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Abstract

GGGGCC (G4Cy) repeat expansion in CIORF72is the most common genetic cause of ALS and
FTD. An important issue is how repeat RNAs and their translation products—uvarious dipeptide
repeat (DPR) proteins—cause neurodegeneration. Drosophila has been widely used to model
G4C, repeat RNA and DPR protein toxicity. Overexpression of disease molecules in flies has
revealed important molecular insights. These have been validated and further explored in human
neurons differentiated from induced pluripotent stem cells (iPSCs), a disease-relevant model in
which expanded G4C, repeats are expressed in their native molecular context. Approaches that
combine the genetic power of Drosophila and the disease relevance of iPSC-derived patient
neurons will continue to unravel the underlying pathogenic mechanisms and help identify potential
therapeutic targets in C9ORF72-ALS/FTD.
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C90RF72 Repeat Expansion in ALS and FTD

Amyotrophic lateral sclerosis (ALS), or Lou Gehrig’s disease, is a fatal, progressive
neurodegenerative disorder caused by degeneration of upper and lower motor neurons in the
brain and spinal cord [1]. Although ALS has long been considered a motor neuron disease,
some ALS patients have symptoms of frontotemporal dementia (FTD), and the two
disorders share many pathological and genetic features and several dysfunctional molecular
pathways downstream of many common disease-causing genetic mutations [2]. FTD, the
second most common form of presenile dementia after Alzheimer’s disease, is accompanied
by focal degeneration of the prefrontal and/or temporal cortex and changes in behavior,
language, and executive functions [3]. FTD is a clinically heterogeneous disorder that

"Correspondence: fen-biao.gao@umassmed.edu (F.-B.G.).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuva-Aydemir et al.

Page 2

includes behavioral variant FTD, semantic dementia, progressive nonfluent aphasia, FTD
with motor neuron disease, and other conditions [3].

The most common genetic cause of both ALS and FTD is a GGGGCC (G4C,) repeat
expansion in the noncoding region of a previously uncharacterized gene, C9ORF72[4, 5].
How a single genetic mutation such as CIORF72 repeat expansion causes distinct yet
overlapping diseases is unclear. It is possible that different genetic modifiers and
environmental influences also play a role. The identification of this unusual ALS/FTD-
causing mutation in 2011 galvanized the field, leading to breathtaking progress in recent
years. Much of this progress reflects the intellectual challenge posed by the multifaceted
nature of the underlying pathogenic mechanisms. First, CIORF72 expression is reduced by
G4C, repeat expansion, suggesting haploinsufficiency as a potential disease-causing
mechanism. In cells and tissues of CIORF72 patients, expression of CIORF72transcript
variant 2 and total full-length COORF72 is reduced by expanded repeats in the promoter
region [4, 6-11]. However, C90rf72knockout mice have no detectable neurodegeneration
[12-18], arguing against haploinsufficiency as a primary mechanism of disease, although
partial loss of C9orf72function in microglia may influence disease progression [16].

Additional pathogenic mechanisms of CIORF72-ALS/FTD are suggested by other
molecular hallmarks of the disease. Nuclear and cytoplasmic RNA foci formed by sense and
antisense expanded G4C, repeat transcripts imply that disease phenotypes are induced by
RNA-mediated toxicity, since these foci might sequester RNA binding proteins and
consequently alter RNA metabolism, as in other repeat expansion disorders [19]. Another
distinctive feature of C9ORF72-ALS/FTD is the accumulation of dipeptide repeat (DPR)
proteins, mostly in the cytoplasm of patient neurons [20-22]: poly(GR), poly(GA), and
poly(GP) are synthesized from the G4C, sense repeat transcripts, while poly(PR), poly(PA),
and poly(PG) are produced from the antisense strand. Repeat-associated non-AUG (RAN)
translation is proposed to be the mechanism responsible for DPR protein production [22];
however, other unconventional translational mechanisms may also be involved in neurons
and other cell types of CIORF72 patients [23].

