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Abstract

Mutations that expand a hexanucleotide (GGGGCC) tandem repeat sequence
(HTRS) in intron-1 of the COORF72 gene is the major cause of familial motor neuron disease
MND and frontotemporal dementia (FTD). The expanded HTRSs trigger abnormal bi-
directional transcription, which generates both sense and antisense RNA transcripts that
form foci. The subseguent translation of all reading frames of HTRSs generates five types
of dipeptide repeat proteins (DRPs) via Repeat-Associated Non-ATG (RAN) translation. The
sense (G4C2) RNA encodes poly-glycine-alanine (poly-GA), poly-glycine-proline (poly-GP),
and poly-glycine-arginine (poly-GR), while the antisense (C4G.) RNA generates poly-GP,
poly-proline-arginine (poly-PR), and poly-alanine-proline (poly-AP). The presumably toxic
RAN proteins aggregate in neurons suggesting that they play a crucial role(s) in NMD and
FTD pathogenesis. The mechanism underlying the DPR protein-induced neuronal toxicity

have not been fully elucidated.

The current thesis has employed a quantitative proteomics approach aimed at
understanding how these DRPs, as putative “junk” proteins, confer damage to the cellular
biochemistry via first identifying the protein interactome of each DRP and secondly by
determining the impact of these DRP sequences on the global proteome. To this end, we
have developed artificial CDNA constructs engineered by a randomized codon strategy to
express short (10x) and long (101x) DPR proteins avoiding GC repeat sequences. When
transiently expressed in mouse neuroblastoma cells, the soluble poly-PA and poly-GP were
well tolerated at the lengths tested. Clear length-dependent neurotoxicity was seen for poly-
GA that formed cytoplasmic aggregates only at the long length. When compared to 97Q-
expanded huntingtin exon 1 aggregates, GAiq1 exhibited faster aggregation kinetics and
stronger proteasomal recruitment as revealed in the aggregate proteome. Conversely, the
arginine-rich DPRs (Poly-PR and Poly-GR) formed discrete nuclear aggregates and were

profoundly toxic at both short and long repeat lengths.

Data presented within this thesis has also provided evidence that the arginine valency
in poly-PR and poly-GR triggers their pernicious binding to the proteome, compared to the
sparse binding of the more inert poly-AP and poly-GA. The poly-PR and poly-GR
interactome included proteins involved in ribosome biogenesis, translation and RNA splicing
machinery. Using stalling reporters, long R-rich DPRs stalled translation, through a putative
electrostatic jamming mechanism. These findings also indicate that Arg-rich dipeptide

polymers are mimetics of endogenous arginine methylase substrates and recruit these




methylase proteins. A consequence is hypomethylation of the proteome, including key
proteins known to be involved in ALS mechanisms. The mechanism explains the previously
reported abnormalities in arginine methylation patterns in the brains of ALS patients. Finally,
this work has unravelled how Arg-rich dipeptide polymers impair the assembly of the actin
cytoskeleton. This finding provides important mechanistic insight into the previously

reported actin polymerization defects in multiple forms of amyotrophic lateral sclerosis.
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CHAPTER 1

General Introduction



CHAPTER 1: General Introduction

1 General Introduction

1.1 Overview

1.1.1 Thesis statement

C9O0ORF72-associated Motor Neuron Disease patients feature abnormal expression of five
dipeptide repeat proteins (DPRs). This thesis examined the proteome interactions of these DPRs
by quantitative proteomics and their impact on cell biology in a Neuro2a cell model. The work
found two of these, poly-PR and -GR, to be promiscuous binders that stalled ribosomes, bound
arginine methylases, and destabilized the actin cytoskeleton. It was also found that aggregates
of poly-GA co-aggregated distinct proteins to another protein that forms aggregates in
Huntington Disease. In this view, novel explanations are offered for the pathologic signatures

previously reported in patient brains.

1.1.2 The role of dipeptide repeat proteins in C9ORF72-linked MND/FTD

Motor neuron disease (MND) and Frontotemporal dementia (FTD) are two clinically,
pathologically and genetically heterogeneous neurodegenerative diseases that adversely impact
the quality of life for the patients and their carers as well. Both disorders impose an economic
burden on the community in the form of health and social care. For instance, MND affects 1 in
11,434 Australians at a cost of $1.13 million per person (MND-Australia, 2015). Similar to other
neurodegenerative diseases, senility is the key risk factor for MND and FTD. Therefore, the socio-
economic impact of both disorders is expected to strike as the population worldwide grows and
ages resulting in a dramatic rise in MND/FTD patients percentage. Despite global efforts to bolster
NMD/FTD research, there are currently no effective treatments or cures and available treatment

options mainly focus on relieving symptoms and do little to delay disease progression.

A landmark discovery in MND and FTD research occurred in 2011 when two independent
groups identified a mutation in the COORF72 gene, that is now known to be the most common
genetic cause of both these diseases (Dedesus-Hernandez et al., 2011; Renton et al., 2011).
Although several hypotheses have been proposed, the molecular mechanism of the disease
remains unknown and this has led to a flurry of exciting research within the FTD/ALS field in
recent years. To add to this, the work in this thesis describes the generation and use of cellular
models and post-mortem brain tissue to investigate molecular mechanisms underlying C9orf72-
linked FTD and ALS, specifically focusing on the unique dipeptide repeat protein (DPR) pathology

associated with the disease.




CHAPTER 1: General Introduction

1.1.3 Overview of general introduction

This introductory chapter aims to put into context the dissertation work on the
pathogenesis of COORF72-derived dipeptide repeat proteins described in subsequent chapters.
This review will initially discuss the key overlapping clinical and genetic features between MND
and FTD. Next, we will discuss COORF72 repeat expansion mutation as the most common cause
of both diseases. Last but not least, the current knowledge of mechanisms of COORF72-related
neurodegeneration is reviewed, with special focus on aspects of COORF72-associated dipeptide
repeat proteins pathogenesis. The final section of this chapter will be devoted to providing a

rationale for the molecular mechanism of DPRs toxicity.
1.2 Clinical features of FTD and MND

1.2.1 Frontotemporal dementia

Frontotemporal dementia (FTD) refers to a clinically and pathologically heterogeneous
group of progressive neurodegenerative disorders characterized by frontotemporal lobar
degeneration (FTLD); selective atrophy of the frontal and/or temporal cortices, with a non-
Alzheimer’s disease pathology (Warren et al., 2013). FTD disease accounts for 5 — 15 % of all
cases of dementia making it the second most common form of young-onset dementia, after
Alzheimer’s disease (Rademakers et al., 2012) with an equal incidence between men and women
(Hogan et al., 2016). The disease onset often occurs between the ages of 45-65 years, with a
median duration of 6-8 years (Thompson et al., 2005). The population prevalence of FTD ranges

from 2.7 to 15.1 per 100,000 in different epidemiological studies (Rabinovici and Miller, 2010).

Up to 50% of FTD cases have a heritable form of the disorder due to mutations in one of
the FTD-linked genes (familial FTD), whilst the remaining cases are sporadic with no currently
known genetic cause (sporadic FTD) (Rademakers et al., 2012). Clinically, FTD patients undergo
a progressive decline in behavioural and/or language faculties. Based on the clinical presentation
of the disease, FTD can be classified into three syndromes; behavioural variant frontotemporal
dementia (bvFTD), semantic dementia (SD) and progressive non-fluent aphasia (PNFA)
(Woollacott and Rohrer, 2016). The bvFTD is the most common FTD subtype accounting for
approximately 60% of cases, followed by the SD subtype and PNFA form where each represents
20-25% of diagnosed cases (Onyike and Huey, 2013). Also, these subtypes differ according to
the area affected in the brain. The bvFTD subtype typically involves marked degeneration of
frontal and anterior temporal lobe that appears to asymmetrical between hemispheres. SD is

associated with a pronounced anteroinferior temporal lobe cortical atrophy which is asymmetric




CHAPTER 1: General Introduction

and frequently worst in the left hemisphere. Progressive non-fluent aphasia (PNFA) patients

exhibit left-sided frontal and insular atrophy (Figure 1-1) (Meeter et al., 2017).

Figure 1-1 | Grey matter atrophy in the three FTD clinical variants.

Characteristic patterns of grey matter atrophy (highlighted in red) in different clinical and genetic subtypes
of frontotemporal dementia (FTD). Patients with behavioural variant FTD (bvFTD) exhibit prominent frontal,
insular and anterior cingulate atrophy. Typical temporal atrophy in semantic demenia (SD) is asymmetrical
(most often left-sided). Patients with progressive nonfluent aphasia (PNFA) exhibit left frontal and insular
atrophy. Adapted from Meeter et al. (2017)

Patients with bvFTD manifest with a loss of executive and interpersonal skills with the
consequent emotional blunting and the appearance of unusual behaviours including
confrontation seeking, personality changes, social withdrawal, a loss of personal hygiene,
overeating, obsessions, rituals and even sociopathic behaviours (Lashley et al., 2015). The
cognitive decline in bvFTD is more subtle, with patients most commonly showing deficits in
executive dysfunctions including attentiveness, judgement, planning and organisation (Rabinovici
and Miller, 2010). The SD subtype, on the other hand, predominantly involves language
problems, in particular a difficulty understanding the meaning of words, objects and concepts
(Rabinovici and Miller, 2010; Warren et al., 2013). Speech is fluent but patients are unable to
retrieve words, show an impaired knowledge of familiar objects and are commonly unaware of

their lack of comprehension (Ghosh and Lippa, 2013). PNFA sufferers show severe language
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deficits characterised by deterioration in language output and slow, non-fluent speech (Warren
etal., 2013). Patients present with agrammatism, speech apraxia and a difficulty in understanding

complicated sentences (Ghosh and Lippa, 2013; Warren et al., 2013).

Survival varies across the three clinical FTD subtype with median survival being greatest
for SD (12 years), whilst mean survival being longest in bvFTD and PNFA (8 years) (Kansal et al.,
2016). Heritability also varies across the FTD spectrum with bvFTD having a stronger familial
basis compared to both SD and PNFA and the majority of SD cases being sporadic (Rohrer et
al., 2009).

1.2.2 Motor neuron disease

The motor neuron disease (MND) refers to a group of neurodegenerative disease that
arises from dystrophy of the upper motor neurons (UMNSs) of the primary motor cortex and/or the
lower motor neurons (LMNSs) of the brainstem and spinal cord (Hardiman et al., 2017). The clinical
presentation of MND depends on whether the UMNs or LMNs are affected. Examples of the
cortical upper motor neurons dysfunction include muscle weakness, hypertonia, hyperreflexia
and spasticity. Degeneration of lower motor neuron leads to symptoms as muscle weakness and
atrophy, cramps, hyporeflexia, hypotonia and fasciculation (Lee et al., 2016b). Accordingly, the
MND diseases are subdivided into 6 variants. MND impacting primarily the UMNs include
hereditary spastic paraplegia (HSP) and primary lateral sclerosis (PLS). The LMN clinical spectrum
includes progressive bulbar palsy (PBP), progressive muscular atrophy (PMA), and spinal
muscular atrophy (SMA). The last MND subtype is amyotrophic lateral sclerosis (ALS) that
involves dystrophy of both UMNs and LMNs (van Es et al., 2017). The remainder of this thesiswill

focus on ALS and may use the term MND to refers to ALS, unless otherwise specified.

1.2.2.1 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS), as also known as Lou Gehrig's disease in the US, is
a progressive fatal MND caused by degeneration of both the cortical UMNs and bulbar and spinal
LMNs (Swinnen and Robberecht, 2014; van Es et al., 2017). ALS was first described in 1869 by
a French neurologist, Jean-Martin Charcot (Charcot and Joffory, 1869). ALS is the most prevalent
MND subtype, accounting for more than 75% of all diagnosed cases (Lattante et al., 2015). The
incidence rate per 100,000 in Europe is about 2.16 with more prevalence in men compared to
women (60% and 40% respectively) (Chio et al., 2013). ALS typically manifests as muscle

stiffness, muscle wasting and progressive paralysis. ALS patients die of respiratory failure
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secondary to progressive weakness of respiratory muscles, with an average prognosis of 3 to 5

years after the first onset of symptom (Kiernan et al., 2011).

Traditionally, ALS are categorized into two subtypes that are indistinguishable clinically;
familial ALS (fALS) and sporadic ALS (sALS). The familial ALS compromise around 10% of ALS
cases and have been linked to an autosomal dominant pattern of inheritance (Renton et al.,
2014). The advancements in genetic studies and sequencing technologies have resulted in
identifying=30 genes mutations underlying numerous ALS cases (Hardiman et al., 2017). The
vast majority (around 90%) of ALS cases are sporadic with no family history of the disease. The
causes of SALS cases are unknown, but it is possible to have both a genetic and environmental

aetiology (Swinnen and Robberecht, 2014).

ALS is heterogenous phenotypically with patients showing significant variance in the
specific area of symptom onset (Swinnen and Robberecht, 2014). Approximately 70% of ALS
cases have a spinal-onset that commences with asymmetric weakness in limbs. Spinal-onset
ALS patients experience classic signs of UMN dystrophy including hyperreflexia and hypertonia
and LMN dysfunction such as muscle weakness and atrophy (Mejzini et al., 2019). Bulbar-onset
form develops in approximately 25% of ALS patients and begins with a weakness in the bulbar
muscles resulting in swallowing and speech difficulties and wasting of tongue. The remainder of
ALS cases (5%) have a respiratory-onset form that involves severe breathing difficulties that
needs an immediate respiratory intervention (Hardiman et al., 2017). ALS patients with spinal-
onset form have longer mean survival of 2.6 years compared to those with bulbar-onset form (2
years mean survival). Patients respiratory-onset ALS have the bleakest prognosis with a mean

survival of only 1.4 years (Chio et al., 2013).

ALS is a fatal disease with no cure to date. Management of ALS patients depends entirely
on symptomatic treatments including the use of muscle relaxants for spasticity and speech
therapy for dysarthria. Out of >50 drugs tested for treating ALS, two disease-modifying drugs are
the sole US Food and Drug Administration (FDA)-approved medications for ALS®. Riluzole is
speculated to reduces glutamate-mediated excitotoxicity but can merely extend patients’ survival
for 2 to 3 months (Lacomblez et al., 2002). The antioxidant edaravone has shown to slow disease
progression in early-onset fast-progressing disease form (Abe et al., 2017). The use of edaravone
for all ALS cases is still under debate (Hardiman and van den Berg, 2017). One reason for this
apparent unmet therapeutic need may be the genetic heterogeneity of the ALS population. With
a better understanding of the genes associated with ALS and the molecular pathways

responsible for neurodegeneration, more effective therapies can be developed.
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1.2.3 ALS and FTD as a Continuum

Multiple lines of evidence have supported the idea that MND and FTD are at the opposite
ends of a single spectrum disorder, termed MND-FTD (Burrell et al., 2016). An overlap between
many clinical, genetic and pathological characteristics has been recorded. Several clinical studies
have observed the frequent occurrence of ALS and FTD in the same family. In addition, cognitive
impairments have been developed in around 20-50% of MND patients that was accompanied
by dystrophy of frontotemporal cortices, reminiscent of FTD, and around 15% of FTD patients
have developed motor neuron dysfunction that is indistinguishable from ALS (Ringholz et al.,
2005; Wheaton et al., 2007; Geser et al., 2010; Ambikairajah et al., 2014). In terms of pathology,
frequent TDP-43 protein inclusions have been observed in both MND (~97%) and both FTD
(~45%) (Neumann et al., 2006; Geser et al., 2010; Ling et al., 2013). Strikingly, TDP-43
proteinopathies in ALS patients were frequently detected in prefrontal and temporal cortices
(Lowe, 1994; Nishihira et al., 2008), the brain regions most affected by FTD.

The close relationship between the two disorders was further strengthened following the
discovery of mutations in several genes that contribute to both MND and FTD. Mutations in genes
such as fused in sarcoma (FUS) (Kwiatkowski et al., 2009; Neumann et al., 2009), transactive
response DNA-binding protein 43 (TDP-43) (Sreedharan et al., 2008; Benajiba et al., 2009;
Borroni et al., 2009), ubiquitin 2 (UBQLN2) (Deng et al., 2011; Synofzik et al., 2012), TANK
binding kinase 1 (TBK1) (Freischmidt et al., 2015), Matrin 3 (MATR3) (Millecamps et al., 2014),
valosin-containing protein (VCP) (Forman et al., 2006; Johnson et al., 2010), and chromosome 9
open reading frame 72 (COORF72) (Dedesus-Hernandez et al., 2011; Renton et al., 2011) cause
both ALS and FTD. However, mutations in superoxide dismutase 1 (SOD1) gene (Rosen et al.,
1993) are exclusively linked to MND and genes such as progranulin (PGRN) (Baker et al., 20006)
or microtubule-associated protein Tau (MAPT) (Hutton et al., 1998) for FTD. Altogether, these
findings indicate that FTD and ALS are closely related diseases with considerably clinical,
pathological and genetic overlaps, thereby strongly supporting the idea of the MND-FTD

continuum.
1.3 MND-FTD with C90RF72 mutation

1.3.1 The discovery of the C9ORF72 repeat expansion mutation

In an attempt to unravel new hereditary causes of MND and FTD, several groups have
conducted extensive sequencing and genome-wide linkage analysis in MND and FTD families
with unknown causal mutations (Morita et al., 2006; Vance et al., 2006; Luty et al., 2008; Le Ber

et al.,, 2009; Gijselinck et al., 2010). Thesis studies have observed a linkage region of 9.8
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megabases (Mb) located at chromosome 9p13.3-p21.3 within European MND and FTD patients
(Morita et al., 2006; Vance et al., 2006). Linkage analysis has then narrowed the linkage region
to 3.7 Mbs without identifying any specific disease-causing mutations (Boxer et al., 2011;
Pearson et al., 2011). The same region has been identified by genome-wide association studies
(GWAS) in 25% of ALS patients and 47.3% of fALS patients in Finnish and Dutch cohorts
(Laaksovirta et al., 2010)(van Es et al., 2009). A larger GWAS study including sALS patients from
several countries has also observed an association with the same chromosome 9 locus
(Shatunov et al., 2010). These GWAS studies have reported a single nucleotide polymorphism
(SNP), rs3849942, on this locus, hence further narrowed the associated signal on chromosome
9p to a block of linkage disequilibrium ~106.5Kb in size that includes three genes; Mps One
Binder Kinase Activator-Like 2B (MOBKL2B), interferon kappa (INFK) and COORF72 (Laaksovirta
et al., 2010; Shatunov et al., 2010).

