al. 2014). Conversely, the Edbauer
group discovered that, in a cohort of 14
C90ORF?72 expansion carriers, poly(PR) aggre-
gates, despite being present in very low frequen-
¢y, were more common in the hippocampus of
FTLD cases compared with MND cases, and
that poly(GA) inclusions in cerebellar granule
cells were significantly more abundant in FTLD
cases compared with MND or FTLD-MND
cases (Schludi et al. 2015). Finally, taking a de-
parture from traditional immunohistochemical
approaches and instead using immunoassays to
quantitatively measure poly(GP) and poly(GA)
levels in various brain regions from 55
C90ORF72 mutation carriers, the Petrucelli
group observed that poly(GP) levels in the cer-
ebellum were significantly lower in patients with
ALS compared with patients with FTLD or
FTLD-MND. Furthermore, although cerebellar
poly(GP) did not associate with age of disease
onset or survival after onset in this large cohort,
it did associate with cognitive impairment in 15
c9ALS patients for whom neuropsychological
data were available (Gendron et al. 2015). Taken
together, the latter two studies implicate cere-
bellar abnormalities as a contributor to the neu-
ropathological and clinical heterogeneity asso-
ciated with C9ORF72 repeat expansions. Given
that DPR protein expression is highest in the
cerebellum (Gendron et al. 2015), that robust
transcriptome changes occur in the cerebellum
of c9ALS patients (Prudencio et al. 2015), that
cerebellar atrophy is reported in C9ORF72 ex-
pansion carriers (Mahoney et al. 2012; Sha et al.
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2012; Whitwell et al. 2012), and that the grow-
ing body of neuroimaging and clinical evidence
supports cerebellar involvement in cognitive
and affective regulation (Koziol et al. 2014),
more thorough investigations on the role of
the cerebellum in c¢9ALS/FTD pathogenesis
are warranted. In addition, the findings above
collectively suggest that DPR protein patholo-
gy/expression may influence clinical features of
C90RF72 repeat expansion despite a lack of as-
sociation with TDP-43 pathology or neuro-
degeneration. Along this line of thought, the
discovery of a cOFTD kindred with early intel-
lectual disability and extensive poly(GA) inclu-
sions but little, if any, TDP-43 pathology could
indicate that DPR proteins are harmful or, at the
very least, that clinical symptoms can manifest
in C9ORF72 expansion carriers prior to TDP-
43 pathology (Proudfoot et al. 2014). This is
further supported by three COORF72 mutation
carriers who developed fairly rapid cognitive
decline but died prematurely because of un-
related illness; these patients had abundant
poly(GA) pathology but only sparse TDP-43
pathology (Baborie et al. 2015). Despite the
marked poly(GA) pathology in these patients,
it must nonetheless be kept in mind that their
clinical features could also have been caused
by C9ORF72 loss of function and/or RNA tox-
icity. The same is true for findings emerging
from the above-described correlation studies
between DPR protein pathology and clinical
phenotypes. Nevertheless, findings from several
groups that specifically examined DPR proteins
in a variety of models provide compelling evi-
dence that certain DPR proteins are toxic (Zu
et al. 2013; Kwon et al. 2014; May et al. 2014;
Mizielinska et al. 2014; Wen et al. 2014; Zhang
et al. 2014; Freibaum et al. 2015; Jovicic et al.
2015; Tao et al. 2015; Tran et al. 2015; Yamakawa
et al. 2015; Yang et al. 2015).