The presence of both RNA foci and DPR proteins in the brains of C9ORF72-ALS/IFTD
patients [4, 20-22], in human neurons derived from CIORF72-induced pluripotent stem
cells (iPSCs) [7, 8, 24], and in CIORF72BAC transgenic mice [15, 25-27] raises important
questions about their relative contributions to the disease pathogenesis: (1) Are G4C, RNA
foci toxic? If so, are they sufficient to cause disease? (2) Does unspliced CIORF72 pre-
MRNA or an intron containing spliced G4C» repeats serve as a template for DPR protein
synthesis? (3) Are DPR proteins necessary or sufficient to induce neurotoxicity? (4) Which
DPR proteins are more toxic and what is the mechanism of their toxicity? (5) What cellular
defects do endogenously expressed repeat RNA and DPR proteins cause in human neurons?
To address these important questions, both Drosophilaand C9ORF72-ALS/FTD patient-
specific iPSCs have been used productively in recent years. Insights from these studies are
discussed below.
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Drosophila as a Genetic Model for Neurodegenerative Diseases

Molecular

During the last two decades, Drosophilahas emerged as a highly valuable in vivo genetic
organism for modeling various neurodegenerative diseases, such as Huntington’s disease,
spinocerebellar ataxia, and Parkinson’s disease [28, 29], in part because of evolutionary
conservation of many gene functions and related molecular mechanisms between human and
fly. Basic research in Drosophila has generated many genetic tools for analyzing both loss-
and gain-of-function mutants. Moreover, the reduced complexity of the fly brain and the
brief life span of flies make it feasible to conduct unbiased large-scale genetic screens to
discover novel modifier pathways and mechanisms. Fly models are also used to test drugs
and therapeutic compounds [e.g., 30]. On the other hand, disease phenotypes associated with
cognitive and behavioral defects may not be truly recapitulated in Drosophila. Another
limitation is the anatomical difference between human and fly brain, which makes it
impossible to address in Drosgphila the selective vulnerability seen in most
neurodegenerative diseases. Moreover, most fly models rely on the overexpression of disease
molecules, and many cellular phenotypes under investigation are developmental rather than
late onset in the adult brain.

Contexts of Expanded G,C, Repeats in Drosophila Models

Since the discovery of CIORF72repeat expansion in 2011 [4, 5], several Drosophila models
expressing expanded G4C» repeats have been established to analyze the gain of toxic
function in a manner mostly similar to that used for other repeat expansion diseases [31-35].
These models have been useful for determining whether the RNA or DPR protein toxicity is
the primary cause of disease and for discovering potential pathogenic mechanisms.
However, each fly model has unique molecular features, and the length and molecular
context of the G4C, repeats in these models vary, which is critically important for the proper
interpretation of the toxicity of repeats and the potential implications for our understanding
of the pathogenic mechanisms of C9ORF72-ALS/FTD.

The first fly model of G4C, repeat expansion was generated by cloning either 3 or 30 copies
of repeats downstream of the upstream activating sequence (UAS) element in the pUAST
vector, which allows spatial control of target gene expression in tissue-specific Ga/4 driver
lines [31]. The 30 G4C, repeats were interrupted in the middle by a 6-nucleotide X#ol
restriction site in the 5 untranslated region (5" UTR) of the gene encoding EGFP followed
by the SV40 3" UTR containing a polyadenylation signal [(G,C2)3-EGFP, Figure 1A]. In
this construct, it is predicted that poly(GP) is in frame with EGFP and that poly(GR) has an
unnatural C-terminal polypeptide consisting of six amino acids. However, poly(GP) and
poly(GR) were not detectable when the construct containing the interrupted 30 copies of
G4C, repeats was expressed with GMR-Gal4 to induce retinal degeneration [36]. On the
other hand, poly(GA\) is predicted to be in frame with an unnatural protein of 317 amino
acids (P. Jin, personal communication). It is not known whether this poly(GA)-containing
artificial protein is actually produced in this fly model.

In another fly model of G4C, repeat expansion, 3, 36, or 103 copies of uninterrupted G4C»
repeats were cloned into the pUASTartB vector between the UAS and an SV40 3'UTR
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containing a polyadenylation signal (Figure 1) [32]. In this model, as in the (G4C2)39-EGFP
flies described above, G,C, repeats are also expressed in the molecular context of poly(A)*
MRNA,; thus, as expected, repeat RNA is mainly localized in the cytoplasm [33]. Each
salivary gland cell expressing (G4C2)3s0r (G4C2)103has one nuclear RNA focus [32,33],
which seems to be the site of repeat RNA transcription, as the focus colocalizes with RNA
polymerase 11 and flies homozygous for the repeat transgene have two foci in each cell [33].
In this model, poly(GP) can be detected by western blot and poly(GR) by dot blot [32].
Unnatural C-terminal fragments are likely also synthesized from the vector sequence
adjacent to the repeat RNA, but this has not yet been demonstrated experimentally. To block
DPR production, 6 nucleotides containing stop codons in both sense and antisense directions
were inserted periodically after every 12 repeats. This construct was named “RNA only
(RO)” [(G4C2)36-RO, Figure 1) [32].