To identify potential pathogenic mutations, following sequencing studies of MOBKL2B,
INFK and COORF72 have focused initially on the protein-coding region of these genes and found
no exonic mutations linked to disease (Pearson et al., 2011). Subsequent sequencing of the non-
coding regions led two groups to independently identify a massive hexanucleotide repeat
expansion of the sequence G.C, within a non-protein-coding region of COORF72 as a genetic
cause of fFTD and fALS (Dedesus-Hernandez et al., 2011; Renton et al., 2011). The inadequacy
of standard PCR sequencing techniques in identifying the GC-rich sequencing has led to difficulty
in observing the GC rich nature of the repeats. The Dedesus-Hernandez et al. (2011) and Renton
et al. (2011) studies overcome this problem by utilizing repeat-primed PCR and next-generation
sequencing to identify the presence of the G4C. repeats. Across different studies conducted in
several populations, this repeat expansion in COORF72 has accounted for fALS (3-46%), SALS
(0.4%-21%), fFTD (3-48%) and sFTD (2-23%), fALS-FTD (10-87.5%) and sALS-FTD (6.3%-
22.2%) (Cruts et al., 2013). Another study that included a large cohort of 4448 ALS patients and
1425 FTD patients has reported COORF72 mutation as the most common cause of ALS and
FTD, accounting in total for around 5-0-7-0% of cases in white Europeans, Americans and
Australians (Majounie et al., 2012) (Figure 1-2). The expansion was particularly frequent in the
Scandinavian countries Finland, Sweden and Denmark whereas was rare in Asian populations;

suggesting a northern European founder (Cruts et al., 2013).
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Figure 1-2 | Frequency of the main genes linked to familial and sporadic ALS and FTD.
Modified from Turner et al. (2017)

1.3.2 The C90RF72 gene structure

The C9orf72 gene comprises 12 exons; 10 coding exons (2-11) and 2 non-coding exons
(1a and 1b) (Figure 1-3) (Stepto et al., 2014). Based on transcriptional start and termination
sites, the gene is alternatively spliced into three variant pre-mRNAs. The three transcripts are V1
(NM_145005.5), V2 (NM_0183525.3) and V3 (NM_001256054.1). These transcripts differ in the
incorporation of either the non-coding exon 1a or 1b; transcripts V1 and V3 utilise exon 1a whilst
V2 utilises 1b (Haeusler et al., 2016). Since the GGGGCC repeat expansion is located in intron 1
between exons 1a and 1b, transcripts V1 and V3 contain the G4C. sequence within intron 1 whilst
the repeats are located in the promoter region of V2. Both fibroblasts derived from COorf72-ALS
patients and motor neurons derived from induced pluripotent stem cells (iPSCs) of C9orf72-ALS
individuals suggest selective use of exon 1a compared to exon 1b (Gijselinck et al., 2018).
Together, the three transcripts code for 2 different COORF72 protein isoforms — the short 24 kDa
isoform (C9S) derived from V1 (exons 2-5) and the long 54kDa isoform derived from both V2 and
V3 (exons 2-11) (Stepto et al., 2014; Haeusler et al., 2016).
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Figure 1-3 | Structure of the C90rf72 gene, transcripts and protein isoforms.

1.3.3 The pathogenic threshold of the CO9ORF72 repeat expansion

A crucial question that followed the discovery of COORF72 mutation is what the minimum
hexanucleotide repeat length required for pathogenicity. Healthy individuals usually harbour <33
repeats with 2 repeats being the most frequent length (van der Zee et al., 2013; Rohrer et al.,
2015). ALS/FTD patients harbour much larger repeat expansions that range from hundreds to
thousands (Rohrer et al., 2015; Van Mossevelde et al., 2017) (Figure 1-3). However, the exact
threshold for a pathogenic expanded repeat is at present unclear. The apparent intermediate-
range between 30 to few hundreds are rarely detected in both patients and healthy controls,
hence confer unknown disease risk (Rohrer et al., 2015). Hexanucleotide expansions of 20 — 22
repeats have been observed in FTD patients (Gomez-Tortosa et al., 2013) and 24 — 28 repeats
have been detected in ALS patients expansions (Millecamps et al., 2012; Garcia-Redondo et al.,
2013). Healthy controls with a repeat length range of 20 to a few hundred repeats have been
reported in several studies (Cooper-Knock et al., 2012; Majounie et al., 2012; Simon-Sanchez et
al., 2012; Beck et al., 2013; Smith et al., 2013; Gami et al., 2015). Also, no clear association
between the intermediate repeat length and risk of developing ALS, FTD or ALS-FTD is
established yet. One study has reported an 84-year-old-women carrying a 30-unit repeat
expansion but didn’t develop ALS or FTD (Gami et al., 2015), whereas another study has reported
an increase in the risk of developing ALS or FTD with an intermediate 24-30 repeats expansions
(Chen et al., 2016). What adds to the complexity is that due to the germline and somatic instability
of the GGGGCC sequence, the repeats expand or shrink between generations and show even

variability between tissues (Beck et al., 2013; van Blitterswijk et al., 2013). For instance, a family
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in which a 90-year-old neurologically healthy father carried a 70-repeat allele that has expanded
to =1,750 repeats in his offsprings, causing ALS (McGoldrick et al., 2018). Hence, more efforts
are required to clarify this ambiguous correlation between the repeat lengths and the risk to

develop clinical disease.
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Figure 1-4 | Repeat lengths in C90orf72 associated with disease risk.

A firm correlation between repeat length and disease severity and survival does not
currently exist. Repeat length in ALS patients did not affect bulbar or spinal presentations of the
disease (Dols-Icardo et al., 2013). However, some authors have observed correlations between
repeat length and patient survival. Suh et al. (2015) have reported a reduction in FTD duration in
patients with large G4C2 repeat alleles. Post mortem analysis of ALS and FTD patient brains
have shown a link between repeat length in the cerebellum and disease duration and a significant
reduction in survival rates in FTD patients with repeats over 1467 in length (van Blitterswijk et al.,
2013). On the other hand, other groups saw no correlation between length of repeat in the spinal
cord and disease duration after onset for either ALS or FTD (Dols-Icardo et al., 2013; Nordin et
al.,, 2015). An inverse correlation has been even recorded where larger repeat sizes have
correlated to increased FTD duration (Russ et al., 2015). The authors have also detected
hypermethylation of the CpG island located 5 of the G4C2 repeats with the larger allees
suggesting a possible protective role due to epigenetic silencing which may cause a reduction in
mutant COORF72 mRNA, and as a consequence potentially attenuating the toxic effects of the

gain of function species derived from the G4C2 expansion (Russ et al., 2015). However, a
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conflicting study has reported increased ALS pathology with increased methylation of the 5 CpG
island (Xi et al., 2013).

1.4 Hypotheses of C9orf72-mediated pathogenesis

Since its discovery in 2011, scientists have been hunting for clues as to how COORF72
expanded G.C. repeats may cause pathogenesis. Currently, three non-mutually exclusive
hypotheses have been postulated for COORF72-mediated toxicity (Ling et al., 2013; Gitler and
Tsuiji, 2016) (Figure 1-5). Firstly, the presence of expanded G.C. repeats within COORF72
disrupts the gene transcription leading to a reduction in C9ORF72 protein levels. The second
hypothesis is that the expansion causes disease via RNA-mediated toxicity via the formation of
nuclear foci of G4C, RNA that sequester essential RNA binding proteins. The third proposed
mechanism for toxicity is the translation of the expansion from both the sense and anti-sense
strand leading to the production of the dipeptide repeat proteins (DPRs) which aggregate in
patient brain and spinal cord. A surge of studies has aimed at defining which of these
mechanisms are the driving force behind the disease. In this section, each of these mechanisms
will be reviewed in detail with reference to pathological and clinical data, as well as evidence from

in vitro and in vivo disease models.
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Figure 1-5 | Pathogenic mechanisms associated with C9orf72 repeat expansion toxicity.
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1.4.1 Loss of C90RF72 protein function

1.4.1.1 The C90RF72 protein function

The precise function of COORF72 remains unclear. In humans, COORF72 transcripts are
expressed widely including the brain. As discussed in section 1.3.2, CO9ORF72 has short and
long isoforms. Antibodies specific to these two isoforms have shown that the differences in
cellular localization within Purkinje neurons and spinal motor neuron suggesting distinct functions.
The long C9ORF72 protein isoform has shown diffuse cytoplasmic staining and predicted to be
involved in autophagy (Sellier et al., 2016; Sullivan et al., 2016; Xiao et al., 2016; Yang et al.,
2016). On the other hand, the short isoform localizes to the nuclear membrane in patient brain
tissue and has been shown to interact with the nucleocytoplasmic transport proteins; Ran-
GTPase and Importin B hence implicating the short COORF72 isoform in nucleocytoplasmic
transport (Xiao et al., 2015). Intriguingly, loss of COORF72-nuclear membrane localization has
correlated with TDP-43 mislocalization in spinal motor neurons of C9or72-ALS cases (Xiao et al.,

2015). However, the differential role of each protein isoform in the disease still ambiguous.

Bioinformatic analyses have inferred the CQorf72 protein to function as a DENN
(differentially expressed in normal and neoplastic cells) domain protein, regulating membrane
trafficking (Zhang et al., 2012; Levine et al., 2013). Recently, C9orf72 has been confirmed to form
a complex with Smith-Magenis syndrome chromosomal region candidate gene 8 (SMCR8), WD
Repeat Domain 41 (WDR41) and Autophagy Related 101 (ATG101) that function as a GDP-GTP
exchange factor for Rab8a and Rab39b; small GTPases regulating vesicle trafficking in the
autophagy pathway (Yang et al., 2016). Moreover, this protein complex is phosphorylated by the
autophagy-related TBK1 and interacts with the autophagy initiation complex Unc-51-like kinase
1 (ULK1) thus further supporting a role in autophagy regulation (Shannon et al., 2003; Sullivan et
al., 2016; Yang et al., 2016).

CO0ORF72 has recently been linked to actin dynamics. Immunocytochemical and
proteomic studies have detected the interaction of COORF72 with cofilin and other actin-binding
proteins (Sivadasan et al., 2016). COORF72 depletion in cultured motor neurons has reduced
actin filament production, and truncated axons and growth cones, accompanied by enhanced
cofilin phosphorylation. This observation replicates what has been reported in human iPSC-
derived motor neurons and post mortem tissue from patients with COORF72 expansion
(Sivadasan et al., 2016). shRNA knockdown of COORF72 has also impaired the activity of small
GTPases, Rac1 and Arfé and thus actin dynamics (Sivadasan et al., 2016).
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1.4.1.2 Evidence supporting loss of protein function

Several studies have probed the mechanisms behind COORF72 mutation pathogenesis
and have provided support for COORF72 haploinsufficiency theory. Both COORF72 transcripts
(Dedesus-Hernandez et al., 2011; Gijselinck et al., 2012; Belzil et al., 2013; Ciura et al., 2013;
Fratta et al., 2013; van Blitterswijk et al., 2013; Xi et al., 2013; Waite et al., 2014) and protein
(Xiao et al., 2015; Sivadasan et al., 2016) levels were decreased in post-mortem COORF72-
ALS/FTD brain samples. Since CO9ORF72 plays a role in autophagy and trafficking, loss of protein
function is predicted to impair these cellular functions. Marked impairment of vesicle trafficking
and a dysfunctional trans-Golgi network have been reported in COALS/FTD iPSC motor neurons

and C9ORF72 overexpression has rescued this phenotype (Aoki et al., 2017).

C90RF72 mutation pathology has been characterized by the accumulation of unique p62
positive inclusions (Al-Sarraj et al., 2011). The p62 protein, also known as SQSTM-1, is an
autophagy receptor that targets specific cargoes for autophagic degradation (Rusten and
Stenmark, 2010). COORF72 knockdown has resulted in the accumulation of p62 positive puncta
in Hela cells and primary mouse cortical neurons (Sellier et al., 2016; Webster et al., 2016). The
authors have also noticed attenuation in the autophagy basal level in cell lines from COALS/FTD
patients compared to controls. Re-expressing C9ORF72 mRNA fully rescued autophagy
dysfunction and reduced the p62 puncta to the control levels (Sellier et al., 2016; Webster et al.,
2016). Seller et al. (2016) have noticed that only the COL isoform and not the C9S isoform rescued
autophagy defects. Reduced COORF72 expression has interestingly promoted the aggregation
of TDP-43 in mouse embryonic cortical neurons. COORF72 overexpression has decreased the
aggregation propensity of the D196G mutant of TDP-43 (Sellier et al., 2016). The reduced levels
of short COORF72 isoform (C9-S) correlate to nucleocytoplasmic transport deficits; C9-S was
found at the nuclear membrane in healthy control spinal motor neurons, whilst it has mislocalized
to the plasma membrane in COORF72- and sALS patient brains (Xiao et al., 2015). Loss of C9-
S isoform was associated with mislocalisation of Karyopherin Subunit Beta 1 (KPNB1), RAN and
TDP-43 in COALS spinal motor neurons (Xiao et al., 2015).

C90RF72 knockdown in zebrafish model has disrupted arborisation and shortened motor
neuron axons compared to controls leading to motor deficits. These observed defects have been
attributed to the role of COORF72 in actin dynamics (Sivadasan et al., 2016). Co-expression of
C90ORF72 mRNA has rescued these motor deficits. Motor impairments have also reported in C.
elegans COORF2 knockout model (Therrien et al., 2013). A COORF72 knockout mouse model
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showed rapid progressive lethargy and decreased survival compared to control. Mouse
embryonic fibroblasts developed from these animals have shown impaired mTOR signalling
(Ugolino et al., 2016). Autophagy and lysosomal deficits has been observed in COORF72-

deficient mice (Sullivan et al., 2016).

1.4.1.3 Evidence against loss of protein function

Several pieces of evidence have excluded a significant role of COORF72
Haploinsufficiency in COALS/FTD neurodegeneration. To date, no disease-causing mutation has
been observed in the coding region of COORF72 gene, with one exception, implying that the
repeat expansion, not the COORF72 protein itself, is crucial to the disease pathogenesis (Harms
et al., 2013). The rare exception was a single sALS case that carried a splice-site mutation in
exon 5 of the C9orf72 gene and lacked the repeat expansion (Liu et al., 2016). Another case
study has not reported more severe clinical or pathological features in patients who are
homozygous for the C9orf72 repeat expansion compared to heterozygote cases, which would
be expected if the pathological mechanism of disease were purely loss of protein function (Fratta
et al., 2013).

Further evidence to support this notion is that most of the COORF72-deficient models
rarely demonstrated neurodegeneration, mislocalisation of TDP-43 or any motor or behavioural
phenotypes associated with COALS-FTD. Instead, almost all C9orf72 knockout mouse models
displayed immune-system related pathology including lymphadenopathy, splenomegaly and
elevated levels of autoantibodies (Atanasio et al., 2016; Burberry et al., 2016; Jiang et al., 2016;
O'Rourke et al., 2016; Sudria-Lopez et al., 2016; Sullivan et al., 2016; Ugolino et al., 2016). These
models imply a loss of COORF72 is not sufficient to cause ALS/FTD phenotypes or
neurodegeneration, albeit its effect on the immune system is interesting particularly with reported

immunological dysfunction in a range of neurodegenerative disorders (Doty et al., 2015).

Taken together, these studies indicate a loss of function of the protein is not the primary
disease mechanism in COALS/FTD. Instead, it is likely to play a modulatory role in the disease
pathogenesis. For instance, defective autophagy induced by COORF72 may enhance DPR
accumulation and thereby toxicity (Webster et al., 2016). Indeed, the DPRs are mainly cleared
via autophagy (Cristofani et al., 2017); hence a loss of C9ORF72 protein function may enhance
DPR accumulation. Additionally, a recent link between COORF72 and Stress granule formation
(Maharjan et al., 2017) is intriguing particularly with the recent findings that the arginine-rich DPRs
perturb SG dynamics (Lee et al., 2016a; Boeynaems et al., 2017).

15



CHAPTER 1: General Introduction

1.4.2 Mechanism of toxicity: RNA toxic gain of function

Analogues to other neurodegenerative disorders caused by expanded nucleotide
sequences in the non-coding regions, it is expected that the C9orf72 hexanucleotide repeat
expansion can be bi-directionally transcribed in both the sense and antisense direction (Dedesus-
Hernandez et al., 2011; Gendron et al., 2013; Mizielinska et al., 2013; Zu et al., 2013). Since the
repeat expansions are GC-rich sequences, the DNA and RNA tend to form a highly stable
secondary structure called a G-quadruplex (Fratta et al., 2013; Haeusler et al., 2016). The DNA
forms an anti-parallel G-quadruplex structure, whilst RNA mostly forms a parallel structure (Reddy
et al., 2013; Haeusler et al., 2016).

Indeed, RNA foci corresponding to both sense and antisense RNA transcripts from repeat
expanded COORF72 have been detected in patient brain tissue and patient-derived cell lines
(Figure 1-6) (DeJesus-Hernandez et al., 2011; Donnelly et al., 2013; Gendron et al., 2013; Lee et
al., 2013; Mizielinska et al., 2013; Cooper-Knock et al., 2015). These RNA foci are predominantly
localised to the nucleus and a lesser extent in the cytoplasm (Lagier-Tourenne et al., 2013;
Mizielinska et al., 2013) and have been detected in both neurons and glial cells in patient tissue
(Gendron et al., 2013; Lagier-Tourenne et al., 2013; Mizielinska et al., 2013).

A B

Antisense RNA

Figure 1-6 | Sense and antisense RNA foci in the frontal cortex of COFTD/ALS patients.
Scale bar: 2.5 pm. Adapted from Freibaum and Taylor (2017).

Toxicity secondary to sequestration of essential RNA-binding proteins into RNA foci has
been proposed as a possible mechanism of Corf72 FTD and ALS pathogenicity, similar to
some other noncoding repeat expansion disorders, such as myotonic dystrophy type 1 (DM1)
and fragile X-associated tremor/ataxia syndrome (FXTAS) (Shi et al., 2017b). Various biochemical
techniques, including RNA pulldowns, proteome arrays and co-localisation studies have been

employed to identify the foci-interacting proteins in multiple in vitro and in vivo models (Donnelly
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et al., 2013; Xu et al., 2013; Cooper-Knock et al., 2014; Haeusler et al., 2016; Fay et al., 2017).
The RNA interactome was predominated by proteins having RNA recognition motifs. These
proteins are involved in splicing, MRNA nuclear export and/or translation. Many members of the
heterogeneous nuclear ribonucleoproteins (nNRNPs), a group of proteins that regulate pre-mRNA
splicing have been identified among RNA foci sequestered proteins. Specifically, hnRNP A1, A3,
H/F, K, U have bound to COORF72 repeat RNA (Lee et al., 2013; Mori et al., 2013b; Sareen et
al., 2013; Cooper-Knock et al., 2014; Cooper-Knock et al., 2015; Haeusler et al., 2016). The
proteins involved in nuclear mMRNA trafficking and nucleocytoplasmic transport are among those
sequestered by Corf72 RNA foci, specifically Ran-GAP1, Aly/REF Export Factor (ALYREF) and
Pur-a (Sareen et al., 2013; Cooper-Knock et al., 2014; Rossi et al., 2015; Zhang et al., 2015).