In Vitro and In Vivo Models of DPR Protein
Toxicity

To distinguish between repeat RNA and DPR
protein toxicity, the Isaacs group used an ele-
gant strategy to generate either “pure repeats,”
which could form foci and be RAN translated,
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or “RNA-only” repeats, which formed foci but
were not RAN translated because of stop codons
interrupting the repeats. Expression of the pure
repeats in the Drosophila eye caused eye degen-
eration not observed when RNA-only repeats
were expressed. Similarly, the expression of
pure repeats, but not RNA-only repeats, in adult
neurons caused early lethality of flies (Mizielin-
ska et al. 2014). These in vivo experiments dem-
onstrated that the C9ORF72 repeat expansion
likely causes toxicity through the production
of DPR proteins in this model. The Gao group
reached a similar conclusion using their Droso-
phila model, which expressed a COORF72 mini-
gene that contained 160 G,C, repeats flanked
by human intronic and exonic sequences. Al-
though abundant nuclear RNA foci formed in
the neurons and glia of these flies, DPR protein
levels were extremely low and virtually no tox-
icity ensued (Tran et al. 2015). By comparing
poly(GP) protein levels between their (G4C,) 40
flies and the Isaacs fly model that expressed 36
highly toxic G,C, repeats in the context of a
poly(A)* mRNA, the Gao group found pol-
y(GP) levels to be ~100-fold higher in
(G4C,) 36 flies than in (G4C,) 4 flies, presum-
ably because the poly(A) tail allowed (G4C,)36
to be efficiently exported to the cytoplasm for
RAN translation. Furthermore, the Gao group
observed that the modest toxicity that emerged
in (G4C;)160 flies when subjected to a higher
temperature correlated with an increase in
DPR protein production but not in RNA foci
(Tran et al. 2015). These data suggest that the
marked and mild toxicity observed in flies ex-
pressing (G4C,)36 and (G4C,) 160, respectively,
was caused by DPR proteins. In fact, the Gao
group postulated that nuclear foci are neutral
intermediates or possibly even protective, as
they prevent the export of 1(G4C;)exp to the
cytoplasm and subsequent RAN translation.
To determine which DPR proteins were tox-
ic in Drosophila, Mizielinska et al. took advan-
tage of “protein-only” constructs that use alter-
native codons to those found within the G,C,
repeat to express poly(GR), poly(PR), poly(GA),
or poly(PA). When these DPR proteins were
expressed in the eye, only the arginine-contain-
ing DPR proteins were toxic. When expressed in

adult neurons, (GR)o9o and (PR),¢ caused a
substantial decrease in survival, (GA), caused
a late-onset reduction in survival, and (PA);gq
had no effect (Mizielinska et al. 2014). Several
other groups have shown poly(PR) and/or pol-
y(GR) to be toxic in Drosophila (Wen et al. 2014;
Freibaum et al. 2015; Yang et al. 2015). For in-
stance, the Trotti group demonstrated that
(PR)sg, but not (GA)s, or (PA)s, caused severe
neurodegeneration in the fly eye and early le-
thality when expressed in motor neurons (Wen
et al. 2014). This group also showed that exog-
enous poly(PR) proteins dramatically decreased
primary cortical neuron survival, with the risk
of death being considerably increased if nuclear
aggregates were present. Interestingly, the Trotti
group found poly(PR) aggregates to be very sta-
ble and to remain present even after the neurons
harboring them had died (Wen et al. 2014).
Together, these findings suggest that poly(GR)
and poly(PR) contribute to neurodegeneration;
because both of these DPR proteins are argi-
nine-rich, they may even share pathological
mechanisms. Multiple studies provide evidence
that one such mechanism may involve impaired
RNA biogenesis and nucleolar stress (Kwon
et al. 2014; Wen et al. 2014; Jovicic et al. 2015;
Tao et al. 2015; Yang et al. 2015), and others
suggest these arginine-rich proteins impair the
dynamics of RNA granules (i.e., stress granules
and P bodies) (Wen et al. 2014; Tao et al. 2015;
Yamakawa et al. 2015). Another likely mecha-
nism of disease has emerged through genetic
modifier screens using yeast and Drosophila
models—impaired nucleocytoplasmic trans-
port (Freibaum et al. 2015; Jovicic et al. 2015).
Using codon-optimized constructs to express a
given DPR protein without the use of G4C, re-
peat sequences, the Gitler group found that ar-
ginine-rich DPR proteins, especially poly(PR),
were toxic in yeast. Subsequent unbiased screens
to identify genetic modifiers that suppressed or
enhanced poly(PR) toxicity uncovered genes
involved in nucleocytoplasmic transport; these
included members of the karyopherin family of
nuclear import proteins, components of the
nuclear pore complex, and regulators of the
RAN-GTPase cycle, which generates the energy
needed to power nuclear import. Notably, up-
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regulating karyopherin expression rescued pol-
y(PR) toxicity (Jovicic et al. 2015). A genetic
screen to find modifiers of (G4C,)sg toxicity in
Drosophila similarly led to the identification of
genes encoding proteins with nucleocytoplas-
mic transport functions, including several com-
ponents of the nuclear pore complex and the
machinery that coordinates the import of nu-
clear proteins and the export of nuclear RNA
(Freibaum et al. 2015). With regard to the latter,
cells of (G4C,)sg-expressing Drosophila and
c9FTD iPSNs showed evidence of nuclear RNA
retention, consistent with defects in RNA ex-
port. Overall, there is a compelling body of
work supporting the toxicity of arginine-rich
DPR proteins.