In human patients, expanded G4C, repeats are located in the first intron of C9ORF72, and
repeat RNA is mostly localized in the nucleus [4]. To recapitulate this genomic organization
in a fly model, a mini C9ORF72 gene was constructed in which 5, 20, 40, 80, or 160 copies
of G4C, repeats are flanked by human intronic sequences of CIORF72and adjacent exons
(Figure 1) [33]. This mini CI9ORF72 gene was cloned into the pBID-UASC vector, which
contains the same SV40 3’UTR as in fly models described above. In this model, the intron
containing 160 G4C, repeats is efficiently transcribed and spliced out, as in human
CI9ORF72 cells, and forms numerous nuclear RNA foci in neurons and glial cells [33].
Moreover, poly(GP) is detectable but expressed at roughly 1% of the level in (G4C5) 35 flies
[33], probably because (G,4C2)3sin the context of poly(A)* mRNA is exported from the
nucleus and translated in the cytoplasm much more efficiently than intronic repeat RNA.

In 2015, two additional fly models of G4C5 repeat expansion were reported. In the (G4C5)55-
GFPmodel, 58 copies of uninterrupted G,C, repeats were placed 5 to the coding region of
GFP but without the AUG translation initiation site in the pUASTattB vector (Figure 1) [34].
In this model, G4C5 repeats are also part of poly(A)* mRNA. Poly(GP) is in frame with
GFP, and indeed a single band on western blot could be detected by poly(GP) or GFP
antibodies [34], although the translation initiation site for this chimeric protein has not been
mapped yet. Moreover, poly(GR) with a predicted short C-terminus, but not poly(GA) or
poly(PR), was detected by dot blot in (G4C5)55-GFPflies [34]. Finally, in the (G4C5)4s
model, 6 stop codons were engineered into 3 different reading frames 5” adjacent to 48
copies of uninterrupted G4C, repeats in the pUAST vector containing the same 3"UTR as all
the other fly models mentioned above (Figure 1) [35]. The production of DPR proteins in
this fly model was not examined [35].

Drosophila Models of DPR Protein Toxicity

Are DPR proteins sufficient to cause toxicity in CIORF72-ALS/FTD? To answer this
important question, several groups created Drosophila models of DPR protein toxicity by
optimizing codons to disrupt RNA G-quadruplex structure and to express individual DPR
proteins of different lengths in Drosophilathrough conventional AUG-initiated translation.
These models include 36 and 100 copies of GA, GR, PA, and PR [32]; GFP-tagged 50
copies of GA, PA, and PR [37]; Flag-tagged 80 copies of GA, GR and PR [38]; GFP-tagged
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47 copies of GP, and 50 copies of GA and GR [34]; and Flag-tagged 25 or 50 copies of GA,
GR, PA, and PR [39]. Unlike the expanded G4C, repeat models described above, these DPR
protein models differ only in their length and tag. It is worth noting that in C9ORF72
patients, the exact length and composition of different DPR proteins remain unknown, and
the expression level of each DPR protein may vary by anatomical region and in different
neuronal cell types as a result of different rates of production and degradation. Moreover,
sensitive ELISA assays to quantify the level of each DPR protein remain to be developed.
Thus, Drosophila models overexpressing DPR proteins of different lengths have their
limitations but are likely to be informative.

Insights from Drosophila Models of C9ORF72 Repeat Expansion

RNA foci versus DPR toxicity

The relative contributions of repeat-containing RNA foci versus DPR proteins to disease
pathogenesis were one of the first issues addressed in the Drosophila models of G4C, repeat
expansion described above. Expression of (G4C)ss0r (G4C2)193in the eye caused
neurotoxicity and rough eye phenotypes, and regulated expression of these constructs in
adult postmitotic neurons reduced life span [32]. On the other hand, stop codons inserted
into G4C, repeat sequences to stop DPR protein abolished repeat toxicity [32]. Although
repeat RNA toxicity cannot be completely ruled out since these stop codons may change the
secondary structure of the repeat-containing mRNA, these results suggest that DPR proteins
generated from these repeats are the dominant toxic agents in this fly model [32]. Consistent
with this notion, expression of poly(GR) and poly(PR), but not other DPR proteins, in the fly
eye causes retinal degeneration [32, 34, 37, 38]. Moreover, interrupted antisense RNA
containing about 100 copies of G,C, repeats that cannot be translated into DPR proteins
does not elicit toxicity in Drosophila adult neurons [40].