1.4.2.1 RNA toxicity models

Several in vivo models have been generated to investigate C9orf72 repeat RNA toxicity.
Two independent Drosophila models have shown that the formation of sense RNA foci was not
sufficient to cause neurodegeneration (Mizielinska and Isaacs, 2014; Tran et al., 2015). These
studies have observed that although overexpression of the expanded G4C2 repeat in Drosophila
adult neurons or eyes has resulted in neurodegeneration, this phenotype was abolished once the
repeats were interrupted with stop codons to prevent the translation of DPR proteins implying
that it is DPR proteins that mediate this neurodegeneration (Mizielinska et al., 2014a). This was
attributed to efficient splicing of intronic repeat RNA preventing its nuclear export and translation
(Tran et al., 2015). In line with the previous findings for the sense RNA, neuronal expression of
antisense repeat RNA that was interrupted with stop codons has led to the frequent formation of

RNA foci but did not significantly alter lifespan or neurodegeneration (Simone et al., 2018).

Few studies have supported the significant contribution of C9orf72 repeat RNA to disease
pathogenesis. Motor axonopathy was induced when in vitro transcribed sense and antisense
C9orf72 repeat RNA injected into developing zebrafish embryos (Swinnen et al., 2018). This
phenotype was still observed when stop-codon-interrupted RNA was injected suggesting
independence of DPR proteins. Transfection with 42 GGGGCC repeats located inside an artificial
intron of eGFP has resulted in degeneration of rat primary cortical and motor neurons (Wen et
al., 2014). These neurons contained abundant RNA foci in the absence of detectable DPR protein
expression indicating the reduced survival was RNA mediated. Similarly, Drosophila model with
neuronal expression of 30 C9orf72 hexanucleotide repeats interrupted by a 6-base pair
restriction endonuclease cut site has shown age-dependent disruption in eye morphology (Xu et
al., 2013; Zhang et al., 2015). Yet, lack of DPR detection does not rule out the possibility that
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they are being produced. Indeed, upon strong overexpression, DPR proteins were demonstrated
in this Drosophila model, thus suggesting that the phenotypes observed may not be independent
of DPR protein-induced toxicity (Zhang et al., 2015).

Taken together, these findings indicate that the expanded repeat RNA alone is not likely
the main pathogenic cause of disease, albeit a contributor to toxicity. Worth-mentioning, these
models have analysed much shorter BRNA repeats lengths compared to those observed in
patients. Moreover, few studies have assessed the impact of antisense RNA (Simone et al., 2018;
Swinnen et al., 2018). Therefore, the generation of newer models expressing more disease-
relevant repeat length is crucial to fully understand the role of COORF72 RNA toxicity in disease

pathogenesis.

1.4.3 Mechanisms of toxicity: Dipeptide repeat protein toxicity

The third mechanism of toxicity relates to the production and accumulation of unique

proteins that are generated from the C9orf72 expanded repeat RNA transcripts.

1.4.3.1 RAN translation

A study in 2011 reported that the CAG repeat expansion seen in spinocerebellar ataxia
type 8 and DM1 was unconventionally translated in all reading frames despite the absence of an
upstream ATG start codon. The method of protein translation was discovered in a study
investigating the CAG repeat expansion that occurs in DM1 and spinocerebellar ataxia type 8
(Nichols et al., 2011). The authors named this non-canonical mechanism as repeat-associated
non-ATG initiated (RAN) translation. Later, this mechanism was shown in other repeat expansion
disorders such as Huntington’s disease, myotonic dystrophy type 2 (DM2) and FXTAS (Todd et
al., 2013; Cleary and Ranum, 2014; Wojciechowska et al., 2014; Bafez-Coronel et al., 2015).

Several groups have studied RAN translation in the Corf72 hexanucleotide repeat
expansion and discovered the bidirectional transcription and translation of the repeat by RAN
translation in all reading frames from both the sense and antisense transcripts (Figure 1.6) (Ash
et al., 2013; Gendron et al., 2013; Mori et al., 2013a; Zu et al., 2013). This translation generates
five different DPR proteins. The sense transcript is translated into glycine-alanine (poly-GA),
glycine-arginine (poly-GR) and glycine-proline (poly-GP), while the translation of the antisense
transcript produces alanine-proline (poly-AP), proline-arginine (poly-PR), and poly-GP (Table
1-1).
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Table 1-1 | Putative protein products from the bidirectional RAN translation of the C9orf72

repeat expansion.

G4C: (sense strand)

Sense frame 1 *GPGPGPGPGPGPGPGPGP(GP)exxGPGPGRGRGGPGGGPGAGLRLRCL
(GPs) RPRRRRRRRWRVGE*
Sense frame 2 *RLTRRKQGGKQPQPVASSGTQESRARGRGRGRGRGRGRGRGRGR(GR)exrGR

(GRs) GRGVWWGAGPGAGPGRGCGCGACARGGGGAGGGEWVSEEAASWRVAVWGSAA
GKRRG*

Sense frame 3 *QALELRSRALGAGAGAGAGAGAGAGAGAGA(GA)erGAGAWSGRARGRARG

(GAs) GAAVAVPAPAAAEAQAVASG*

G.C, (antisense strand)
Antisense frame 1 | *GEPPLLPAPLPGSRTPNSHPPGCRLLTHPLATACASAAAGAGTATAAPPRA

(PAns) RPRARPDHAPAPAPAPAPAPAPAPAPA(PA):x-PAPAPSARLLSSRACYRLRL
FPSLFSSG*

Antisense frame 2 | MQAIPPVARGESPTPSFGQRNERESKNASSSEESPRFYPRLFPAAEPQTATR

(PRas) QDAASSLTHSPPPAPPPPRAQAPQPQPRPGPAPGPAPTTPRPRPRPRPRPR

PRPRPR(PR)exxPRPRPLARDS*
Antisense frame 3 | MRGKVKMRRALRRAPASTRASSRQPNPKQPPARMPPPHSPTRHRLRLRRR
(GPas) GRRHRNRSPAPGPPPGPPRPRPGPGPGPGPGPGPGPGPGP(GP)exr-GPGP*

Note: Repeat motifs are highlighted in red. Possible upstream AUG start sites (M) are shown in red for

antisense frame 2 and frame 3. Stop codons are indicated by an asterisk. Adapted from Zu et al. (2013).

Numerous studies have investigated the mechanism(s) of RAN translation initiation. These
studies have postulated that at least in the CCG repeat in FXTAS and the C9orf72 repeat, RAN
translation initiates at a near-cognate start codon upstream of the repeat sequence (Kearse et
al., 2016; Green et al., 2017; Sellier et al., 2017; Tabet et al., 2018). For instance, RAN translation
of the sense C9orf72 RNA is predicted to initiate at a CUG codon located upstream of the repeat
that is in frame with poly-GA. Nevertheless, the peptide sequence predicted to lie upstream of
the DPR proteins has not yet been seen in patient post-mortem tissue. On the other hand,
translation of poly-GR and poly-GP is proposed to depend on ribosomal frameshifting due to
formation of stable RNA G-quadruplexes; similar to what seen in other repeat expansion
disorders (Wojciechowska et al., 2014; Yu et al., 2014). RAN translation has also been shown to
depend on the ribosomal translational machinery and mRNA 5’7-methylguanosine (m7G)
capping (Kearse et al., 2016; Green et al.,, 2017; Sellier et al., 2017; Tabet et al., 2018).
Conversely, one study has demonstrated independently of COQORF72-associated RAN translation
on m7G transcript capping despite being less efficient compares to the cap-dependent
translation (Cheng et al., 2018).
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1.4.3.2 Poly-GA toxicity

Poly-Glycine-Alanine (poly-GA) is the most abundant among the five DPR species in the
patients' brains (Schiudi et al., 2015). It was first discovered when a subset of ALS/FTD patients
with TDP-43 proteinopathy showed abundant and unusual p62-positive, TDP-43 negative
inclusions in the frontal neocortex, hippocampus and cerebellum (Pikkarainen et al., 2010).
Reportedly, these patients were also negative for fused in sarcoma (FUS), optineurin, alpha-
internexin and neurofilament (King et al., 2009; King et al., 2011). The identity of the protein in
the pB2-positive, TDP-43-negative inclusions remained obscure until the discovery of C9orf72
repeat expansion mutation in familial and sporadic ALS and FTD cases (DeJesus-Hernandez et
al.,, 2011; Renton et al., 2011). Nearly all TDP-43-negative inclusions contained COORF72-
derived poly-GA peptide. These neuronal poly-GA inclusions were associated with

neurodegeneration in this patients cohort (Mackenzie et al., 2015).

Poly-GA has strong aggregation properties due to the biophysical properties of the
peptide (Freibaum and Taylor, 2017). Since the peptide is composed of small hydrophobic
residues which are uncharged, it is expected to collapse into poorly soluble globules with strong
aggregation tendencies (Lee et al., 2016a; Freibaum and Taylor, 2017). Indeed poly-GA forms
amyloidogenic fibrils which are positively stained by Congo red and thioflavin T (Chang et al.,
2016; Freibaum and Taylor, 2017) and is predominantly found in the urea soluble fraction when
expressed in cells (Lee et al., 2016a). The poly-GA amyloidogenic fibrils form a parallel B-sheet
structure with similar structural properties to the amyloid-beta protein in Alzheimer’s disease (Lee
et al., 2016a).

1.4.3.2.1 UPS dysfunction and ER stress associated with poly-GA

The contribution of the aggregation-prone poly-GA protein to disease pathogenesis has
been the focus of many studies. Poly-GA has shown to be toxic in many in vitro and in vivo model
systems (May et al., 2014; Mizielinska et al., 2014a; Yamakawa et al., 2014; Zhang et al., 2014;
Schiludi et al., 2015; Khosravi et al., 2017; Lee et al., 2017). Initial studies have shown that
expression of poly-GA using alternative codon constructs induced cellular toxicity (May et al.,
2014; Zhang et al., 2014). Both studies have reported also that poly-GA formed frequent
cytoplasmic and nuclear aggregates in transfected HEK293T cells. These inclusions were dot-
like and star-shaped and co-localised with ubiquitin and p62, but not with TDP-43; features
reminiscent of the poly-GA aggregates seen in COORF72-ALS/FTD cases. The same phenotype
was observed in cortical and hippocampal neurons upon poly-GA expression. Besides, neurons

had reduced neurite outgrowth and increased caspase3 activation (May et al., 2014; Zhang et
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al., 2014). The two studies have posited that the accumulation of ubiquitinated poly-GA
aggregates indicates an impairment of the ubiquitin-proteasome system (UPS). May et al. (2014)
have identified members of the UPS as top hits in the interactome of soluble polyGA peptide.
The authors have continued to confirm the colocalization of Unc119, a myristoyl-binding protein
within polyGA inclusions in both rat primary neurons and post-mortem patient tissue. The
endoplasmic reticulum (ER) stress is usually a consequence of UPS dysfunction. Indeed, Zhang
et al. (2014) have noted the up-regulation of multiple ER stress markers in the PERK-CHOP
pathway in poly-GA transfected neurons and patient tissue. Moreover, pharmacological inhibition
of ER stress inhibitors using salubrinal or tauroursodeoxycholic Acid (TUDCA) has rescued poly-
GA-induced toxicity. Unc119 pathology has been frequently detected in the COALS/FTD frontal
cortex and cerebellum and was more severe in the COFTD cerebellum compared to COALS or
COALS/FTD cerebellar tissues (Schludi et al., 2015).

The poly-GA toxicity was also observed in vivo. A poly-GA mouse model has developed
brain atrophy as well as motor and cognitive deficits and was accompanied by astrogliosis and
degeneration in the hippocampus and the cortex (Zhang et al., 2016). Both UPS-related proteins
HR23A and HR23B aggregated into cytoplasmic inclusion and were also recruited into poly-GA
inclusions and in the brains of poly-GA mice suggesting the involvement of UPS dysfunction in
poly-GA induced toxicity (May et al., 2014; Zhang et al., 2014; Zhang et al., 2016). The HR23
inclusions were also observed in post-mortem human hippocampus where the inclusions again
co-localised with poly-GA (Chew et al.,, 2015). HR23 stabilises the DNA-binding protein
xeroderma pigmentosum C (XPC). In poly-GA mice, the poly-GA expression has reduced XPC
levels via enhancing its degradation in addition to coaggregation of XPC with poly-GA in cortical
and hippocampal neurons. Additionally, co-immunoprecipitation revealed the specific interaction
of only poly-GA and not poly-GP or poly-GR with HR23B. This interaction was confirmed in the
brains of 66 repeat G4C. mice that showed around 85% of HR32B inclusions were positive for
poly-GA pointing toward poly-GA and not the other sense DPRs being the main cause of H32
dysfunction. Zhang et al. (2016) also reported sequestration of the nuclear pore proteins
RanGAP1 and Pom121 into poly-GA implying that poly-GA can also disrupt the nuclear pore
complex leading to HR23 mislocalisation. Another poly-GA mouse model was developed by
Schludi et al. (2017) and showed co-aggregation of the Hsp-70 associated protein, MIf2 with
poly-GA in the spinal cord of mice. MIf2 pathology was also seen in patient post-mortem brain
tissue. Additionally, markers of neuroinflammation were upregulated in the poly-GA mice spinal
cord. Microglial activation has correlated to the progression of disease in ALS, and COORF72

patients showed higher levels of microglial activation compared to non-COORF72 mutation
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carriers (Brettschneider et al., 2012). A Drosophila (Mizielinska et al., 2014b) and Zebrafish (Ohki
et al., 2017) poly-GA models showed the poly-GA to cause a mild reduction in lifespan in

comparison to controls (Mizielinska et al., 2014b).

Different studies have investigated the contribution of aggregation to poly-GA toxicity and
made different conclusion. Two studies have predicted the soluble form of polyGA to be the toxic
culprit and the polyGA aggregation to be cell protective. A Zebrafish model of poly-GAso has
found that the muscle structure was not affected by the frequent poly-GA inclusions seen in the
tissue despite the overall toxicity of poly-GA to the fish (Ohki et al., 2017). Another supporting
study has observed that poly-GA has efficiently sequestered the highly toxic poly-GR into inert
cytoplasmic inclusions when co-expressed together. On the contrary, other studies report that
the accumulation of insoluble poly-GA inclusions correlates with the increased cytotoxicity.
Mouse poly-GA model has observed that poly-GA aggregates sequester the proteasomal
degradation protein HR23 and impair nucleocytoplasmic transport proteins leading to
neurodegeneration (Zhang et al., 2016). Another study has generated a mouse model noticed
expressing a mutant form of (GA)so that contains 50 GA dipeptide repeats interrupted by a proline
every 5 repeats. The mutant poly-GA has failed to aggregate and no signs of neurodegeneration
or neuropathological and behavioural deficits were observed in this mice compared to mice
expressing the aggregating poly-GAso (Zhang et al., 2016). Dual expression of poly-GA and poly-
PA inhibited poly-GA aggregation and hence ameliorated poly-GA toxicity both in vitro and in
vivo in the chick embryonic spinal cord (Lee et al., 2017), suggesting that the insoluble poly-GA
form is the more likely effector. These discrepancies in results necessitate more research to

determine the nature of the neurotoxic poly-GA species.

1.4.3.3 Poly-GR and Poly-PR toxicity

The arginine-rich DPRs, poly-PR and poly-GR, are highly polar and positively charged
due to the presence of arginine residues (Freibaum and Taylor, 2017). Transmission electron
microscopy revealed a synthesized (GR); peptide forms spherical aggregates (Flores et al., 2016).
Secondary structure predicted from circular dichroism spectra indicates 55% of the protein has
turn and/or random coil conformation and the other 41% of the protein is B-sheet (Flores et al.,
2016). Poly-GR peptide has very poor stability in vitro than polyPR (<30 min for poly-GR
compared to ~72h for poly-PR) (Kwon et al., 2014). Poly-PR and poly-GR were highly toxic
compared to other DPRs and caused severe eye degeneration and a dramatic reduction in
lifespan of Drosophila model (Mizielinska et al., 2014a). The Arg-rich DPRs high toxicity has been

replicated in various cellular models and human iPSCs (Kwon et al., 2014; May et al., 2014; Wen
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et al., 2014; Zhang et al., 2014; Freibaum et al., 2015; Tao et al., 2015; Lee et al., 2016a). This
section will discuss in details the various mechanisms of poly-PR and poly-GR toxicity unravelled

to date.

1.4.3.3.1 Poly-GR and poly-PR associated nucleolar dysfunction

The Arg-rich DPRs localize to the nucleolus when expressed from alternative codon ATG
constructs in cells (Kwon et al., 2014; May et al., 2014; Wen et al., 2014; Zhang et al., 2014; Tao
etal., 2015; Lee et al., 2016a). The nucleolus is important for ribosomal RNA (rBNA) transcription,
pre-rBNA processing and ribosome subunit assembly (Boisvert et al., 2007). Kwon et al. (2014)
have noticed a dramatic reduction in the ability of nucleoli to synthesize mature rRNA upon poly-
PR expression. Genes involved in rRNA processing were identified among the potent poly-PR
toxicity modifiers in yeast and Drosophila screens (JoviCi¢ et al., 2015; Boeynaems et al., 2016).
For instance, nucleolin was one of the strongest modifiers of poly-PR toxicity identified in both
screens and restoring the function of rBRNA processing machinery has mitigated the poly-PR
toxicity. Poly-PR and poly-GR both cause the mislocalization of the nucleolar stress sensor
protein B23 to the nucleoplasm and nucleolar swelling (Tao et al.,, 2015). Altogether, these
findings imply poly-GR and poly-PR induced nucleolar stress may contribute to COORF72

pathogenesis.