Based on data from multiple models inves-
tigating poly(GA) (in the absence of the con-
founding contribution of RNA toxicity or the
expression of other DPR proteins), a case in
favor of poly(GA) toxicity is also mounting
(May et al. 2014; Mizielinska et al. 2014; Zhang
et al. 2014; Jovicic et al. 2015; Yamakawa et al.
2015). When expressed in cultured cell lines,
rodent primary neurons, and P10 mice, poly(GA)
formed soluble and insoluble high-molecular-
weight species, as well as inclusions positive for
p62 and ubiquitin, the majority of which were
cytoplasmic, although nuclear inclusions were
also observed (May et al. 2014; Zhang et al.
2014; Schludi et al. 2015; Yamakawa et al.
2015). Zhang et al. found that expression of
GFP-(GA)s5, induced caspase 3 activation and
increased extracellular lactate dehydrogenase
(LDH) levels in HEK293T cells. Although May
et al. failed to see similar poly(GA)-induced
toxicity in their HEK293FT cultures, both
groups found that poly(GA) proteins were neu-
rotoxic to primary rodent neuronal cultures. As
in cultured cells, poly(GA) proteins formed
p62- and ubiquitin-positive inclusions in neu-
ronal cultures, which was associated with the
activation of caspase 3, DNA fragmentation,
impaired neurite outgrowth or branching, and
enhanced LDH release (May et al. 2014; Zhang
etal. 2014). Poly(GA) expression was also asso-
ciated with increased p62 expression (May et al.
2014) and the accumulation of ubiquitinated
proteins (Zhang et al. 2014), which suggests
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impaired activity of the UPS. Consistent with
this finding, Zhang et al. found that proteasome
activity decreased in neurons expressing GFP-
(GA)sp, which, in turn, led to activation of en-
doplasmic reticulum (ER) stress, the inhibition
of which provided rescue from poly(GA)-in-
duced neurotoxicity. Importantly, mRNA levels
of ER stress markers ATF4 and CHOP were sig-
nificantly increased in the frontal cortex of
C9ALS cases compared with sporadic ALS cases
(Zhang et al. 2014), and c9ALS iPSNs exhibited
an increased vulnerability to tunicamycin, an
ER stress inducer (Haeusler et al. 2014), offering
compelling evidence that UPS dysfunction and
ER stress may be pathogenic mechanisms in
c9ALS/FTD.

Offering additional support that the UPS is
influenced by poly(GA) proteins, Yamakawa et
al. reported that poly(GA), as well as poly(GP)
and poly(GR), caused UPS dysfunction in cul-
tured cells and also rendered cells more vulner-
able to UPS inhibition. Furthermore, through
an unbiased approach to identify poly(GA)-
interacting proteins, May et al. found that pro-
teasomal subunits and other ubiquitin-related
proteins (e.g., ubiquilin 1 and 2) were enriched
in the poly(GA) interactome. Another interact-
ing partner of interest is Uncll9, a protein
required for the maintenance of the nervous
system architecture in C. elegans that, when mu-
tated, causes movement, sensory, and behavio-
ral abnormalities in this model (Maduro et al.
2000; Knobel et al. 2001). When coexpressed
with poly(GA) in HEK293 cells or primary
neurons, Uncl19 colocalized with poly(GA) in-
clusions and became insoluble, in contrast to its
normal diffuse cytoplasmic localization. As the
sequestration of Uncl19 could cause its loss
of function and contribute to neurotoxicity,
this potential pathomechanism was examined.
Knocking down Uncl19 in primary neurons
led to dendritic withering, akin to that observ-
ed upon poly(GA) expression, and neuronal
death. Furthermore, Uncll19 overexpression
was able to partially reduce toxicity associated
with poly(GA) expression, again suggesting
that Uncl19 loss of function contributes to
poly(GA)-induced neurotoxicity. It is thus of
interest that inclusions of Uncl19 were ob-
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served in tandem with a loss of cytosolic
Uncl19 staining in the brain of C9ORF72
expansion carriers. Overall, multiple lines of
evidence suggest that poly(GA) proteins, the
most abundantly expressed DPR protein in
c9FTD/ALS, are detrimental.