In contrast to (G4C2);p3flies, flies with intronic (G4C2);4p €xpression that were grown at
25°C had no obvious toxicity in the eye or reductions in dendritic branching, locomotor
activity, or life span despite the abundance of nuclear RNA foci, consistent with very low
level expression of poly(GP) (and presumably other DPR proteins as well) [33]. Thus, the
subcellular localization and toxicity of G4C5 repeats are heavily influenced by their
molecular context (Figure 2). In intronic (G4C5);60flies grown at 29°C, however, life span
was modestly reduced and correlated with a 4-fold increase in poly(GP) production; the
number of nuclear G4C, RNA foci in neurons or glial cells remained the same [33]. Thus,
DPR proteins appear to be primarily responsible for disease phenotypes caused by intronic

(G4C2)160

Although results from Drosophila models cannot always be extrapolated to human patients,
recent studies of postmortem tissues from C9ORF72 patients indicate that RNA foci are not
the determinant of the clinicopathological phenotypes [41]. Moreover, among all DPR
proteins, only poly(GR) seems to be significantly abundant in clinically related brain areas
and correlates well with neurodegeneration [42]. Thus, it is critically important to further
understand how poly(GR) alone causes neurodegeneration. On the other hand, it is highly
likely that multiple DPR proteins are expressed in the same patient neuron. Indeed,
poly(GA) can recruit poly(GR) into p62-positive aggregates in Drosophila cells [38]. To
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further investigate this issue, Drosophila will be an excellent model system for determining
how different DPR proteins interact with each other.

Nucleocytoplasmic transport

Expression of (G4C),9-GFPand (G,4C2)59-GFPin a tissue-specific manner causes repeat-
length- and dosage-dependent retinal degeneration in the fly eye and morphological and
functional deterioration in motor neurons [34]. A collaborative large-scale genetic screen in
this fly model showed that several components of the nuclear pore complex, including
Nup50, Nup152, Nup107, and Nup160, enhance or suppress G4C, repeat toxicity [34].
Moreover, other genes that function in RNA export and protein import were identified as
genetic modifiers, highlighting the central role of nucleocytoplasmic transport in G4C»
repeat toxicity (Figure 3). Indeed, (G4C2)s3-GFP expression compromises the integrity of
the nuclear envelope of Drosophila salivary gland cells [34]. Because poly(GR), but not
poly(GA) or poly(GP), also causes retinal degeneration in the fly eye [32, 34, 37, 38], it is
likely that poly(GR) detected in (G,C2)sg-GFPis at least partly responsible for the
nucleocytoplasmic transport defects. Indeed, independent studies in yeast and fly by other
groups also identified proteins involved in nucleocytoplasmic transport as strong genetic
modifiers of toxicity induced by arginine-containing DPR proteins [39, 43] (Figure 3).

In a study of proteins that bind to G4C5 repeat RNA in vitro, overexpression of Ran GTPase-
activating protein (RanGAP) suppressed the rough eye phenotype induced by (G,C2)3s
EGFP, and several other nucleocytoplasmic transport genes also genetically modified repeat
toxicity [36]. RanGAP is a guanine exchange factor that catalyzes the hydrolysis of Ran-
GTP to Ran-GDP, which mediates the import of proteins into the nucleus [44]. In
Drosophila salivary gland cells expressing (G,4C2)30 EGFP, the nuclear:cytoplasmic ratio of
shuttling proteins such as Ran and TDP-43 is decreased [36]. Since RanGAP directly binds
to G4C, quadruplex RNA in an in vitro assay, and poly(GP) and poly(GR) were not detected
in (G,4C5)30 EGFPflies grown at ambient temperature, it was proposed that G4C, repeat
RNA is toxic in part because it sequesters RanGAP [36] (Figure 3). It is not known whether
poly(GA)-containing protein is expressed in this fly model or why the RNA toxicity in this
model, in which 30 copies of G4C, repeats are interrupted by the X/ol restriction site,
differs so drastically from that in flies expressing G4C, repeat RNA interrupted by stop
codons [(G4C>)36-RO] [32].