The clinical relevance of nucleolar stress in COALS/FTD pathogenesis was recently
investigated in patient brains (Mizielinska et al., 2017). This study noted smaller neuronal nucleoli
in the COFTD brain compared to controls, yet the nucleolar volume in neurons with poly-GR
inclusions was significantly larger compared neurons lacking a poly-GR inclusion. This nucleolar
enlargement was also observed in a Drosophila model expressing poly-GR. The same nucleolar
phenotype has been also associated with repeat RNA toxicity (Haeusler et al., 2014). The authors
have also observed the preferential binding of nucleolin to the sense G4C2 RNA G-quadruplex
in vitro and detected the nucleolin sequestration into RNA foci in the motor cortex of expansion
carriers. Mizielinska et al. (2017) also noticed a significant nucleolar enlargement in COFTD frontal
cortex neurons containing sense RNA foci, hence suggesting a synergism between RNA and

Arg-rich DPR toxicity with regards to nucleolar dysfunction.

1.4.3.3.2 Poly-PR and poly-GR disrupt the nucleocytoplasmic transport

Deficits in nucleocytoplasmic transport have been identified among the pathogenic
mechanisms linked to COORF72-associated ALS/FTD (COALS/FTD). Zhang et al. (2015) have

detected the impairment of nucleocytoplasmic transport in Drosophila expressing 30 G.C.
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repeats. The authors have attributed this defect to the G4C., RNA rather than DPRs. Nevertheless,
poly-GR, like others DPRs, can be translated from the repeats expressed in the transgenic flies,
thus it cannot be ruled out the contribution of the DPRs in this phenotype. A parallel Drosophila
study has detected both poly-GP and poly-GR in transgenic flies harbouring 58 G4C. repeats
and reported similar defective nucleocytoplasmic defects (Freibaum et al., 2015). A chromosomal
deficiency screen spanning the entire 2" and 3" chromosomes has identified numerous proteins
involved in nucleocytoplasmic transport, including Crm1, Nup153, Nup107, Nup106 Transportin,
Gle1 and Ran, as enhancers and suppressors of the 58 G4C. repeat eye degeneration (Freibaum
et al.,, 2015). The nuclear pore protein Nup50 was among the strongest enhancer whilst the
strongest suppressor was Ref1, the Drosophila homologue of ALYREF, an RNA binding protein
which acts in a complex to deliver processed mMRNAs to the nuclear pore (Freibaum et al., 2015).
Morphological deficits in the nuclear envelope were visualised by Lamin C staining, in which an
abnormal wrinkled and jagged nuclear envelope in addition to Nup107 inclusions near the
envelope was detected in over 40% of cells expressing the 58 G4C, repeats. This study was

ambivalent whether the observed nuclear pore deficits are caused by G4C2 RNA or the DPRs.

The link between the arginine DPRs and nucleocytoplasmic transport was first elucidated
in a yeast screen by Jovici¢ et al. (2015). A yeast screen using poly-PR only alternative codon
constructs has observed that genes involved in nucleocytoplasmic transport were
overrepresented among the poly-PR toxicity modifiers. For instance, yeast karyopherin genes
were the top suppressors of poly-PR toxicity. Overexpression of KPNAS has doubled the survival
of poly-PR-expressing rodent cortical neurons. Notably, the toxicity modifier RCC1 was depleted
from the nucleus in 70-80% of COORF72 iPSCs. The same findings have been reported in a
Drosophila screen by (Boeynaems et al., 2016). Nuclear pore complex (NPC) proteins, importins,
exportins, regulators of the Ran-GTP cycle and arginine methylases were all modifiers of poly-
PR retinal degeneration. Trn, the Drosophila homologue of human importin TNPO1, was the
strongest poly-PR toxicity enhancer. The authors rationalized for such finding that poly-PR may
compete with Trn for Trn cargoes, and indeed the Trn cargo Elav, a neuronal RNA binding
protein, was depleted from the nucleus and accumulated in the cytosol in retinas of flies
expressing poly-PR. Moreover, aggregates of hnRNP A3, a TNPO1 cargo, was seen in patient
COORF72-FTD brain. A following study has provided mechanistic insight into how poly-PR cause
deficits in nucleocytoplasmic transport (Shi et al., 2017a). The authors postulated that the
phenylalanine: glycine (FG) repeats of nuclear pore proteins exist in equilibrium between the
unpolymerized and polymerized state. Thus binding of poly-PR binds to the FG repeats stabilize

them in the polymerized state. This disruption in the equilibrium of FG repeat polymerization
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makes the barrier of central channel less permeable thereby impairing transport through the

nuclear pore.

1.4.3.3.3 Poly-GR and poly-PR associated mis-splicing

Genome-wide mis-splicing reported in COORF72 mutation carriers have been attributed
to both the G4C. RNA (Cooper-Knock et al., 2014; Haeusler et al., 2014; Cooper-Knock et al.,
2015; Conlon et al., 2016) and the Arg-rich DPRs (Kwon et al., 2014; Yin et al., 2017). RNA
sequencing analysis of cultured human astrocytes incubated with a synthesized poly-PR has
shown splicing errors including exon skipping, different 5° UTRs and intronic retention. The
aberrant processing of the excitatory amino acid transporter 2 (EAAT2) mRNA has been reported
in ALS patients (Lin et al., 1998). The same disrupted EAAT2 splicing alterations have been
detected in human astrocytes exposed to poly-PR in a peptide concentration-dependent manner
(Kwon et al., 2014).

Recent studies have provided a mechanistic insight of arginine DPR induced mis-splicing
(Yin et al., 2017). The proteomic analysis of poly-GR and poly-PR pulldowns revealed that both
poly-GR and poly-PR specifically associate with the U2 small nuclear ribonucleoprotein particle
complex (U2 snRNP) disrupting their normal function. The authors went on to demonstrate that
poly-GR blocked the spliceosome resulting in mis-splicing. The U2 snRNP-associated proteins
in COORF72 iPSC motor neuron were mislocalized to the cytoplasm compared to their normal
nuclear localization. Mis-splicing secondary to RNA repeat toxicity (Conlon et al., 2016) was
significantly less frequent than that detected in the C9-ALS frontal cortex and cerebellum. This
observation strongly a more crucial role of DPR in the mis-splicing observed in C9 patient brains

compared to that resulting from the sequestration of RNA binding proteins into G4C. foci.

1.4.3.3.4 DNA damage and oxidative stress associated with poly-PR and poly-GR

Spinal cord motor neurons differentiated from multiple iIPSC have produced both RNA
foci and detectable levels of DPRs. Intriguingly, these motor neurons have shown a significant
increase in the expression of yH2AX, a marker of DNA double-strand breaks (DSBs) (Lopez-
Gonzalez et al., 2016). Transfection of poly-GR into control iPSC motor neurons has increased
the number of DNA strand breaks, increased levels of yH2AX and activated the p53 pathway.
Poly-GR toxicity was mitigated by lowering p53 levels. The production of reactive oxygen species
(ROS) was significantly increased in C9 iPSC motor neurons compared to controls suggesting
this is how poly-GR might be causing DNA damage. Poly-GR pulldown has recovered many

mitochondrial ribosomal proteins crucial for the translation of 13 mitochondrial complexes
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subunits. This may explain the elevated mitochondrial membrane potential detected in both
control iPSCs transfected with poly-GR and C9 iPSC motor neurons. Clinically, multiple markers
of DNA damage as yH2AX and p-ATM were significantly upregulated in the spinal cord neurons
of COALS patients compared to controls (Farg et al., 2017). Taken as a whole, it is believed that
poly-GR disrupts the neuronal mitochondrial function and induces DNA damage potentially via

elevated oxidative stress.

1.4.3.3.5 Poly-GR and poly-PR associated ER Stress and perturbed cell signalling
pathways

ER stress was identified as a potent modifier of arginine DPR toxicity in a CRISPR-Cas9
screen in primary neurons (Kramer et al., 2018). Two proteins of the endoplasmic reticulum
membrane protein complex (EMC), namely TMX2 and CANX, and Endosomal trafficking genes
such as Rab7a were strong modifiers of poly-GR and poly-PR toxicity. These findings indicate
that poly-PR and poly-GR induce ER stress, analogous to what observed before for poly-GA
(May et al., 2014; Zhang et al., 2014). RNA sequencing of primary neurons expressing poly-PR
has revealed the ‘apoptotic signalling pathway in response to endoplasmic reticulum stress’ was
the most significantly enriched Gene Ontology term for upregulated genes. The ATF4, an ER
stress gene was upregulated in cells expressing poly-PR and treating these cells with an ER
stress inhibitor have alleviated poly-PR toxicity. Zhang et al. (2014) have reported a protein kinase
RNA-like endoplasmic reticulum kinase (PERK)-Atf4 mediated ER stress response in COALS/FTD

patient brains.

1.4.3.3.6 Poly-GR and poly-PR associated disruptions in global protein translation

Another common mechanism hypothesised for poly-GR and poly-PR toxicity is
impairment of protein synthesis. Several studies have published the interactomes of DPR proteins
which have observed the ribosomal proteins and translation initiation and elongation factors as
the most abundant interactors of the Arg-rich DPRs (Kanekura et al., 2016; Lee et al., 2016a; Lin
et al., 2016; Lopez-Gonzalez et al., 2016; Boeynaems et al., 2017; Yin et al., 2017; Hartmann et
al., 2018; Shi et al., 2018), indicating poly-PR and poly-GR may influence protein translation. A
recent poly-GR mouse model that exhibited behavioural deficits and neurodegeneration, showed
colocalization of poly-GR with ribosomal subunits and altered expression of genes encoding
ribosomal subunits. The authors of the study also demonstrated that poly-GR impaired protein
translation in HEK293 cells and neurons containing poly-GR in the cortex of the poly-GR mice
(Shi et al., 2018).
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The mechanistic isight into how the Arg-rich DPRs impair protein translation is still
indefinite. Poly-PR and poly-GR expression have inhibited protein translation, albeit without
altering the phosphorylation levels of elFs, the phosphorylation status of which regulates protein
translation (Kanekura et al., 20186). In vitro, the synthetic poly-PR peptide has potentially formed
complexes with RNA and RNA has induced aggregation of poly-PR and poly-GR that were
disassembled by RNase treatment. Poly-PR/BRNA complexes were recognised as misfolded
proteins in vitro by HSP70. These data have prompt the authors to postulate that the Arg-rich
DPRs form complexes with mRNA and prevents the access of translation factors to mRNA;
thereby blocking protein synthesis. Since nucleolus is the primary site of ribosome biogenesis
and assembly and several studies have reported nucleolar stress in poly-GR and poly-PR models
(Kwon et al., 2014; May et al., 2014; Wen et al., 2014; Zhang et al., 2014; Tao et al., 2015; Lee
et al., 2016a), it follows that nucleolar stress seen in poly-GR and poly-PR models could be a

cause or conseguence of ribosomal impairment.

1.4.3.3.7 Disruption of liquid-liquid phase separation dynamics of membrane-less
organelles by Arg-rich DPRs

Proteomic analyses of poly-GR and poly-PR interactomes have a strong interaction with
proteins that harbour a low complexity sequence region (LCR) (Lee et al., 2016g; Lin et al., 2016).
LCRs are evolutionarily conserved amino acid segments, typically 75-300 amino acids that are
compositionally biased in amino acid representation. These domains are present in one-third of
the human proteome and are expected to be unstructured (Freibaum and Taylor, 2017). LCRs
mediate multivalent, low-affinity protein-protein and protein-nucleic acid interactions that govern
many cellular functions such as the dynamic assembly of membrane-less organelles (Aguzzi and
Altmeyer, 2016; Freibaum and Taylor, 2017). Membrane-less organelles are viscous liquid-like
structures formed of RNA-protein complexes. These organelles include nucleolus, nuclear pore
complex, nuclear speckles, stress granules and Cajal bodies (Brangwynne et al., 2015). Recently,
it has been postulated that these organelles may be formed via the liquid-liquid phase separation
(LLP) of protein-laden RNAs from the surrounding nucleoplasm or cytoplasm (Taylor et al.,
2016b). A recent study has shown the Arg-rich DPRs to phase separate in vitro into liquid
droplets (Boeynaems et al., 2017). Poly-PR and poly-GR have been proved to directly bind to
LCRs of many RNA-binding proteins, some of them are linked to ALS such as TDP-43, FUS,
hnRNPA2B1, Ataxin-2, and Matrin-3 (Lee et al., 2016a; Lin et al., 2016). Knockdown of these
LCR interacting proteins revealed 35 suppressors and 21 enhancers of poly-GR toxicity (Lee et
al., 2016a). These toxicity modifiers were shown to modulate the rough eye phenotype of

(G4Cy)ss-expressing flies with detectable poly-GR levels (Freibaum et al., 2015). Both poly-PR and
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poly-GR also interacted with nucleophosmin (NPM1) that contains 3 LCRs and normally organise
the liquid-like granular component (GC) of the nucleolus (Lee et al., 2013). These interactions
have altered the ability of NMP1 to phase separate with one of its native nucleolar binding
partners SURF6. Poly-GR and poly-PR were found to outcompete surfeit locus protein 6 (SURF6)
for NPM1 binding, thereby disrupt nucleolar dynamics, nucleolar morphology and nucleolar

function.

Stress granules (SGs) are another example of membraneless organelle that poly-GR and
poly-PR interfere with. SGs are cytoplasmic assemblies of RNA and protein formed following
translational arrest via dynamic LLP (Jain et al., 2016). Both poly-PR and poly-GR were identified
to interact with several SG components such as G3BP1, G3BP2 and Caprin1; their binding
partner (Lee et al., 2016a). Also, both peptides have induced spontaneous assembly of SGs that
were poorly dynamic. The same study has also identified poly-PR and poly-GR induced
perturbation of Cajal bodies assembly and nuclear speckles dynamics (Lee et al., 2016a). Taken
together, the Arg-rich DPRs alter the assembly, dynamics, and function of membrane-less

organelles leading to the widespread cellular abnormalities.
1.4.3.4 Poly-GP toxicity

Poly-Glycine-Proline (poly-GP) is the second most abundant DPR in the human C9
ALS/FTD brain following poly-GA (Schludi et al., 2015). Uniquely, poly-GP is translated from both
the sense and antisense strand, with the anti-sense poly-GP species surprisingly being the more
abundant species (Zu et al., 2013). Poly-GP peptide is uncharged and forms a compact flexible
coil structure (Freibaum and Taylor, 2017). Cellular models using poly-GP only constructs have
observed that poly-GP is not aggregation-prone and do not associate with markers of amyloid
aggregates (May et al., 2014; Wen et al., 2014; Yamakawa et al., 2014; Zhang et al., 2014; Tao
et al., 2015; Flores et al., 2016). Proteomic studies have shown poly-GP peptide to interact with

few cellular proteins (Lee et al., 2016a).

Poly-GP peptide is unlikely to be the primary pathogenic species in COALS/FTD with no
toxicity reported in several studies (May et al., 2014; Wen et al., 2014; Zhang et al., 2014; Tao et
al., 2015) and mild toxicity observed in other studies (Zu et al., 2013; Yamakawa et al., 2014).
Yamakawa et al. (2014) have found that poly-GP impaired UPS degradation and enhanced cell
death following exposure to the proteasome inhibitor MG132. In human brains, poly-GP level
was significantly higher in the frontal cortex of ALS/FTD cases compared to FTD frontal cortex

(Gendron et al., 2015), whilst was significantly lower in the cerebellum of ALS cases compared
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to either ALS/FTD or FTD cerebellum. Poly-GP levels in the frontal cortex, motor cortex,
cerebellum and the hippocampus did not correlate with cognitive impairment and also did not
associate with the age of disease onset or survival after onset in any of the previously mentioned

brain regions.

Poly-GP does appear to represent a useful pharmacodynamic biomarker for COORF72-
ALS/FTD (Su et al., 2014; Gendron et al., 2017; Lehmer et al., 2017). A poly-GP immunoassay
was developed by Su et al. (2014) to measure the soluble peptide levels in cerebrospinal fluid
(CSF). Poly-GP was only detectable in CSF of COORF72-ALS, but not sALS or control CSFs.
Two following studies have replicated the previous findings from Su et al. (2014) and went further
to detect poly-GP in CSF of both symptomatic and asymptomatic ALS and ALS/FTD who are
COORF72 expansion carriers and referred to the stability of CSF poly-GP over time (Gendron et
al., 2017; Lehmer et al., 2017). Poly-GP was also detected in the media of the lymphoblastoid
cell lines from C9 expansion carriers indicating the active secretion of poly-GP from cells. It is
important to highlight that the poly-GP CSF levels did not correlate with age at disease onset,
survival after disease onset, onset site or disease group and hence it cannot be employed as a
prognostic marker for either COALS or COALS/FTD (Gendron et al., 2017).

Poly-GP immunoassay was also useful for testing the efficacy of antisense
oligonucleotides (ASQOs) targeting the G.C., RNA. Both extracellular and intracellular poly-GP
levels have been reduced following treating in COORF72 iPSC neurons with G4C, ASO. So, these
studies strongly support the use of poly-GP as a diagnostic marker for C9ALS/FTD and a

measure of the efficacy of therapies targeting the G4C. RNA in C9orf72 mutation carriers.
1.4.3.5 Poly-AP toxicity

Poly-Alanine-Proline (poly-AP) is one of the DPRs translated from the anti-sense C.G.
strand. Only very rare Poly-AP inclusions are reported in the motor neurons or cortex of
COALS/FTD patients (Mackenzie et al., 2015; Schiudi et al., 2015), with one study of exception
that has observed poly-AP aggregates to be more prevalent than poly-GA inclusions in motor
neurons (Cooper-Knock et al., 2015). Poly-AP is uncharged with a compact flexible coil structure
and seemingly inert (Freibaum and Taylor, 2017). No evidence of poly-AP aggregation or toxicity
has been reported in studies utilizing alternative codons (Freibaum and Taylor, 2017), instead,
the peptide had a diffuse cytoplasmic localization in cellular models (May et al., 2014; Wen et al.,
2014; Yamakawa et al., 2014; Zhang et al., 2014). Interestingly, a recent study has suggested a

protective role of poly-AP in ameliorating poly-GA toxicity (Lee et al., 2017). These authors have
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noticed that when poly-AP and poly-GA are co-expressed in vitro and in vivo in chick embryos,

poly-AP binds to poly-GA and reduce its aggregation propensity and inturn its toxicity.

1.5 Hypothesis and main aims

Mutations that expand a hexanucleotide (GGGGCC) tandem repeat sequence (HTRS) in
intron-1 of the COORF72 gene is the major cause of familial MND and FTD. The transcription and
subsequent translation of all reading frames of HTRSs generate five types of dipeptide repeat
proteins (DRPs) via Repeat-Associated Non-ATG (RAN) translation. The presumably toxic RAN
proteins aggregate in neurons suggesting that they play an important role(s) in the pathogenesis
of NMD. A surge of MND/FTD research in recent years have proposed several hypotheses for
the molecular mechanism of these abnormal proteins. To add to this, the work contained in this
thesis describes the generation of a cellular model to investigate the possible contribution of the
different DPR proteins to the pathophysiology of cQorf72-ALS/FTD. | hypothesize that DPRs, and
maybe specific DPR species, induce gain of toxic function through aberrant interactions with cell

components.