C9ALS/FTD THERAPEUTICS AND
BIOMARKERS

The substantial advances made toward elucidat-
ing how C9ORF72 repeat expansions contribute
to ¢9ALS/FTD provide insight into potential
therapeutics and diagnostics. Based on the as-
sumption that r(G4C;)exp and r(G,Cy)eyp are at
the crux of c9ALS/FTD pathogenesis, as they
are required for foci formation and RAN trans-
lation, strategies that target these transcripts and
result in their neutralization or degradation
could effectively block early culprits of disease.
It is therefore promising that several groups have
identified C9ORF72-targeting antisense oligo-
nucleotides (ASOs) that mitigate 1(G4Cy)exp
foci formation, gene expression alterations, en-
hanced susceptibility to excitotoxicity, and/or
nucleocytoplasmic transport deficits in ¢9ALS/
FTD fibroblasts, iPSN, and/or (G4C,)sp-ex-
pressing Drosophila (Donnelly et al. 2013; La-
gier-Tourenne et al. 2013; Sareen et al. 2013;
Zhang et al. 2015). Boding well for the potential
use of ASOs to treat ¢9ALS/FTD, intrathecal
administration of ASOs against SOD1 was well
tolerated and showed no significant adverse
events in a phase 1 study, and ASOs are moving
toward a phase 3 trial for spinal muscular atro-
phy (Miller et al. 2013; Reddy and Miller 2015;
Wirth et al. 2015). In addition to ASOs, small
molecules offer an attractive approach for tar-
geting 1(G4C,)exp and r(G,Cy)exp given phar-
macological advantages, such as their small
molecular weight, which is important for
blood—brain barrier permeability. Indeed, the
Disney and Petrucelli groups recently identified
small molecules that bind the hairpin structure
of 1(G4Cy)exp in vitro and in cells, and that
significantly decrease RAN translation and
foci formation in cultured cells overexpressing
r(G4C,)¢6 and iNeurons derived from C9ORF72
repeat expansion carriers (Su et al. 2014). On an

encouraging note, data from the Petrucelli
(G4C;) 66 mouse model imply that therapeutics
targeting G4C, repeat RNA to mitigate foci
formation and RAN translation should also
attenuate TDP-43-mediated toxicity (Chew
et al. 2015).

Should findings in yeast and Drosophila that
implicate defective nucleocytoplasmic trans-
port as a disease mechanism bear out in mam-
malian models and patient-derived cells/tis-
sues, this pathway would offer additional
prospective therapeutic targets for c9ALS/
FID. It is thus noteworthy that TMPyP4, a
porphyrin compound that destabilizes RNA
G-quadruplex structures and that blocks in
vitro interactions between r(G4C,)g and its
protein-binding partners (Zamiri et al. 2014),
was found to similarly reduce the affinity of
RanGAP1 for 1(G4C,)10 (Zhang et al. 2015).
Moreover, TMPyP4, as well as a small-molecule
inhibitor of nuclear export, rescued nuclear im-
port defects and eye neurodegeneration in
(G4Cy)s0-expressing Drosophila (Zhang et al.
2015).