RNP granules

Like RanGAP [36], Pur-alpha—a DNA/RNA binding protein that participates in stress
granule formation and mRNA transport and translation in neuronal dendrites [45-47]—
interacts with G4C, repeat RNA in vitro [31]. In (G,4C2)30-EGFPflies, the rough eye
phenotype was mitigated by overexpression of Pur-alpha, suggesting that it, too, modifies
repeat toxicity [31]. A potential detrimental role for G4C, repeats in dendrites was suggested
by the finding that expression of (G4C)4gin Drosophila dendritic arborization neurons led
to branching defects that were modified by RNA transport proteins such as FMR1 and Orb2
[35]. Since poly(GR) can itself decrease dendritic branching [38], poly(GR) produced
through RAN translation might conceivably be at least partly responsible for dendritic
defects, in addition to toxicity caused by G4C, repeat RNA in neuronal transport granules.
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Independent proteomics analyses show that arginine-containing DPR proteins bind
preferentially to many RNA binding proteins, including components of stress granules (SGs)
[48-52]. Genes encoding many of these DPR-interacting proteins enhance or suppress
poly(GR) or poly(PR) toxicity in the Drosophila eye [48]. Similarly, a study using APEX
proximity labeling and mass spectrometry identified ~150 previously unknown human SG
proteins, some of which were stress- and cell type-dependent [53]. Moreover, fly
homologues of some of these newly identified SG genes genetically modified poly(GR)
toxicity in Drosophila cells [53]. Thus, dysregulation of SG dynamics and function may be a
central pathogenic mechanism in C9ORF72-ALS/FTD.

Induced Pluripotent Stem Cell (iPSC) Models of C9ORF72-ALS/FTD

In addition to Drosophila, induced pluripotent stem cell (iPSC) lines derived from skin
fibroblasts or other cell types is a complementary and powerful approach, since these iPSC
lines can be differentiated into different cell types such as cortical or motor neurons or glial
cells, and disease-causing mutations are expressed in their native genetic and molecular
contexts [54, 55]. Human neurons differentiated from iPSCs can be used to reveal many
disease-relevant molecular and cellular phenotypes, including some age-related phenotypes.
On the other hand, the selective vulnerability of different brain regions is challenging to
address in iPSC models of neurodegenerative diseases. Moreover, most if not all iPSC
differentiation protocols lead to the production of relatively immature human neurons that
may not fully recapiculate the aging process of mature neurons in vivo [56]. Nonetheless,
shortly after CIORF72 repeat expansion was discovered, three laboratories independently
generated iPSC lines from CIORF72-ALS/FTD patients [7-9]. These and additional iPSC
lines generated by other labs have been differentiated into cortical or motor neurons, and
studies of these cells have provided important insights into disease mechanisms.

RNA Foci Toxicity in C9ORF72 iPSC-Derived Human Neurons

Both nuclear RNA foci and DPR proteins are found in human cortical and motor neurons
differentiated from multiple C9ORF72iPSC lines [7, 8, 24, 49, 57, 58]. Although RNase H-
mediated degradation of repeat RNAs by antisense oligonucleotides appears to be beneficial
in C9ORF72iPSC-derived neurons and CIORF72BAC transgenic mice, treatment with
antisense oligonucleotides reduces the levels of both repeat RNA and DPR protein
production in neuronal and non-neuronal cells [8, 14, 24, 59, 60]. It is unclear therefore
whether the beneficial effects are mediated by loss of either repeat RNA or DPR proteins.
Some small molecules that bind to expanded G4C, RNA and reduce the number of RNA
foci also decrease DPR production in CI9ORF72iPSC-derived neurons or neurons directly
transdifferentiated from fibroblasts [58, 61]. Thus, the relative toxicities of RNA foci and
DPR proteins in human neurons are still unknown.

In vitro biochemical studies have identified a large number of proteins that can bind to
expanded G4C» repeat RNA in cell lysates [7, 8, 31, 62-68]. CIORF72iPSC-derived human
neurons have been widely used to examine the extent of sequestration of some of these
proteins in G4C, RNA foci. For instance, proteins reported to partially colocalize with RNA
foci in C9ORF72iPSC-derived human neurons and patient brain tissues include ADARB2
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[8], hnNRNP-A1 and Pur-a [9], nucleolin [67], RanGAP [36], and hnRNP-H [63, 65, 68]. It
is not known whether any of these proteins play a key role in neurodegeneration mediated by
repeat RNA toxicity as shown for Muscleblind in myotonic dystrophy [19].