The main aims of this study were to:

1. Probe how short and long polymers of DPRs differently engage with the proteome when
expressed in a simple cellular model. and examine the toxic consequences of these
interactions.

2. Conduct hypothesis-free analyses to determine how different DPRs could change the
protein abundances and to examine the toxic consequences of the interactions emerging
from findings generating from aims 1.

3. Define the proteinaceous composition of polyGA inclusions and elucidate how poly-GA

aggregation impact the proteome.

By answering these questions, it is anticipated that the developed knowledge will uncover
novel molecular underpinnings disrupted by COORF72-derived DPRs that may ultimately unravel
novel drug targets for effective treatments for these hitherto incurable neurodegenerative

diseases.
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2 General Methods

2.1 DNA vectors and constructs

2.1.1 DPR constructs

Synthetic genes for short (10x) and (101x) dipeptide repeats were synthesized by GeneArt
(Life Technologies, Regensburg, Germany). Table 2-1 lists the full sequence information. These
constructs were flanked 5’ by Xhol and Pstl recognition sites and 3’ by Bcll and BamHI
recognition sites. Xhol and BamHI enzymes (NEB) were used to introduce the gene cassette into
the mammalian expression vector pEGFP-C2 vector so the GFP tag was on the N-terminus of
the 10x repeat sequence. The 101x DPR sequences were inserted between Pstl and Bcll sites
in the backbones of the previously developed pEGFP-C2-10x DPR via classical restriction digest
cloning following manufacturers’ recommendations. Transformations were performed using
recombination-deficient StbI3 E. coli (Life Technologies) at 30 °C to minimize retraction of
repeats. DNA was extracted using PureYield™ Plasmid Miniprep and Midiprep kits (Promega),
following the manufacturer’s instructions. Constructs were screened using standard restriction
enzyme digest, agarose gel electrophoresis, and were sequence-verified to confirm the integrity

of all constructs.
Table 2-1 | Sequence of the open reading frames from the synthetic DPR expression constructs.

Construct Sequence

10x DPRs
10xGA 5’-GGCGCTGGCGCTGGGGCAGGCGCAGGGGCTGGCGCAGGCGCTGGGGCTGGGGCTGGGGCA-3’
10xGR 5’-GGCAGAGGAAGAGGCAGGGGACGCGGAAGGGGGAGAGGACGCGGCAGAGGCCGGGGAAGA-3’
10xAP 5’-GCACCAGCTCCAGCCCCTGCTCCTGCTCCCGCCCCAGCACCCGCCCCTGCCCCAGCCCCA-3
10xPR 5’-CCCAGACCTAGACCTCGGCCTAGACCAAGACCCAGGCCAAGGCCACGGCCAAGACCTAGA-3
101x DPRs

101xGA 5'GCCGGCGCTGGCGCTGGGGCAGGCGCAGGGGCTGGCGCCGGGGCCGGGGCCGGCGCTGGC
GCAGGGGCTGGGGCTGGCGCAGGCGCTGGGGCAGGGGCTGGCGCTGGGGCTGGCGCAGGCGC
AGGCGCTGGCGCTGGCGCAGGGGCTGGCGCAGGCGCTGGGGCTGGCGCTGGGGCAGGGGCAG
GGGCAGGGGCTGGGGCAGGCGCTGGCGCAGGCGCAGGCGCAGGGGCAGGCGCTGGGGCTGGG
GCTGGGGCTGGCGCAGGGGCCGGGGCCGGGGCAGGGGCAGGCGCAGGCGCAGGGGCTGGGGC
AGGGGCAGGCGCAGGGGCTGGCGCTGGCGCTGGCGCCGGGGCCGGGGCCGGCGCAGGGGCTG
GCGCTGGGGCAGGCGCTGGCGCAGGGGCAGGGGCAGGCGCTGGCGCTGGGGCAGGGGCTGGGEG
CCGGGGCCGGCGCAGGCGCTGGGGCAGGCGCAGGCGCAGGCGCTGGGGCCGGGGLCGGGGCT
GGCGCTGGCGCTGGCGCAGGCGCTGGGGCTGGGGCAGGCGCCGGGGCCGGGGCCGGGGCAGG

CGCTGGGGCTGGGGCTGGCGCAGGGGCAGGCGCTGGGGCAGGCGCAGGGGCC-3
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101xGR

5’'CGGGGCAGAGGCCGGGGAAGAGGCAGAGGACGCGGAAGGGGAAGGGGGAGAGGAAG
AGGGCGGGGACGCGGCCGGGGCCGCGGGCGGGGCCGGGGCCEGGGGECGECGGCCGEE
GGCGGGGGCGCGGGCGCGGCCGEGGGCCGGGGCCGCGGGCEGGGEGCGCGGCCEGGG
CCGGGGGCGGGGGCGECGEGGCEGGGGECEGGGAAGAGGCAGGGGCAGAGGAAGAGGAA
GAGGACGGGGGAGGGGCAGAGGAAGGGGACGCGGCAGAGGCAGGGGACGGGGACGC
GGAAGAGGAAGAGGCAGAGGCAGGGGGAGAGGACGGGGCAGGGGGAGGGGCAGGGG
ACGGGGGAGAGGACGCGGACGCGGACGCGGCAGGGGAAGAGGAAGGGGAAGGGGAAG
AGGACGCGGCAGAGGACGGGGCAGAGGAAGAGGCCGGGGAAGAGGACGCGGAAGGGG
GAGAGGCCGCGGAAGAGGAAGGGGAAGAGGGCGGGGACGGGGAAGGGGACGGGGACG
GGGCAGAGGCAGAGGAAGGGGCAGGGGCAGGGGAAGGGGCAGAGGAAGAGGAAGGGG
AAGAGGCAGAGGAAGAGGACGCGGCAGAGGCCGCGGAAGAGGACGG-3’

101xAP

5’CCCGCCCCTGCCCCTGCTCCAGCTCCTGCACCAGCACCCGCTCCAGCCCCAGCCCCCG
CACCCGCCCCTGCACCCGCACCAGCACCAGCCCCTGCTCCAGCCCCCGCTCCTGCTCCTG
CCCCAGCCCCAGCTCCCGCTCCAGCTCCTGCTCCCGCTCCAGCCCCTGCACCAGCCCCTG
CCCCCGCTCCCGCACCAGCTCCAGCACCAGCTCCCGCCCCTGCTCCAGCACCAGCCCCA
GCACCAGCACCAGCTCCCGCACCAGCCCCTGCCCCAGCTCCTGCTCCCGCCCCTGCTCC
TGCCCCCGCACCCGCACCCGCTCCCGCCCCAGCTCCAGCTCCTGCCCCTGCCCCCGCTC
CAGCACCCGCCCCAGCTCCCGCTCCTGCACCCGCTCCCGCTCCCGCACCCGCCCCAGCC
CCTGCACCAGCTCCAGCTCCAGCTCCTGCTCCTGCACCAGCTCCCGCACCCGCCCCAGCT
CCAGCTCCCGCTCCAGCACCAGCCCCTGCCCCTGCCCCAGCCCCTGCCCCTGCACCAGC
ACCAGCACCCGCTCCAGCACCCGCACCAGCCCCAGCACCCGCCCCTGCACCAGCTCCCG
CCCCAGCCCCCGCTCCT-3’

101xPR

5’CGGCCCAGACCCCGGCCTAGACCAAGACCCAGACCAAGGCCAAGACCTCGGCCTCGCC
CTAGGCCACGCCCTCGCCCCAGACCTAGACCTAGGCCTCGGCCAAGACCTAGGCCCAGGC
CTAGACCCCGCCCACGCCCTAGACCACGGCCAAGGCCTAGACCTAGACCAAGGCCCAGGC
CCAGACCAAGGCCTCGCCCCAGGCCAAGACCACGGCCAAGACCAAGACCACGCCCCAGAC
CCAGACCCAGACCTAGACCACGCCCTAGGCCAAGGCCTCGGCCACGGCCTCGGCCTAGAC
CCAGGCCAAGACCTAGACCTCGGCCTAGACCACGGCCTCGCCCACGCCCAAGGCCAAGAC
CAAGACCTAGACCCCGGCCTCGCCCAAGGCCCAGACCTCGCCCTAGACCTCGCCCAAGAC
CAAGGCCTAGACCTCGCCCACGGCCCAGACCTAGACCAAGACCACGGCCACGCCCTAGAC
CTAGGCCCAGACCTCGGCCCAGACCCAGACCACGGCCTAGACCTAGGCCAAGGCCACGCC
CAAGGCCCAGGCCAAGGCCCAGACCAAGACCAAGACCCAGACCTCGGCCAAGGCCAAGGC
CAAGACCAAGG-3’
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2.1.2 Other vectors used in the study

pT-REX vector expressing exon 1 of Huntington (Httex1) with polyQ sequence length of
97 and C-terminal mCherry or GFP fluorescent tags and pT-REx-mCherry were prepared as
previously described (Tsvetkov et al., 2010; Ramdzan et al., 2017).

2.2 Cell lines and transfection

Mouse neuroblastoma cell line (Neuro-2a cells) and Human embryonic kidney 293 cell line
(HEK293T cells), obtained originally from the American Type Culture Collection, were routinely
cultured in a reduced Serum Media Opti-MEM (Thermo Fischer Scientific, MA, USA)
supplemented with 10% (v/v) foetal bovine serum (FCS), 1 mM glutamine, 100 Unit mL™ penicillin
and 100 pg mL " streptomycin in a humidified incubator under 5% v/v atmospheric CO2 at 37 °C.
For microscopy experiments, 9x10* Neuro2a cells were seeded per well into 8-well chamber
uSlides (Ibidi, Martinsried, Germany). For flow cytometry, 4x10° Neuro-2a cells were plated per
well on 12-well plates. For proteomics experiments, Neuro2a cells were seeded on T75 flask at
a density of 6x10° cells. Cells were transfected using Lipofectamine 2000 (Thermo Fischer
Scientific, Waltham, USA) as per the manufacturer instructions with 0.5 ug DNA for the
microscopy experiments, 1.6 ug DNA for the flow cytometry and 24 ug DNA for proteomic
experiments. The next day, the media were changed to Opti-MEM and for the time course, the

media were refreshed daily.
2.3 Confocal Imaging

Cells expressing GFP-tagged DPRs were fixed 48 h after transfection in 4 %
paraformaldehyde for 15 min at room temperature. Nuclei were counterstained with Hoechst
33342 at 1:200 dilution (Thermo Fisher Scientific) for 15 min at 37 °C, followed by a wash in
Hank's Balanced Salt Solution (HBSS). Cells were fixed in 4 % paraformaldehyde and incubation
was carried out in the dark for 15 min at room temperature. Afterwards, cells were washed with
HBSS two times. Ibidi chambers were wrapped with foil and stored at 4 °C till imaging.

Fixed cells were imaged on a Leica SP5 confocal microscope using HCX PL APO CS 40x
or 63x oil-immersion objective lens (NA 1.4) at room temperature. The Hoechst 33342 channel
was collected with an excitation wavelength of 405 nm and emission wavelengths of 445-500
nm; EGFP was collected by excitation at 488 nm and emission from 520-570 nm; and mCherry
was collected by excitation of 561 nm and emission range of 600-700 nm. Single colour controls
were used to establish and adjust to remove bleed-through of the emission filter bandwidths. FIJI

version of Imaged (Abramoff et al., 2004) and Inkscape were used for image processing.
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2.4 Survival analyses

2.41 Longitudinal live-cell imaging

Survival and risk of death analyses were performed on images acquired by an automated
JuLl-stage imaging system (NanoEnTek) fitted into cell culture incubator. Stage and shutter
movements, focusing and image acquisition are fully automated and controlled by PC running
JuLl-stage imaging software. For automated imaging, neuro2a cells in 12-well plate format were
co-transfected with individual GFP-tagged DPRs or GFP-tagged Httex1-97Q along with mCherry
in a pT-Rex vector. mCherry fluorescence was employed to reveal cells independently of DPR
expression. The media was refreshed 24 hours after transfection. Cells were then imaged
longitudinally with the automated microscope at regular 15 min intervals for 96 hours. Channels
used: GFP for EGFP (Excitation: 466/40, Emission: 525/50), RFP for mCherry (Excitation: 525/50,
Emission: 580 LP).

2.4.2 Image analysis

Measurements of DPR expression, time of inclusion formation and cell survival were
extracted from files generated with automated imaging by the FIJI version of Imaged (Abramoff
et al.,, 2004) and visual inspection. Death was recorded as the time points at which mCherry
fluorescence was lost. This event corresponded to the loss of membrane integrity and cell death
and was found to be a highly sensitive and specific assay of cell death through different pathways
and in different types of cell (Strebel et al., 2001; Arrasate et al., 2004). Cells that drifted from
focus were censored. The expression of GFP-tagged versions of DPRs was estimated by
measuring the fluorescence intensity of co-transfected mCherry over a region of interest that
corresponded to the cytosol of each cell. These mCherry intensity values were background-

subtracted by using an adjacent area of the image.

For statistical analysis, survival time was defined as the imaging time point at which a cell
was last seen alive. Kaplan—Meier curves were used to estimate survival and hazard functions
with Prism software. Differences in Kaplan—Meier curves were assessed with Log-rank (Mantel-
Cox) test. Correlations between DPR expression and survival or IB formation were made with
Cox proportional hazard analysis. Differences in mean measurements were compared by

analysis of variance or t-test.
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2.5 Flow cytometry

2.5.1 Cell preparation for flow cytometry

Forty-eight hours following transfection, media was aspirated, and adherent cells were
detached by gentle agitation and pipetting in 1 mL of phosphate-buffered saline (PBS) and then
sedimented (120 xg for 6 min at room temperature). The supernatant was discarded and cell
pellets were resuspended in 500 pL PBS followed by 0.5 pL of 5 pM SYTOX™ Blue
dead cell stain (Invitrogen). Cell suspensions were kept on ice until analysis by flow cytometry

(which was all completed within 1 h after labelling).

2.5.2 Flow cytometry

Cells were analysed using LSR Fortessa flow cytometer, equipped with 405-nm, 488-
nm, 561 nm and 640-nm lasers (BD Biosciences). A minimum of 100,000 events per sample
was collected at a high flow rate. Forward scatter and side scatter were collected using a linear
scale. Fluorescent emissions were collected as area (log scale), pulse height (log scale), and
pulse width (linear scale) for each channel. Data were collected in pulse height, area and width
parameters for each channel. For DAPI, data were collected with the 405-nm laser and DABI
(450/50) filter. For GFP, data were collected with the 488-nm laser and FITC (530/30) filter. For
mCherry, data were collected with the 561 nm laser and PE-Texas Red (621/20) filter. For SYTOX
Red Dead stain was collected using 640-nm laser and APC (670/14) filter. Flow cytometric gating
and data analysis was performed using Flow Jo software (Tree Star Inc.) and graphs were

analysed in Prism 8.
2.6 Sample preparation for proteome analysis of GFP immunoprecipitated samples.

An initial step to understand how abnormal polydipeptides exert toxicity is to identify their
interacting partners. Interactomics have unravelled interesting insights into toxicity mechanisms
of other neurodegenerative diseases (Olzscha et al., 2011; Hipp et al., 2014; Ripaud et al., 2014).
We employed a quantitative proteomics approach using a dimethyl-labelling and LC-MS/MS
based experiment with immunoprecipitation of the GFP tagged DPRs from neuro2a cells
expressing with either GFP-DPR or GFP alone. Figure 2-1 shows a scheme of the affinity
purification-mass spectrometry and whole proteome analysis workflow employed in the current

study.

6x10° Neuro-2a cells were seeded into 75cm? flasks and transfected the following day
with either GFP-tagged DPRs or GFP-only constructs (24ug DNA and 60uL Lipofectamine 2000)

according to the manufacturer’s instructions (Life Technologies). The experiment was designed
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as 3 or 4 biological replicates. Media was refreshed 24h after transfection. At 48h post-
transfection, cells were gently rinsed with PBS and harvested in PBS by gently pipetting. Cells
were pelleted (120g; 6min; room temperature) and resuspended in 1TmL PBS and pelleted again
(400g; 6min; room temperature). The pellet was resuspended in 200pL ice-cold lysis buffer
(10mM Tris-HCI, pH 7.4; 150mM NaCl; 0.5mM EDTA; 0.5% v/v NP-40; 1 mM PMSF; 10 units/ml
DNase |) supplemented with EDTA-free Complete protease inhibitor cocktail (Roche Diagnostic).
The cell suspensions were then passed through a 27 Gauge syringe needle 25 times, followed
by a 31 Gauge needle 10 times and incubated on ice for 30 min. The resultant lysates were
clarified by centrifugation (21000 xg; 10 min; 4°C). Protein concentrations were quantified by the
Pierce BCA Protein Assay (Catalogue Number: 23225, Thermo Fischer Scientific, MA, USA) using
bovine serum albumin (BSA) as the mass standard. 0.5 mg of cellular protein was added to 25
uL of GFP-Trap MA beads (ChromoTek GmbH, Germany) pre-washed and equilibrated in the
wash buffer (10 mM Tris/Cl pH 7.4; 150 mM NaCl; 0.5 mM EDTA; 1 mM PMSF; EDTA-free
Protease inhibitor cocktail). The solution was incubated for 2 hr at 4°C (end-over-end rotation).
Magnetically separated beads were then washed 3 times with wash buffer and 2 times more with
25mM triethylammonium bicarbonate (TEAB) buffer. The immunoprecipitated proteins were
eluted by the addition of 100 ul of 50% v/v aqueous 2,2,2-Trifluoroethanol (TFE), 256mM TEAB.

The supernatant was collected after pelleting (2000g; 2min; room temperature) and adjusted t
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A. Affinity purification — mass spectrometry workflow
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Figure 2-1 | A scheme of the affinity purification-mass spectrometry and whole proteome analysis workflow employed in the current study.
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a final concentration of 100mM TEAB by addition of 1M stock solution and the pH was validated
to be approximately 7 after this treatment). The samples were further processed for mass

spectrometry analysis (Section 2.9).

2.7 Sample preparation for whole proteome analysis

2.7.1 Fluorescence-activated cell sorting (FACS) of live cells

Neuro2a cell lines of early passage numbers (18-20) were used in the study. Cells were
collected at 48 h post-transfection by first rinsing in PBS, followed by resuspension in PBS with
a cell scraper and gentle pipetting. Cells were pelleted at 120 xg for 6 min and resuspended in 2
ml PBS supplemented with 10 units/ml DNase | and filtered through 100-pm nylon mesh before
analysis by flow cytometry. Just before sorting, 2 L of the nuclear marker DAPI (1:1000) was

spiked into cell suspensions to stain dead cells.