For all ¢9ALS/FTD therapeutic strategies
being investigated, there are considerations to
keep in mind. Among them, their effect on
C90ORF72 mRNA expression should be carefully
monitored. Although the exact contribution
of C9ORF72 loss of function must still be deci-
phered, causing a further decrease in COORF72
expression by a purportedly protective inter-
vention could have adverse effects, especially
in light of the finding that higher levels of
C90ORF72 variant 1 are associated with pro-
longed survival after disease onset (van Blitter-
swijk et al. 2015). Therapeutics that increase
CI90ORF72 expression may reverse harmful
effects that could occur as a consequence of
CI90REF72 loss of function, although it would
be important that they not do so at the expense
of increasing 1(G4C,)exp and 1(G,Cy)exp- Be-
cause epigenetic processes mediate the decrease
in C9ORF72 mRNA expression in c9ALS/FTD,
they may offer a unique opportunity for thera-
peutic development; however, caution is needed
given findings suggesting that transcriptional
silencing of C9ORF72 through CpG island
hypermethylation is protective by virtue of de-
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creasing RNA foci formation and RAN transla-
tion (Belzil et al. 2013, 2014; Xi et al. 2013, 2014,
2015a,b; Liu et al. 2014; Russ et al. 2014; Gijse-
linck et al. 2015; He et al. 2015; McMillan et al.
2015).

To increase the probability of success in de-
veloping efficient therapeutic interventions,
biomarkers and pharmacodynamic measures
of disease activity and drug action must be iden-
tified. These biomarkers could encompass epi-
genetic, RNA, or protein signatures unique to
C90RF72 repeat expansion carriers that can be
easily detected (e.g., in cerebrospinal fluid
[CSF], blood, skin, and other biofluids or pe-
ripheral tissues). One such potential biomarker
recently came to light with the discovery that
poly(GP) DPR proteins are detectable in
the CSF of c9ALS patients but not sporadic
ALS patients (Su et al. 2014). This discovery
could not only facilitate the identification of
C90ORF72 repeat expansion carriers in the
course of diagnostic workups, but may also
pave the way in determining whether changes
in DPR protein levels in CSF correlate with clin-
ical phenotype or disease severity and progres-
sion. Importantly, CSF DPR proteins, especially
poly(GP) proteins that are synthesized from
both sense and antisense transcripts, may prove
useful as a pharmacodynamic biomarker to as-
sess the efficacy of r(G4C,)exp- OF 1(G2Cy)exp-
targeting therapies. The existence of DPR pro-
teins in CSF also raises the possibility of their
propagation from neuron to neuron, a phe-
nomenon that is becoming more widely recog-
nized in neurodegenerative diseases. Whether
DPR proteins are released from cells by regulat-
ed processes or as a result of degenerating neu-
rons, and whether pathology may be propagat-
ed in this fashion are questions that are worthy
of investigation.

CONCLUSION

Since the relatively recent discovery of COORF72
repeat expansions, an impressive and fruitful
effort has been put toward investigating the
mechanisms of disease. The normal functions
of COORF72 are being pieced together, the in-
teracting partners of 1(G4C,)exp and 1(G,Cy) exp

Disease Mechanisms of COORF72 Repeat Expansions

identified, the toxic potential of DPR proteins
evaluated, and many new models developed. In
addition to these studies, therapeutic approach-
es are being explored and biomarkers sought.
Nevertheless, the exact pathomechanisms of
C90RF72 expansions remain unknown, and
much work lies ahead. Indeed, it is critical to
confirm findings from experimental models in
large series of patient-derived cells and tissues.
It is nonetheless interesting to note that certain
abnormalities, such as nucleolar stress, RNA
dysregulation, nucleocytoplasmic transport
deficits, and impaired protein degradation,
have been uncovered by studies investigating
RNA and DPR protein toxicity, as well as
CI90RF72 loss of function. Also presently
obscure, despite recent clues, is how the same
repeat expansion, albeit with varying repeat
lengths, causes a wide spectrum of clinical phe-
notypes. Overall, much about c9ALS/FTD re-
mains to be untangled, but should the current
pace of research on these devastating diseases
continue, our understanding of c9ALS/FTD is
expected to grow swiftly.
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