Nucleocytoplasmic Transport Defects in C9ORF72 iPSC-Derived Human

Neurons

Nucleocytoplasmic transport defects reported in several Drosophila models of COORF72-
ALS/FTD have been confirmed in CIORF72iPSC-derived neurons and patient brain
samples, further supporting the role of this gene in disease pathogenesis. Nuclear retention
of RNAs has been observed in CIORF72iPSC-derived cortical neurons, indicating the
impairment of nuclear RNA export [34]. In C9ORF72iPSC-derived neurons or neurons
trandifferentiated from C9ORF72fibroblasts, the nuclear:cytoplasmic ratio of Ran and
RanGEF (RCC1) is decreased, leading to defects in nuclear import of proteins [36, 43].
Some defects related to nucleocytoplasmic transport were observed in CIORF72iPSC-
derived neurons but not in neurons generated from direct conversion [36, 43], probably
because of differences in differentiation protocols and/or the age of the neurons. The exact
mechanism of nuclear transport defects in CIORF72neurons is unclear, although both G4C,
RNA-mediated RanGAP depletion and DPR-mediated disruption of nuclear pore complex
have been suggested as potential mechanisms (Figure 3). Altered nucleocytoplasmic
transport in iPSC-derived motor neurons from sporadic ALS cases and ALS patients with
TDP-43 mutations has been attributed to TDP-43 pathology [69], providing further evidence
that nucleocytoplasmic transport defects are a common pathogenic mechanism in ALS/FTD.
In fact, nucleocytoplasmic transport is also impaired in iPSC-derived neurons from patients
with Huntington disease and in mouse models of the disease [70, 71].

Other Insights from COORF72 iPSC-Derived Human Neurons

Autophagy and Lysosomes

One of the first cellular defects revealed in C9ORF72iPSC-derived human neurons was
compromise of the autophagy pathway [7]. Autophagy is a cytoplasmic bulk degradation
pathway in which misfolded proteins and damaged organelles are transported to lysosomes
for degradation, a process altered in many neurodegenerative diseases [72]. CIORF72iPSC-
derived cortical neurons are more prone to cell death induced by autophagy inhibitors, and
the level of the autophagy adaptor protein p62 is elevated in these cells [7]. This cellular
defect could in part reflect partial loss of C9ORF72 function, since C9ORF72 protein has
been implicated in the regulation of autophagy through binding to SMCR8 and ULK1 [17,
73-76]. Under starvation conditions, COORF72 is also localizes to the surface of lysosomes
[75], and C9orf72knockout mice have enlarged lysosomes, especially in microglia [17].
Although C90rf72 knockout mice do not exhibit obvious neurodegeneration [12-18], partial
loss of C9orf72function, such as in microglia, may contribute to disease progression [16].
Indeed, COORF72 is required for lysosomal biogenesis in iPSC-derived motor neurons, and
partial loss of COORF72 impairs the clearance of endogenous DPR proteins [77]. More
importantly, ectopic C9ORF72 expression in motor neurons derived from patient iPSCs
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improves survival, indicating that COORF72 haploinsufficiency contributes to disease in the
presence of toxic DPR proteins [77].

Neuronal excitability

Another cellular phenotype found in C9ORF72iPSC-derived neurons is abnormal neuronal
excitability. C9ORF72 motor neurons fire fewer action potentials after 2 months in culture,
and the decrease correlates with altered expression of several genes including KCNQ3, a
regulator of neuronal excitability [24, 78]. However, hyperexcitability is observed in 2-
week-old iPSC-derived motor neurons with CIORF72 repeat expansion or other ALS
mutations, in part because of reduced delayed-rectifier potassium current amplitudes [78,
79], suggesting an age-dependent transition from hyper- to hypoexcitiability, at least in this
cellular model of CIORF72-ALS/FTD. Hyperexcitability was proposed to induce calcium
imbalance and subsequent excitotoxic cell death. Indeed, C9ORF72iPSC-derived motor
neurons are more susceptible to glutamate toxicity [8] and show increased CaZ*-permeable
AMPA receptor expression [80]. Because iPSC-derived motor neurons are more similar to
human fetal than adult spinal tissues [81], additional studies are needed to further investigate
the misregulation of neuronal excitability in adult neurons of CIORF72-ALS/FTD patients
[82].