Cells were fluorescence-activated cell sorted using a FACS ARIA Il cell sorter (BD
Biosciences) equipped with 405-nm, 488-nm, 561-nm and 640-nm lasers with using a 100-um
nozzle. Gating was done using the BD FACS Diva™ software (Becton, Dickinson Biosciences).
Cells (1,000,000) of each population of interest were sorted at a speed of 1500 cells/s. Side
scatter (SSC) and forward scatter (FSC) height, width, and area were collected to gate for single-
cell population. DAPI area was collected to gate-out dead cells. Data were also collected for
pulse height, width, and area of GFP with FITC filter. To match for expression, cells were further
gated to the same median GFP intensity of 2200 fluorescence units by varying the window of
expression. Pulse shape analysis (PulSA) by flow cytometry was utilized to distinguish the ‘ni’
(non-inclusion) and ‘i’ (inclusion) population of 101xGA as described (Ramdzan et al., 2012).
PulSA relies on standard pulse height and width parameters of a fluorescence channel where
diffuse protein generates a wider and shorter pulse shape, whereas punctate protein as seen in
inclusions generates a narrow and higher pulse shape. Since cells with i tend to be higher
expresses then ni, the gates for both i and ni were not identical. Cells were sorted in parallel
across three days and performed as three matched replicates. Cells were kept on ice for all steps
of the sorting preparation and handling. The targeted population was directly sorted into PBS.
Cells were pelleted at 120 g for 6 min, and the resultant pellet was snap-frozen in liquid nitrogen

and kept at - 80 °C until use.
2.7.2 Preparing whole-cell protein extracts

Cell pellets were thawed then lysed in 100 L RIPA lysis buffer (25mM Tris-HCI, pH 7.4,
150mM NaCl, 1% NP40, 0.1%SDS, 1% Sodium deoxycholate, 1x complete mini-protease

cocktail; Roche), and incubated for 30 min. The concentration of proteins was measured by the
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Pierce™ BCA Protein Assay according to the manufacturer’s instruction (Thermo Fisher
Scientific). To remove any residual detergent that can interfere with subsequent MS analysis,
equal amounts of protein for each sample were precipitated with six volumes of pre-chilled (-
20°C) acetone and the precipitation was allowed to proceed overnight. Next day, samples were
spun at 13,000 rpm, 4°C, 10 min. Acetone was decanted without disturbing the protein pellet.
The pellets were washed once with pre-chilled acetone then allowed to dry for 10 minutes. The
protein precipitates were resuspended in 100 pL 0.1M TEAB and were vortexed and sonicated
3 times for 30 sec to help solubilize the pellet. The samples were further processed for mass

spectrometry analysis (Section 2.9).

2.8 Sample preparation for poly-GA and poly-Q aggregates proteome analysis

Neuro-2a cells expressing either GFP-tagged GAio1 or Httex1Qq7 in 3 replicates were
harvested by pelleting (200 g; 5 min; 24 °C) 24 h post-transfection. Cell pellets were resuspended
in lysis buffer (20 mM Tris, pH 8.0; 2 mM MgCl;; 150mM NaCl; 1% (w/v) Triton X-100; 20
Units/mL Benzonase, Novagen; 1x complete mini-protease cocktail; Roche) and then incubated
for 30 min on ice. Lysates were diluted 2 times with PBS supplemented with protease inhibitor
and aggregates were pelleted at 1000 g for 6 minutes. The aggregates were washed twice with
1 mL PBS, then resuspended in 1 ml PBS and sorted on a BD FACS Aria lll instrument with an
outlet nozzle of 100 um in diameter. The flow rate was adjusted to ~500 events/min, and EGFP
fluorescence was monitored for sorting. Sorted aggregates were pelleted (12,000 g; 5 min; 4
°C), resuspended in PBS and washed 3 times by pelleting as above and resuspension in PBS.
The final pellets were harvested by pelleting (21,000 g, 6 min, 4 °C) and dissolved in 10 pL neat
formic acid for 30 min at 37 °C, vortexed for 20 seconds and sonicated for 1 min three times
then incubated in a shaking microfuge tube incubator (30 min, 37 °C). Samples were neutralized
to pH 7.0 by titration with unbuffered 3 M Tris. The protein concentration in the sample was
determined by a Bradford assay using bovine serum albumin as mass standard. A total protein

of 200 ug was further processed for mass spectrometry analysis (Section 2.9).

2.9 Mass spectrometry

2.9.1 Protein digestion

Proteins were subjected to reduction with 10mM tris(2-carboxyethyl)phosphine (TCEP),
pH 8.0, and alkylation with 55 mM iodoacetamide for 45 min, followed by trypsin digestion
(0.25ug, 37°C, overnight). The resultant peptides were then desalted by solid-phase extraction

following acidification in 1% v/v formic acid; the cartridge (Oasis HLB 1 cc Vac Cartridge, product
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number 186000383, Waters Corp., USA) was pre-washed with 1mL of 80% v/v acetonitrile
(ACN) containing 0.1% v/v trifluoroacetic acid (TFA) and equilibrated with 1.2mL of 0.1% v/v TFA
three times. Samples were then loaded on the cartridge and washed with 1.5mL of 0.1% v/v
TFA before being eluted with 0.8ml of 80% v/v ACN containing 0.1% v/v TFA and collected in
1.5mL microcentrifuge tubes. Peptides were then lyophilized by freeze-drying (Virtis, SP
Scientific). The peptides were resuspended in 100uL distilled water and quantified using
microBCA assay (Catalogue Number: 23235, Thermo Fischer Scientific) with BSA as the mass

standard.

2.9.2 Peptide labelling

10 pg of each sample (in a volume of 50uL containing 100 mM TEAB) were differentially
labelled by reductive dimethyl labelling using equal volumes (2 pL) of 4% light formaldehyde
(CH20), 4% medium formaldehyde (CD-O, 98% D) or heavy formaldehyde (**CD.O, 99% '°C,
98% D) and 0.6 M Sodium cyanoborohydride (NaCNBHj, for light and medium label) or Sodium
cyanoborodeuteride (NaCNBDs;, 96% D, for heavy label) added in sequence. The peptide
solutions were incubated on an Eppendorf Thermomixer at room temperature for 1 h. After
quenching with 8uL of 1% v/v ammonium hydroxide followed by 8uL of neat formaldehyde,
dimethyl-labelled peptides were mixed up in equal volumes. The labelling strategy used for the
different proteomic experiments is shown in Table 2-2. The peptide mixtures were then analysed
using liquid chromatography-nano electrospray ionization-tandem mass spectrometry (LC-nESI-
MS/MS) analysis.

Table 2-2 | Dimethyl labelling strategy employed in the proteomic experiments*.

Light Medium Heavy
GFP-immunoprecipitation experiment
101PR 10PR GFP
GFP 10GR 101GR
GFP 101GA 10GA
GFP 101AP 10AP
Whole proteome analysis
101PR GFP
--------- 101GR GFP
101GA-ni e GFP
101AP o GFP
101GA-ni 101GA-I e
Aggregate proteome analysis
Htt-97Q 101GA e

*n = 3 biological replicates for all analyses except for PR and PA interactomes where n = 4
biological replicates.
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2.9.3 NESI-LC-MS/MS analysis

Peptides were analyzed by LC-nESI-MS/MS using an Orbitrap Fusion Lumos mass
spectrometer (Thermo Fisher Scientific) fitted with nanoflow reversed-phase-HPLC (Ultimate
3000 RSLC, Dionex, Thermo Fisher Scientific). The nano-LC system was equipped with an
Acclaim Pepmap nano-trap column (Dionex - C18, 100 A, 75 um x 2 cm) and an Acclaim
Pepmap RSLC analytical column (Dionex - C18, 100 A, 75 um x 50 cm, Thermo Fisher Scientific).
For each LC-MS/MS experiment, 1 ug (whole proteome) or 0.135 ug (aggregate proteome) of
the peptide mix was loaded onto the enrichment (trap) column at a flow of 5 ul/min in 3% CH;CN
containing 0.1% v/v formic acid for 6 min before the enrichment column was switched in-line
with the analytical column. The eluents used for the LC were 5% DMSO/0.1% v/v formic acid
(solvent A) and 100% CHsCN/5% DMSO/0.1% formic acid v/v. The gradient used was 3% v/v B
to 20% B for 95 min, 20% B to 40% B in 10 min, 40% B to 80% B in 5 min and maintained at

80% B for the final 5 min before equilibration for 10 min at 3% B prior to the next analysis.

The mass spectrometer was operated in positive-ionization mode with spray voltage set
at 1.9 kV and source temperature at 275 °C. Lockmass of 401.92272 from DMSO was used.
The mass spectrometer was operated in the data-dependent acquisition mode, with MS spectra
acquired by scanning from m/z 400-1500 at 120,000 resolution with an AGC target of 5e5. For
MS/MS, the “top speed” acquisition method mode (3 s cycle time) on the most intense precursor
was used whereby peptide ions with charge states =2 were isolated with an isolation window of
1.6 m/z and fragmented with high energy collision (HCD) mode, with a stepped collision energy
of 30 + 5%. Product ion spectra were acquired in the Orbitrap at 15,000 resolution. Dynamic

exclusion was activated for 30s.

2.9.4 Proteomic data analysis

For GFP-immunoprecipitated samples, raw MS data were analysed using Proteome
Discoverer (version 2.3.0.81; Thermo Fisher Scientific) with the Mascot search engine (Matrix
Science version 2.4.1). Data were searched against the SwissProt Mus Musculus database
(version 2016_07; 16794 proteins) combined with common contaminant proteins. GFP
sequence (UniProt ID: P42212) was also added to the database. For protein identification, the
search was conducted with 20ppm MS tolerance, and 0.8Da MS/MS tolerance. The enzyme
specificity was set as trypsin. The maximum number of missed cleavage sites permitted was
two, and the minimum peptide length required was six. The following modifications were allowed:
Oxidation (M), Acetylation (Protein N-term), Dimethylation (K), Dimethylation (N-Term),
Dimethylation: 2H(4) (K), Dimethylation 2H(4) (N-term), 2H(©6)13C(2) Dimethylation (K),
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2H(6)13C(2) Dimethylation (N-term) (Variable); Carbamidomethyl (C) (Fixed). The false discovery
rate (FDR) was calculated by Percolator node in Proteome Discoverer v 2.3.0.81 and peptide
identification accepted with a cut-off of 0.01 and a FDR cut-off value of 0.05 was applied for
protein identification. Proteins were filtered for those identified by at least two peptides, one of
which was unique, in all three replicates. The common contaminant, Keratin, was excluded from

the dataset.

Peptide quantitation was performed in Proteome Discoverer v.2.3.0.81 using the
precursor ion quantifier node. Dimethyl labelled peptide pairs (between two comparisons of light,
medium or heavy) were established with a 2ppm mass precision, and a signal to noise threshold
of 3. A retention time tolerance of isotope pattern multiplets was set to 0.8min. Three single peak
or missing channels were allowed for peptide identification. The protein abundance in each
replicate was calculated by summation of the unique peptide abundances that were used for
quantitation (light, medium and-or heavy dimethyl derivatives). Missing quantitation values were
replaced with a constant (zero-filling). The peptide group abundance and protein abundance
values were normalized to account for sample loading. In brief, the total peptide abundances for
each sample was calculated and the maximum sum for all files was determined. The
normalization factor was the factor of the sum of the sample and the maximum sum in all files.
After calculating the normalization factors, the Peptide and Protein Quantifier node normalized
peptide group abundances and protein abundances by dividing abundances with the
normalization factor over all samples. The normalized protein abundances were imported into
Perseus software (v 1.6.5.0). Protein abundances were transformed to log. scale. The samples
were then grouped according to the replicates. For pairwise comparison of proteomes and
determination of significant differences in protein abundances Welch's t-test based on
permutation-based FDR statistics was then applied (250 permutations; FDR=0.01; SO=1). This,
and all other t-tests below, are justified on the basis the proteomics abundance data is normally
distributed.

For whole proteome data analysis, the conditions were similar to those above, but with
the following differences: Raw MS data were analysed using Proteome Discoverer (version
2.2.0.388; Thermo Fisher Scientific). For protein identification, the search was conducted with
20ppm MS tolerance, and 0.6Da MS/MS tolerance. The maximum number of missed cleavage
sites permitted was three. Additional variable modifications for mono- and dimethylation of
arginine were included. Peptide quantitation was performed in Proteome Discoverer v.2.2.0.388,
and the retention time tolerance of isotope pattern multiplets was set to 0.6min. After grouping

samples, proteins with at least four valid values across all groups were retained for the
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subsequent analysis. Missing values were imputed from distribution of all other log.-transformed
protein values from that sample, using the default settings in Perseus (1.8 standard deviation
downshift, 0.3 mean downshift). For pairwise comparison of proteomes and determination of
significant differences in protein abundances, a two-sample Students t-test based on

permutation-based FDR statistics was applied (250 permutations; FDR=0.05; Sy=0.1).

For the aggregate proteome analysis, raw data were analysed using Proteome Discoverer
(version 2.3; Thermo Scientific) with the Mascot search engine (Matrix Science version 2.4.1).
Database searches were conducted against the Swissprot Mus musculus database (version
2016_07; 16794 proteins) combined with common contaminant proteins. GFP sequence
(UniProt ID: P42212) was also concatenated to the Httex1Qg7 and PolyGAio1 sequences. The
search was conducted with 20 ppm MS tolerance, 0.2 Da MS/MS tolerance and 2 missed
cleavages allowed. Variable modifications were used for all experiments: oxidation (M),
acetylation (Protein N-term), dimethylation (K), dimethylation (N-Term), 2H(4) dimethylation: (K)
and 2H(4) dimethylation (N-term). A fixed modification used for all experiments was
carbamidomethyl (C). The false discovery rate (FDR) was calculated by the Percolator node in
Proteome Discoverer v 2.3.0.81 and was set to 0.5 % at the peptide identification level and 1 %
at the protein identification level. Proteins were filtered for those containing at least two unique
peptides in 3 biological replicates. Peptide quantitation was performed in Proteome Discoverer
v.2.3 using the precursor ion quantifier node. Dimethyl labelled peptide pairs were established
with a 2 ppm mass precision and a signal to noise threshold of 3. The retention time tolerance
of isotope pattern multiplex was set to 0.6 min. Two single peak or missing channels were
allowed for peptide identification. The protein abundance in each replicate was calculated by
summation of the unique peptide abundances that were used for quantitation (light or medium
derivatives). Missing quantitation values were replaced with a constant (zero-filing). The peptide
group abundance and protein abundance values were normalized to account for sample loading.
In brief, the total peptide abundances for each sample was calculated and the maximum sum for
all files was determined. The normalization factor was the factor of the sum of the sample and
the maximum sum in all files. After calculating the normalization factors, the Peptide and Protein
Quantifier node normalized peptide group abundances and protein abundances by dividing
abundances with the normalization factor over all samples. The normalized protein abundances
were imported into Perseus software (v 1.6.5.0). Protein abundances were transformed to log2
scale. The samples were then grouped according to the replicates. For pairwise comparison of
proteomes and determination of significant differences in protein abundances, paired Student's

t-test based on permutation-based FDR statistics was then applied (250 permutations; FDR =
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0.05; SO = 0.1). This was justified on the basis the proteomics abundance data is normally
distributed.

2.10 Bioinformatic analysis and visualization using Cytoscape

Protein interaction networks were generated using Cytoscape 3.7.1 (Shannon et al., 2003)
built-in String (v11.0) (Szklarczyk et al., 2017) using active interaction sources parameters on for
Experiments, Databases, Co-expression neighbourhood, Gene Fusion and Cooccurrence. The
minimum required interaction score setting was 0.9 for interactome data or 0.7 for whole
proteome and aggregate proteome data. Protein abundance changes were used as node color
attributes and the node size reflected the p-value. The corresponding enriched GO annotation
terms were determined by calculating their enrichment P-value, which we compute using a
Hypergeometric test, as explained in (Rivals et al., 2006). The P-values are corrected for multiple
testing using the method of Benjamini and Hochberg (Benjamini and Hochberg, 1995). Selected
GO terms were used to manually re-arrange nodes and were added on the protein interaction

network using Inkscape.

Cytoscape 3.7.1 plugin BINGO was used to perform GO term analyses performed on
proteins significantly enriched in the long versus short Arg-rich DPRs immunoprecipitates.
Overrepresented categories were chosen after Benjamini & Hochberg False Discovery Rate
correction. A hypergeometric statistical test was used to ascertain the p-value of GO term
enrichment. The annotation plots show the GO terms comprising at least three proteins with
Benjamini-Hochberg adjusted p <0.05 and the log: fold enrichment of their associated proteins

were significantly different from zero as assessed by one-sample student T-test.

A Python algorithm developed by Mitrea et al. (2016) was employed in this study to identify
proteins exhibiting multivalent arginine-rich motifs (R-motifs) with the sequence pattern,
RXn1RX2RXn3R, where n1, n3<2 and n2<20. This algorithm was applied to the DPR-interacting
proteins as well as proteins up- or downregulated upon DPR expression. The background
proteins observed in the whole proteome analysis and which were not deemed significantly
affected in abundance by DPR expression was used as a control. For determining significant
differences, Fisher exact test was used.

IUPred is a predictor that assigns each amino acid an energetic contribution to the
stability of the protein; this contribution is a function of the frequencies of all other amino acids in
the sequence. |UPred-L predicts global structural disorder that encompasses at least 30
consecutive residues of the protein (Dosztanyi et al., 2005). This algorithm was applied to predict

the intrinsically unstructured/disordered regions of proteins significantly enriched in polyGA or
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Httex1Qg; aggregates. Glutamine content was analyzed with the web-server COPid (Kumar et

al.,, 2008) (http://www.imtech.res.in/raghava/copid/). A control set of 100 random proteins

(Table 4-S1) was generated from a list of the mouse proteome obtained from the Uni-ProtKB
database

(http://www.uniprot.org/uniprot/?query=reviewed:yes+AND+organism:10090&random=yes).

The Mann-Whitney- Wilcoxon test was employed to determine significant differences.

2.11 Data availability

The mass spectrometry proteomics data have been deposited in the ProteomeXchange
Consortium database via the PRIDE (Vizcaino et al., 2016) partner repository program with the
following dataset identifier: PXD015177 (for interactome data), PXD015180 (for the whole
proteome data), PXD018505 (aggregate proteome data) and PXD018824 (polyGA aggregation

impact on the whole proteome data).