Nucleolar stress

The nucleolus is the site for ribosome biogenesis and also serves as a sensor for different
types of stress. As a central hub for coordinated stress response, the nucleolus shows
significant changes in morphology and composition [83]. Nucleolar stress in CIORF72-
ALS/FTD was first suggested by the aberrant subcellular localization of nucleolin in
C9ORF72iPSC-derived motor neurons and patient motor cortex [68]. Subsequently,
nucleolin mislocalization was found in C9ORF72BAC transgenic mice but without
significant changes in ribosomal RNA processing or splicing [25]. DPR toxicity is likely at
least partly responsible for nucleolar stress in C9ORF72-ALS/FTD since overexpressed
poly(GR) or poly(PR) causes nucleolar stress such as nucleolar enlargement in both
Drosophila and mammalian neuronal or nonneuronal cells [37, 38, 84, 85]. However,
poly(GR) or poly(PR) does not seem to localize within the nucleolus in CIORF72 patient
brains [86], suggesting an indirect effect on nucleolar stress. Moreover, the extent of
nucleolar stress in C9ORF72 patient brains remains to be further clarified [85, 86].

DNA damage

In many neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease,
and ALS, DNA damage is increased and the DNA damage response is altered [87]. Indeed,
increased DNA double-strand breaks are found in 4-month-old but not 2-week-old
CI9ORF72iPSC-derived motor neurons [50]. Similar observations have been made in spinal
motor neurons from CIORF72 ALS patients [87]. Expression of poly(GR) in human control
iPSC-derived motor neurons or poly(GR) and poly(PR) in human neuroblastoma cells can
increase DNA damage [50, 88], in part because inhibiting ROS production partially
decreases poly(GR)-induced DNA damage and increases oxidative stress in human motor
neurons or poly(GR) toxicity in flies [50]. Moreover, increased DNA damage results in
elevated P53 in C9ORF72motor neurons, and partial reduction of P53 activity suppresses
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poly(GR) toxicity in flies [50]. The R-loop structure formed by G4C, DNA-RNA hybrid and
poly(GA) might also help increase DNA damage [89]. It remains to be determined how an
altered DNA damage response (DDR) pathway contributes to eventual neurodegeneration in
CIORF72-ALSIFTD.

Concluding Remarks

Disease-relevant cellular phenotypes have been identified in CIORF72iPSC-derived motor
or cortical neurons, and these cells have been increasingly used to confirm many phenotypes
first observed in other experimental systems (Figure 4). For instance, these neurons also
show vesicle trafficking defects [90], mislocalization of poly(GR)-interacting splicing
factors [91], and changes in expression levels of genes of interest [38, 92, 93]. CIORF72
iPSC-derived neurons have also been used to confirm cell-to-cell transmission of DPR
proteins [94] and to test beneficial effects of therapeutic drugs [95]. However, iPSC-derived
motor neurons are more similar to human fetal spinal tissues than adult spinal tissues [56],
and C9ORF72 promoter methylation status may change during reprogramming [96]. Thus,
novel experimental strategies are needed to establish better iPSC models of CI9ORF72-ALS/
FTD, such as use of three-dimensional organoid cultures [97]. Nonetheless, approaches
combining the power of genetic analyses in Drosgphila and the disease relevance of iPSC-
derived human neurons will undoubtedly continue to be useful both for addressing many
scientific challenges (see Outstanding Questions) and for revealing important insights into
pathogenic mechanisms and therapeutic targets of C9ORF72-ALS/FTD and other
neurodegenerative diseases.

Outstanding Questions

What are the major toxic molecules in each Drosophila or mouse model of G4C»
repeat expansion and iPSC-derived neurons? How does partial loss of COORF72
function contribute to disease pathogenesis?

What is the composition of the G4C, repeats in different C9ORF72 patients? Are
they pure repeats or interrupted by other nucleotide sequences? How are repeats
expanded or retracted in somatic cells?

What is the template for endogenous DPR production, spliced intron RNA
containing repeats or unspliced mMRNA? How are sense and antisense repeat RNAs
translated in patient cells? Accordingly, what are the N-terminus, C-terminus, and
size of different DPR proteins in patient cells?

Are all DPR proteins expressed in the same patient neuron or glial cell? What is
the relative contribution of each DPR protein to disease pathogenesis? How do
different DPR proteins interact with each other? What molecular events trigger
TDP-43 pathology?