2.12 Statistical Analysis

The details of the tests were reported in the Figures and corresponding Figure Legends.
All statistical analyses were performed with GraphPad Prism v 7.05 (Graphpad Software Inc.,
San Diego, CA). Significant results were defined on the figures for P < 0.05. P values lower than
0.05 are coded as *, P<0.05; **, P<0.01; ™, P<0.001; ****, P< 0.0001.
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3 Chapter 3: Arginine in C90RF72 Dipolypeptides Mediates

Promiscuous Proteome Binding and Multiple Modes of Toxicity*

3.1 Highlights

¢ Quantitative proteome interactions with 5 different COORF72 dipolypeptides (DPRs).

e The Arg-rich DPRs promiscuously bound to the proteome compared with the other
DPRs.

e Long repeat lengths of Arg-rich DPRs, but not short lengths, stalled ribosomes.

e The Arg-rich DPRs also reduced arginine methylation and actin cytoskeleton assembly.
3.2 Abstract

C9O0ORF72-associated Motor Neuron Disease patients feature abnormal expression of 5
dipeptide repeat (DPR) polymers. Here we used gquantitative proteomics in a mouse neuronal-
like cell line (Neuro2a) to demonstrate that the Arg residues in the most toxic DPRS, PR and GR,
leads to a promiscuous binding to the proteome compared to a relative sparse binding of the
more inert AP and GA. Notable targets included ribosomal proteins, translation initiation factors
and translation elongation factors. PR and GR comprising more than 10 repeats appeared to
robustly stall on ribosomes during translation suggesting Arg-rich peptide domains can
electrostatically jam the ribosome exit tunnel during synthesis. Poly-GR also recruited arginine
methylases, hypomethylation of endogenous proteins, and induced a profound destabilization of
the actin cytoskeleton. Our findings point to arginine in GR and PR polymers as multivalent toxins
to translation as well as arginine methylation that may explain the dysfunction of biological

processes including ribosome biogenesis, MRNA splicing and cytoskeleton assembly.
3.3 Introduction

The major genetic cause of motor neuron disease (MND) (also known as amyotrophic
lateral sclerosis (ALS)) and frontotemporal dementia (FTD) is an expansion in the number of

GGGGCC hexanucleotide repeats in COORF72 from less than 15 in the general population to

* This chapter represents the following manuscript:

Radwan M, Ang CS, Ormsby AR, Cox D, Daly JC, Reid GE, Hatters DM. Arginine
in COQORF72 Dipolypeptides Mediates Promiscuous Proteome Binding and Multiple Modes of Toxicity. Mol
Cell Proteomics. 2020;19(4):640-654. doi:10.1074/mcp.RA119.001888
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over 20 (and typically hundreds) (DeJesus-Hernandez et al., 2011; Renton et al., 2011; Majounie
et al., 2012; Gomez-Tortosa et al., 2013). Toxicity has been proposed to arise through multiple
mechanisms including COORF72 haploinsufficiency (Dedesus-Hernandez et al., 2011), the
formation of COORF72 mRNA foci that sequesters critical RNA binding proteins (Donnelly et al.,
2013; Gendron et al., 2013; Lee et al., 2013; Mori et al., 2013a; Sareen et al., 2013; Cooper-
Knock et al., 2014) and the production of abnormal translation products by non-AUG-initiated
translation (RAN translation) (Zu et al.,, 2011). RAN translation occurs from expanded
hexanucleotide repeat lengths in both sense and anti-sense transcripts resulting in abnormal
expression of 5 dipeptide repeats (DPRs) in neurons of patient brains: poly-GP, poly-GA, poly-
GR, poly-AP and poly-PR (Ash et al., 2013; Gendron et al., 2013; Mori et al., 2013a; Zu et al.,
2013).

Experimental animal and cell culture models expressing the DPRs have revealed poly-GR
and poly-PR to be particularly toxic, with the others being comparatively inert (May et al., 2014;
Mizielinska et al., 2014a; Wen et al., 2014; Lee et al., 2016a). Furthermore, while all DPRs are
widely distributed in human brain of patients with ALS, only poly-GR is correlated to clinically
related regions (Saberi et al., 2018). Various interactome studies have indicated that the poly-GR
and poly-PR DPRs engage with RNA binding proteins, ribosome machinery and proteins with
low complexity domains, which mediate the formation of membrane-less organelles by phase
separation (Lee et al., 2016a; Zhang et al., 2018; Moens et al., 2019). These interactions have
been proposed to negatively impact on the functioning of ribosome biogenesis (Kwon et al.,
2014), ribosome activity (Kanekura et al., 2016), nucleolus function (Kwon et al., 2014; Tao et al.,
2015), nucleocytoplasmic transport (Zhang et al., 2015; Freibaum and Taylor, 2017) and stress
granule dynamics (Tao et al., 2015; Lee et al., 2016a; Zhang et al., 2018).

Here, the role of the poly-GR and poly-PR DPRs expressed in a simple cell model was
examined by defining what they interact with using quantitative proteomics and examining how
short DPR lengths (10x repeats) differed to longer lengths (101x repeats). This proteomics data
suggested a potent engagement of poly-PR and poly-GR to the ribosome and translational
machinery. Given that poly-GR and poly-PR suppress protein translation, role of the interactions
of ribosomes was further explored (Kanekura et al., 2016; Lee et al., 2016a; Zhang et al., 2018;
Moens et al., 2019). Here evidence is provided that disruption of protein translation may arise by
Arg-rich peptides stalling on ribosomes during their synthesis. other key mechanisms mediating
poly-PR and poly-GR toxicity are also revealed. This includes destabilization of the actin

cytoskeleton and proteome arginine hypomethylation. These findings point to the repetitive
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arginine sequences in the DPRs promoting promiscuous binding to the proteome that in turn

enact multiple modes of toxicity.

3.4 Specialized methods

3.4.1 Dual fluorescence translation stall assay

Genes were synthesized to produce the dual-fluorescence translation stall reporter as
described previously (Juszkiewicz and Hegde, 2017), except we used mCherry as the red
fluorescent protein. In these translation stall reporter plasmids, GFP and mCherry fluorescent
protein are expressed in-frame from a single MRNA that is separated by a linker sequence. Two
Ribosomal 2A skipping sequences flank the linker region, allowing GFP and ChFP to be
independent markers of translation prior to or after the linker region. The linker sequence
contained the cytosolic domain of Sec61b containing the autonomously folding villin headpiece
(VHP) domain inserted between residues 14 and 15 (Shao et al., 2016) and was utilized as a
negative control. A stretch of 20 consecutive lysine codons (encoded by AAA) that have been
proved to robustly induce ribosome stalling was fused downstream of VHP domain and was
utilized as a positive control. DPRs constructs or exon 1 of Huntington (Httex1) with different
polyQ expansions (25Q, 72Q and 97Q) were cloned to replace the linker region using Pstl and
BAMHI restriction sites. Frame shifting was corrected using standard PCR-based strategies and

was confirmed by sequencing.

Dual fluorescence reporter plasmids were transfected into cells using Lipofectamine 2000
(Life Technologies) according to manufacturer guidelines. Two days after transfection, cells were
harvested in PBS containing SYTOX Blue dead cell stain (S34857, Thermo Fischer Scientific) to
exclude dead cells from subsequent analysis. Cellular fluorescence of 100,000 events per sample
was analysed on a LSRFortessa X-20 flow cytometer (BD Biosciences) using the 488-nm laser
and 530/30 filter for GFP and the 561nm laser and 610/20 bandpass filter for mCherry.
Subsequent analysis of flow cytometry data was done using FlowJo software (v10.5.3) and

graphs were analysed in GraphPad Prism 7.05.

3.4.2 Flow Cytometry analysis of G- and F-actin.

F- and G-actin levels in Neuro2a cells were measured as described (Grosse et al., 2003).
Briefly, Neuro2a cells seeded into 12-well plates were harvested 48 h following transfection of
different GFP-tagged DPRs. Cells were treated with 2 uM cytochalasin-D in 0.1% DMSO/PBS
for 1 h for the positive control. Cells incubated with 0.1% DMSO for 1 h were used as a negative

control (untreated cells). Cells were fixed with 4% paraformaldehyde for 15 min, then
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permeabilized with 0.2% Triton X-100 for 5 min. After washing in PBS, cells were blocked with
1% BSA in 0.1% v/v Triton X-100/PBS solution for 15min and then incubated in the dark at room
temperature for 30 min with Alexa Flour 594 deoxyribonuclease1 (DNase1) conjugate (10 ug mL
', Invitrogen Molecular Probes, D12372) for G-actin detection and Alexaflour-405 Phalloidin
(1:1000, Invitrogen Molecular Probes, A30104) for F-actin detection. After thorough washing with
1x PBS, fluorescence was measured using blue (BV421), green (FITC) and red (PE-Texas Red)
channels on a FACSCanto flow cytometer (BD Bioscience). A total of 1x10* cells were analysed
per acquisition. Unstained cells were used to set the baseline. G- and F-actin contents were
determined from the respective fluorescence and the ratio of F/G calculated from the mean

values as determined with FlowJo software.

3.4.3 Confocal Microscopy for F-actin analysis.

Cells were grown in 8-well ibidi culture chambers (Sarstedt, Nimbrecht, Germany). Cells
were washed with PBS once before being fixed with 4% paraformaldehyde for 15 min at room
temperature, then washed with PBS 3 times and permeabilized in 0.2% w/v Triton X-100/PBS
for 5 min. The cells were then blocked with 1% w/v BSA in 0.1% w/v Triton X-100/PBS for 15
min at room temperature. F-actin was stained with Alexa Fluor 594 phalloidin (1:1000, Invitrogen,
A12381) for 30 min and with Hoechst 33342 (1:200, Thermo Fisher Scientific) for nuclei staining
for 30 min in the dark. Cells were imaged on a Leica SP5 confocal microscope using HCX PL
APO CS 40x or 63x oil-immersion objective (NA 1.4) at room temperature. Fluorescence intensity
profiles of phalloidin in >50 cells expressing GFP-tagged DPRs and untransfected cells were

analysed using Imaged software.
3.5 Resllts

3.5.1 Characterization of the cell model expressing the DPRs

Expression constructs of the DPRs were synthesized using mixed codons and an ATG-
start codon, designed to minimize the influence of RNA-mediated effects from the repeat
sequences. 10x and 101x repeat lengths of the toxic poly-PR and poly-GR, as well as the less

toxic polyGA and polyAP, were prepared.

These constructs displayed patterns of localization and toxicity in the mouse
neuroblastoma cell line Neuro2a similar to that described previously in other models (May et al.,
2014; Mizielinska et al., 2014a; Wen et al., 2014; Lee et al., 2016a; Hartmann et al., 2018; Suzuki
et al., 2018) and observed in vivo for cases of MND with COORF72 mutation (Gendron et al.,
2013; Mori et al., 2013c; Zu et al., 2013; Schludi et al., 2015). This included a predominately
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nuclear punctate pattern of localization for PR1o and PRio: with residual expression in the cytosol
(Figure 3-1A). The longer repeat length accentuated the localization into the nuclear foci. GRio
also formed nuclear foci and appeared almost identical to PR1o, however, GR1o1 was excluded
from the nucleus and had a mostly diffuse cytoplasmic distribution. By contrast, GA+, AP0 and
AP101 were slightly enriched in the nucleus without forming distinct puncta. Similarly, GAor was
enriched in the nucleus but also formed large cytosolic (and less commonly nuclear) inclusions
in many cells (Figure 3-1A & Table 3-S1). All DPR constructs expressed at levels comparable
to that of GFP except for PRio: and GRior that have very weak expression levels; about 30%
lower than that of either GFP or other long DPRs (Figure 3-1B). According to cell survival rates
when expressing the DPRs, the poly-PR and poly-GR constructs were most toxic and this was
true in both 10x and 101x lengths (Figure 3-1C). In contrast, poly-GA was only toxic in 101x

lengths and the other DPRS were not toxic.
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Figure 3-1 | DPR toxicity and cellular localization.

A, Confocal micrographs of Neuro2a cells 48 h after transfection with GFP-tagged DPRs. The nucleus was

stained with Hoechst 33258. Scale bars represent 10 pm. B, Expression levels of the DPRs as assessed

by flow cytometry, 48 h following transfection. FITC-A channel tracks the GFP fluorescence. Shown are

histograms of cell populations. C, Kaplan-Meier survival analysis of Neuro-2a transfected with the GFP-

tagged DPRs. Cells were tracked from 24 h post-transfection. p values correspond to a log-rank (Mantel-

Cox) test of each sample versus EGFP control.
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3.5.2 Arginine-rich DPRs attracts promiscuous proteome interactions

With the model system established, we next sought to investigate how the toxic 101x
length DPRs (poly-GR, poly-PR and poly-GA) interacted with the proteome. To do this we
transiently transfected cells with GFP or the 101x DPRs fused to GFP and then captured proteins
that bound to the DPRs by immunoprecipitation with GFP trap. Proteins were assessed by
quantitative proteomics by comparing the pulldowns to GFP-only transfected cells, with protein
levels normalized to protein mass recovered from the immunoprecipitation. Under these
conditions, GFP levels were anticipated to differ in the pulldown due to different expression levels
(Figure 3-1B). Indeed, the amount of GFP appeared heavily enriched in the GFP-only control for
the toxic DPRs (PRi101, GR101 and to a lesser extent GAio1) (Figure 3-2A). Yet, despite the larger
amount of GFP coming from the control GFP-only transfected cells (which would enrich for non-
specific interactors to GFP), we observed many proteins strongly enriched to the Arg-rich DPRs
and comparatively few for GAio1 and AP1o1 (Figure 3-2A; Table 3-S1). The result suggested two
conclusions. One was that the Arg appears to mediate promiscuous binding to the proteome
and the second was that these interactions are responsible for mitigating toxicity. The Arg-rich
DPRs in particular enriched for proteins involved in ribosome biogenesis and RNA splicing
machinery, which is consistent with prior findings (Lee et al., 2016a; Lin et al., 2016; Boeynaems
et al., 2017; Hartmann et al., 2018). However, we also found additional novel interactions with
proteins involved in ribosome-translation, cytoskeleton and chromatin machineries (Figure
3-2B). GRo1 also enriched specifically for methylosome proteins and PRio: with mitochondrial
proteins. GA1o1, which is the only DPR that formed large cytosolic inclusions, was enriched for a
very distinct proteome. These interactions may be indicative of a distinct set of molecular
mechanisms involved in its more modest toxicity. It will be interesting in the future to investigate
the target of ubiquitination since all different DPRs lack lysine. In our model, the GFP tag fused
to the DPRs may be ubiquitinated. diseased brains, the DPRs are translated with additional
endogenous N- and C-terminal sequences specific for each reading frame as indicated in Table
1-1. The antibodies raised against these sequences were capable to specifically probe each DPR
species in patient tissues (Zu et al., 2013). So, it is possible that these N- and C-terminal
sequences are the target of ubiquitination in vivo. Another possibility is that ubiquitin is attracted
to proteins that bind to the DRPs.
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Figure 3-2 | Interactome analysis of the DPR; variants.

*Cand1 OG3bp2 °Mthfd1

A, Volcano plots of each DPR1o1-GFP versus GFP-only control from quantitative proteomic analysis of

GFP-Trap immunoprecipitates of DPRio-GFP transfected in Neuro2a cells harvested 48h after

transfection. Significant binders (shown in colored circles) were classified with False Discovery Rate of <

0.01 (dotted lines). The number of interactors is indicated. n = 4 biological replicates for PR and AP and n

= 3 biological replicates for GR and GA. B, STRING (v10) interaction maps for proteins significantly enriched

with confidence set at 0.9 (highest stringency). Circle sizes are proportional to —log10 (P-value). The color

intensity is proportional to the log2 (fold change). Selected significantly enriched GO terms (GOCC, GOPB,

and UniProt keywords) are displayed.
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3.5.3 Arginine-rich DPRs lead to ribosome stalling

It was previously reported that Arg-rich DPRs can cause translational suppression
although a mechanism that remains undetermined (Moens et al., 2019). Our proteomics data
revealed the ATP-binding cassette sub-family E member 1 (ABCE1) was enriched in the PRioq
interactome. ABCE1 is involved in translation termination ribosomal recycling (Pisarev et al.,
2010), which led us to wonder whether synthesis of the Arg-rich DPRs impairs translation. To
examine this possibility, we employed a previously established assay to measure the ability of a
protein sequence to stall or delay protein synthesis rates (Juszkiewicz and Hegde, 2017). This
assay involves a cassette containing two fluorescent reporters on each side of the peptide
sequence to be tested for stalling (GFP at the N-terminus and mCherry at the C-terminus) (Figure
3-3A). Each construct is encoded in frame without stop codons. However, the sequence to be
tested; e.g. DPR-coding sequence, is flanked by viral P2A sequences, which causes the
ribosome to skip the formation of a peptide bond but otherwise continue translation elongation
uninterrupted. This means that complete translation of the cassette from one ribosome will
generate three independent proteins (GFP, protein tested, and mCherry) in an equal
stoichiometry. However, should the ribosome stall during synthesis, mCherry is produced at

lower stoichiometries than the GFP (Figure 3-3A).

It has been previously validated that stalling reporters that have 21 AAA codons as a
sequence to be tested (which therefore encodes poly-lysine) stall the ribosome while the
reporters with no AAA codons allow read-through (Juszkiewicz and Hegde, 2017). When the
different DPR-coding sequences was cloned inbetween the P2A sequences to replace the
previous tested sequences, GRio1 and PRio1 constructs induced marked stalling (Figure 3-3
B&C and Figure 3-S3). This was DPR-length-dependent in that the 10x repeats showed no
stalling (Figure 3-3C). In addition, the AP+ and GAsor did not lead to stalling (Figure 3-3C).
Indeed, there was a significantly increased ratio of mCherry to GFP (Figure 3-3C). A likely
explanation for this increased ratio comes from intermolecular fluorescence resonance energy
transfer (FRET) arising from low rates of translational readthrough of the stall construct and self-
association of these read-through protein products. This was more evident in another control
construct of mutant Huntington exon 1 (Httex1), which when containing a polyglutamine (polyQ)
expansion above 36 glutamines causes Huntington Disease and becomes highly aggregation-
prone (Duyao et al., 1993; Scherzinger et al., 1999). The expanded polyQ forms of Httex1 did
not cause stalling (Figure 3-3D). However, increased pathological lengths of polyglutamine
increased the ratio of GFP to mCherry. Microscopic images confirmed the presence of GFP and

mCherry in aggregates in cells expressing the GA+o1 and Httex1 reporters (Figure 3-S2).
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Figure 3-3 | Long Arg-rich DPRs stall ribosomes during translation.