Several cellular pathways have been implicated in the pathogenesis of CIORF72-
ALS/FTD. What is the relative contribution of alterations in each pathway in
disease initiation and progression? Which potential disease mechanism triggers
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the pathogenic events? How do different dysregulated molecular pathways interact
with each other during disease progression?

How does the repeat expansion in CIORF72 cause ALS in some carriers and FTD
in others? Do other genetic or environmental factors contribute to the different
manifestations of the same mutation?

What are the most predictive biomarkers for C9ORF72-ALS/FTD? Which
therapeutic approaches are the most effective?
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Highlights

The toxicity of expanded G4C5 repeats in Drosophila models is influenced by
their molecular context.

DPR proteins but not RNA foci are major toxic molecules in Drosophila
models of G4C, repeat expansion.

Nucleocytoplasmic transport defects are found in both Drosophila models of
G4C, repeat expansion and neurons derived from CIORF72iPSCs.

Multiple interconnected molecular pathways are dysregulated in C9ORF72-
ALS/FTD, such as autophagy, stress granule dynamics, oxidative stress DNA
damage, nucleolar stress, and neuronal excitability.

Experimental approaches that combine the genetic power of Drosophilaand
the disease relevance of iPSC-derived patient neurons are excellent strategies
to help uncover pathogenic mechanisms in C9ORF72-ALS/FTD.
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Figure 1. Schematic Representation of Different Drosophila Models of G4C» Repeat Expansion
Major features of the DNA constructs used for each model are presented. In all Drosophila

G4C, models, the UAS-GAL4 system is used to overexpress G4Co repeats with different
lengthes, and these models share common SV40 3’UTR containing a polyadenylation
signal. In the (G4C2)30-EGFP model, repeats are interrupted in the middle by a six base pair
sequence and followed by the EGFP coding region containing the ATG initiation codon. The
(G4C5)36 construct contains uninterrupted repeats, while the (G4C5)35-RO construct harbors
stop codons between every 12 repeats. The intronic (G4C2)160 construct mimics the human
C90ORF72locus, as 160 copies of repeat sequence are flanked by CIORF72 intronic
sequences and adjacent exons. In the (G4C»)sg-GFP model, 58 copies of repeats are
upstream to the GFP codon region but without the ATG start codon. The (G4C5)4g construct
contains stop codons in each frame 5” to the repeat sequence. The three columns on the
right list DPR proteins detected in these models when phenotypes are observed; the
proposed mechanism of toxicity; and the respective references.
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Figure 2. The Effect of Poly(A) Tail on the Subcellualr Localization and Toxicity of Expanded

G4C» Repeats

In (G4Cy)n-polyA models (top panel), repeat RNA is transported to the cytoplasm, where it
is translated into DPR proteins. Diffuse G4C, RNA is detected mostly in the cytoplasm, and
higher toxicity correlate with high levels of DPR protein production. In intronic (G4C2)n
models (bottom panel), repeat RNA accumulates in the nucleus as RNA foci and less DPR
protein is produced. Thus, only low levels of toxicity are observed.
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Figure 3. Overview of the Nucleocytoplasmic Transport Defects in COORF72-ALS/FTD
This cartoon summarizes the identified nuclear cytoplasmic transport defects in Drosophila,

yeast and CIORF72iPSC-derived neurons. G4C, quadruplex RNA disrupts the RAN
gradient and the nuclear import of proteins by binding to RanGAP, which catalyzes the
conversion of Ran-GTP to Ran-GDP. Impairment of nuclear export caused by repeat RNA or

DPR proteins leads to nuclear retention of RNA.
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Figure 4. Insights from C9ORF 72 Patient-Derived Human Neurons
Currently, patient-derived human neurons can be obtained by direct conversion of patient

cells to neurons or by reprograming of the patient cells into induced pluripotent stem cells
(iPSCs) followed by differentiation into neurons (iPSC-derived neurons). Several disease-
relevant cellular phenotypes have been identified in studies of neurons derived from
CI90ORF72 patient. These include defects in autophagy and lysosome biogenesis, glutamate
excitotoxicity, abnormalities in neuronal excitability, increased DNA damage, dysregulation
of gene expression networks, vesicle trafficking defects, and nucleolar stress. In other
instances, patient-derived neurons were used to confirm phenotypes observed first in other
experimental systems. Examples include nucleocytoplasmic transport defects discovered in
fly models, as well as pre-mRNA splicing and RNP granule transport defects and cell-to-cell
transmission of di-peptide repeat (DPR) proteins discovered in other cell models.
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