A, Schematic of the reporter construct design. The P2A sequence causes the ribosome to skip the
formation of a peptide bond but otherwise continue translation elongation uninterrupted. Complete
translation of the cassette from one ribosome will generate three independent proteins (GFP, test protein,
and mCherry). However, should the ribosome stall during synthesis (such as through the previously
established positive stall reporter sequence with poly-lysine (K20; +ve sequence. The —ve sequence is stall
reporter sequence without lysine residues. B, Flow cytograms of Neuro2a cells 48 h after transfection with
the indicated test sequences inserted into the reporter. C, Median mCherry:GFP ratios calculated from
transfected cells population (from 100,000 analyzed cells). Error bars indicate standard deviations from
three independent transfections and flow cytometry measurements. p values determined for one-way
ANOVA and Dunnett's post hoc test using the —ve as the control. ***, p < 0.0001; ***, p < 0.001; ns, p >
0.05. D, the same assay (and statistical tests) using Huntington exon 1 (Httex1) transfected in HEK293

cells with the indicated polyglutamine (polyQ) lengths.
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3.5.4 Arginine-rich DPRs alter the state of the actin cytoskeleton

We next sought to examine whether the interactomes of the Arg-rich DPRs were
influenced by the length of the repeat sequence (Figure 3-4A). For this analysis, we measured
the relative enrichment of the interacting proteins (101x versus 10x) in each gene ontology (GO)
term significantly associated with the Arg-rich DPRs of both lengths. (The interactomes of 10x
DPRs compared to GFP-control are shown in Figure 3-S4). The majority of GO terms were
significantly enriched to the longer Arg-rich DPRs (Figure 3-4A). These data, therefore, suggest
arginine content generally mediates the binding, which may arise through increased charge per
molecule (i.e. arg valency) or greater aggregation capacity. We also saw enrichment patterns
consistent with different cellular localizations of 10x and 101x PR constructs (as shown in Figure
3-1). In particular, the PR1o1 DPR revealed a substantial enrichment of proteins in GO terms
relevant to nucleus localization (including DNA replication, positive regulation of transcription)
which was consistent with the enhanced localization of PRior to nucleolar substructures
compared to PR (Figure 3-4A). While the actin-related GO terms were enriched also for the
Arg-rich DPRs, the enrichment correlated with the DPR localization in the cytosol where most
actin is expected to reside. Namely, there was a lesser enrichment for PR1o1 compared to PRy,
in accordance with the shift from more diffuse nuclear and cytoplasmic localization into the
nucleolar substructures. GR11 was also excluded from the nucleus compared to GRio, and this

was reflected in the greater enrichment of GR1o+ with actin-related GO terms.

Next, we examined whether the enrichment with actin GO terms was indicative of
changes in the actin cytoskeleton. The Arg-rich DPRs except for GRyo had a significant impact
on the formation of filamentous (F) actin compared to the other DPRs and GFP-alone control
using a flow cytometry protocol for measuring filamentous (F) and globular (G) actin ratios (Figure
3-4B). There was no apparent colocalization of actin to the DPRs, certainly not to punctate
structures of the DPRs (Figure 3-4C). However, it was clear that F actin was reduced in individual
cells expressing the Arg-rich DPRs (Figure 3-4C). Therefore, the results collectively suggested
that the Arg-rich DPRs, either directly or indirectly, leads to destabilization of machinery involved

in actin filament assembly without binding to the actin filaments directly.
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Figure 3-4 | Arg-content of the DPRs and subcellular location influence actin cytoskeleton
assembly.

A, Gene Ontology (GO) enrichment analysis of proteins significantly associated with the long and short
Arg-rich DPRs in the immunoprecipitation. GO terms are shown that contain at least three proteins, and
where the log, ratios of DPR length-enrichment values (DPR101/DPR1o), shown as open circles, were
deemed different to zero by a Student t-test and Benjamini-Hochberg-adjusted p < 0.05. The colored lines
indicate the means of the ratios. The dashed line represents the abundance ratio of GFP, which therefore
provides an estimate of the bias of each DPR in the immunoprecipitation. GO terms related to cytoskeleton
are shown in bold. B, Flow cytometry analyses of population ratios (1 x 10* Neuro2a cells) of F-actin stain
(stained with Phalloidin) and G-actin stain (stained with DNase I) 48 h after transfection with the GFP-
tagged DPRs. Cyto-D cells represent 1 h Cytochalasin-D treatment in untransfected cells; Control indicates
vehicle control treatment (0.1% DMSQO) for Cyto-D sample. The lower graph shows the corresponding

mean GFP fluorescence intensities of the samples in the upper graph. Data represent mean = S.D., n =3
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with p values determined from a one-way ANOVA and Bonferroni's multiple comparisons post hoc-test
with the GFP-alone sample as the control: *, p < 0.05; **, p < 0.01; ***, p < 0.0001; ns, p > 0.05. C,
Intensity distance trajectories of F-actin (stained with Phalloidin) in Neuro2a cells transfected with GFP-
tagged DPRs and nuclei stained with Hoechst 33258. Trajectories are shown on the cells as dotted white
lines. Comparisons are shown in the graphs of representative cells (from over 50 measured cells)
expressing GFP-tagged DPRs (red or blue lines) and untransfected cells in adjacent cells (grey lines). Scale

Bars, 10 pm.

Next, we examined how proteome abundances changed in cells expressing the 100x
DPRs. Because the DPRs were toxic and had variable expression levels, we sorted transfected
cells into similar levels of expression by virtue of GFP levels before analysis. Cell lysates were
collected and quantitatively analyzed by a reductive dimethyl labelling proteome analysis
approach (Figure 3-5A; Table 3-S2). The poly-GR and poly-PR DPRs resulted in the most
changes to the proteome in accordance with them having more potent toxicity and promiscuous
pattern of interactions. Poly-GR and poly-PR also had many overlapping GO terms annotated
consistent with the Arg content driving a similar pathological consequence (Figure 3-5B).
Conversely, the non-toxic poly-AP resulted in few changes to the proteome abundance and poly-

GA had a distinct signature consistent with a different mechanism of toxicity.
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Figure 3-5 | Proteome abundance changes in response to DPR;o; expression.

A, Shown are protein abundances in Neuro2a cells transfected with each GFP-DPR101 compared with

GFP for 48 h, and sorted for matched GFP abundance by flow cytometry. n = 3 biological replicates. p

values were determined with a two-sided Welch's t-Test. Significantly changed proteins (red and blue)

were defined with FDR < 0.01, SO = 1 (dashed lines). The total number of proteins changed are indicated.
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B, Protein interaction networks for proteins significantly changed in abundance, colour-coded to
enrichment using STRING (v10) in Cytoscape (v3.6) at medium confidence. Size of nodes scales
proportionally to -logqo (P-value). Selected significantly enriched GO terms (GOCC, GOPB, and UniProt

keywords) are displayed.

3.5.5 Arginine-rich DPRs lead to altered arginine methylation patterns.

Arginine methylation has been reported to be abnormal in patients with COORF72
mutations, including the presence of arginine-dimethylated enriched inclusions (Chitiprolu et al.,
2018; Sakae et al., 2018). Arginine residues are commonly methylated to regulate biological
activity of many cellular processes and are important in particular in histones which are enriched
GO terms in our datasets. In addition, abnormal histone methylation has previously been reported
in a mouse model of PRso (Zhang et al., 2019). Furthermore, prior work has suggested that
arginine methylase PRMT5 is important in regulating stress granule function in COORF72 models
of disease and methylates ALS-gene risk factor FUS (Chitiprolu et al., 2018). Here, GRioq
interactome was found to be significantly enriched for 3 proteins in the Methylosome GO term
(GO:0034709) including WDR77 and arginine methylases PRMT1 and PRMT5 (Figure 3-2B).
PRMT1 appears particularly important, accounting for 85% of the methylation activity in
mammalian cells (Tang et al., 2000). Analysis of the interactome data showed that the Arg-rich
DPRs were significantly enriching for other arginine-enriched proteins that are common
substrates for methylases (Figure 3-6A and 3-6B). This led us to hypothesize that the Arg-rich
DPRs interfere with endogenous arginine methylation activity, that links to the mechanisms of
ALS toxicity. To test this hypothesis, we examined the 101x DPRs affected proteome levels and
corresponding levels of arginine methylation (Table 3-S3). Because of our reductive
dimethylation proteomics workflow, we could only observe a minor fraction of possible arginine
methylation patterns that could exist. However, sufficient information was obtained to reveal that
GRior leads to a significantly lower level of arginine methylation relative to the GFP only control
(Figure 3-6C; Table 3-S3). These same proteins did not show a significant change in abundance
(Figure 3-6C). Examination of these peptides revealed that many come from Hnrnp family
proteins including Hnrnpa1, Hnrnpab and Hnrmph1 (Table 3-S3). Hnrmpal showed a statistically
significant reduction in Arg-methylation in the GRios treatment (Figure 3-6D). Hnrmp family
proteins are well-known substrates of PRMT family proteins (Dreyfuss et al., 1993). Mutations in
Hnmpal also cause ALS (Kim et al.,, 2013b). It should be noted that the abundances of
methylated peptides seen in the whole proteome have not significantly changed in other tested
DPRs; PRior and GAiwr compared to GFP ctrl indicating the specificity of arginine
hypomethylation to GRio1. Altogether, these data suggest the possibility that the Arg-rich DPRs
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act as substrate sinks of arginine methylases that therefore results in a broader deficiency in

arginine methylase modification of endogenous proteins.
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A, Shown are p values of Fisher exact tests for enrichment of arginine motifs (Mitrea et al., 2016) in the

DPR interactomes versus Control, which are the background proteins observed in the whole proteome
analysis and which were not deemed significantly affected in abundance by DPR expression. Numbers of
proteins are indicated. B, As for A, but for proteins seen significantly upregulated and downregulated in
total protein lysate compared with Control. C, Abundances of methylated peptides seen in the whole
proteome, and the corresponding protein abundances from which they derive. The data is plotted as
matched-pairs of peptides (or proteins) with differences evaluated by 2-tailed Wilcoxon signed-rank test.
p values are coded as ns > 0.05; **, p < 0.01; =, p < 0.001. The mean difference in abundances of
- GFP) is —399,018. D, Shown are the means + S.E. of

peptide abundance ratios of Hnrmpal from the PR1o: and GFP samples. Shown are unmodified (n = 24)

matched pairs of methylated peptides (GRo;

and arg-methylated peptides (n = 5). Significance of difference was assessed with an unpaired t-test with

Welch's correction. p-value is coded as *, p < 0.05.
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3.6 Discussion

Here we show that the Arg in the Arg-rich DPRs promotes widespread interactions with
the proteome relative to the other less toxic DPRs. These interactions centre on various hubs of
cellular activity including translation, ribosome biogenesis, chromatin, mitochondria,
cytoskeleton, RNA splicing and the methylosome. The effects may be driven by the valency of
arginine as well as changes in the cellular localization, and potentially aggregation state, of the
different lengths of DPRs. In contrast, the inert and non-toxic AP DPRs showed few interactions.
GA also showed relative few interactors and unmasked a distinct interactome, consistent with a

different mechanism of toxicity to the potently toxic Arg-rich DPRs.

Overall our data are consistent with the Arg-rich DPRs manifesting toxicity through multiple
mechanisms. One mechanism appears to arise by the Arg-rich sequences causing translation to
stall. It is notable that we couldn't identify ABCE1 among GR101 interactors despite it stalls the
ribosome. This may be attributed to our finding that polyGR interactome is dominated by Arginine
methylases and their substrates; a subset of proteins that are completely absent in polyPR
interactome. Since we injected the same amount of peptide mix across all the interactive
experiments. Our results suggested that lengths longer than at least 10 repeats are needed to
induce stalling. Given that the ribosome exit tunnel holds around 33 amino acids and is lined in
negative charges, a plausible explanation for stalling is that DPR lengths approaching 16-17
repeat lengths would be sufficient to fill this cavity volume and lock the peptide in place by
electrostatic interactions. Previously it was suggested that a canonical polyadenylate tail on
MRNA used to stall ribosomes is translated to lysine and that the poly-lysine sequence is
recognized as aberrant by ribosomes and results in translation repression (Ito-Harashima et al.,
2007). Additional experiments using repeating sequences of Lys and Arg in proteins both slowed
translation, which supports the mechanism of electrostatic interactions jamming the emergent
poly-basic chain in the negatively charged ribosome exit tunnel (Lu and Deutsch, 2008).
Interestingly, antimicrobial peptides enriched for PR-containing motifs have been demonstrated
to bind to the ribosomal exit tunnel and inhibit bacterial protein synthesis (Gagnon et al., 2016).
This raises the possibility that emergent DPRs can also re-enter and plug the exit tunnel through
electrostatic interactions. Further support for this additional mechanism comes from in vitro
translation assays showing that poly-PR and poly-GR peptides formed insoluble complexes with
MRNA, restricted the access of translation factors to mRNA, and blocked protein translation
(Kanekura et al., 2016). This study showed that poly-PR and poly-GR inhibit protein translation
by binding to the translational complex and ribosomal proteins, leading to neurotoxicity (Kanekura

et al., 2016). It should be noted that the overall expression level for PRio: reporter are lower

64



CHAPTER 3: CO9ORF72 dipolypeptide proteome interactions and consequences

compared to the remaining DPR sequences tested (Figure 3-S3). This may be explained by two
possible reasons. Firstly, only live cells are included in our analysis. Since, polyPR peptides are
the most toxic DPR species, this increases the possibility of death of cells expressing high levels
of the PRios reporters and consequently being excluded from the analysis. Secondly, several
studies have reported that poly-PR peptides inhibit the global protein translation (Kanekura et al.,
2016; Lee et al., 2016a; Lin et al., 2016; Lopez-Gonzalez et al., 2016; Boeynaems et al., 2017;
Yin et al., 2017; Hartmann et al., 2018; Shi et al., 2018). Additionally, antimicrobial peptides
enriched for PR-containing motifs have been demonstrated to bind to the ribosomal exit tunnel
and inhibit bacterial protein synthesis (Gagnon et al., 2016). It is therefore readily conceivable that
emergent DPRs may also re-enter and plug the exit tunnel hence potentiating the translation

inhibitory effect of polyPR peptides.

Our data also suggested that the Arg-rich DPRs impede assembly of the actin
cytoskeleton. Recently it was observed that promoting actin flament assembly in cell models of
ALS can alleviate defects in nuclear-cytoplasmic transport defects (Giampetruzzi et al., 2019a)
which supports the conclusion that destabilization of the actin cytoskeleton is pertinent to disease
pathomechanisms. We observed a significant reduction in F-actin in cells with Arg-rich DPRs.
Whether this effect is a consequence of other cellular effects, such as hypomethylation or
ribosome stalling is unclear. Interestingly it has been reported that arginine methylation of an
arginine methylase (PRMT2) regulates the activity of actin nucleator protein Cobl, which suggests
a possible role for arginine methylation defects being an upstream mediator of effects on the
actin cytoskeleton (Hou et al., 2018). In addition, it is thought that dysregulation of actin is a key
process in ALS (Hensel and Claus, 2018). Of note is that mutations in profilin-1 protein, which
mediates the conversion of G-actin to F-actin, is linked to ALS (Wu et al., 2012). Other
cytoskeletal genes have also been linked to ALS including TUBA4A and DCTN1 and KIF5A
(Taylor et al., 2016a; Nicolas et al., 2018).

Our mechanism of toxicity attributable to the Arg-rich DPRs was through a broader
hypomethylation of the proteome. Previous studies have shown that PRMT1 colocalizes with GR
and PR in a Drosophila model and that knockdown of PRMT family members enhanced toxicity
(Boeynaems et al., 2016). It was also found that COORF72-related brain samples had abundant
methylated inclusions (Boeynaems et al., 2016). Thus, the data raises the possibility that the Arg-
rich motifs attract and alter the endogenous methylation activity leading to pathological
outcomes. The substrate of PRMT family proteins contain glycine- and arginine-rich (GAR)
sequences that include multiple arginines in RGG or RXR contexts, which bear resemblance to

the Arg-rich DPRs (Blanc and Richard, 2017). It follows that many of the key pathways seen in
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our dataset are affected by altered arginine methylase activity — including proteins that are
methylated for functional regulation such as histones, proteins involved in mRNA splicing, and
ribosomes (Chang et al., 1976; Yang and Bedford, 2013).

Also of note is that other genes that when mutated are risk factors for ALS have activity
regulated by arginine methylation and show abnormal methylation patterns in disease. In
particular, FUS has been reported to interact with PRMT1 and PRMT8 and undergo asymmetric
dimethylation in cultured cells (Scaramuzzino et al., 2013). Importantly, PRMT1 and PRMT8
localized to mutant FUS-positive inclusion bodies in ALS (Scaramuzzino et al., 2013). It has also
been reported that arginine methylation modulates the nuclear import of FUS and inclusions in
ALS-FUS patients contain methylated FUS (Dormann et al., 2012). We observed the
hypomethylation of Hnrnpa1 caused by the Arg-rich DPRs, which indicates a possible link to ALS
arising from distinct gene mutations. Hnrnpai, as well as the Arg-rich DPRs and other ALS-
associated proteins, are known to form molecular condensates by phase separation (Taylor et
al., 2016a; Boeynaems et al., 2017). Arginine methylation of Hnrpa1 reduces its ability to phase
separate suggesting that an imbalance in molecular condensate mechanisms contributes to the
pathogenic response (Ryan et al., 2018). PR DPRs can also promote the aggregation of ALS-
related proteins containing prion-like domains, that are involved in mediating phase separation
into molecular condensates (Boeynaems et al.,, 2017). Hence our data indicate a possible
convergence of multipronged mechanisms involving methylation, phase separation and

cytoskeleton as important contributors to the toxicity of the Arg-rich DPRs.
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and D.C. cloned exon 1 of Huntington (Httex1) with different polyQ expansions (25Q, 72Q and
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97Q) into the dual-fluorescence translation stall reporter and performed the flow cytometry

analysis presented in Figure 2-4D.

3.9 Supplemental information

Table 3-S1: Quantitative assessment of DPR pathology in mouse neuroblastoma cell line. Relates to
Figure 3-1.

Table 3-S2. Protein interactors to 10x and 101x DPRs. Relates to Figure 3-2 & Figure 3-S2.
Separate file accessible at:

https://www.mcponline.org/highwire/filestream/54306/field _highwire adjunct files/1/157401 1 sup
p_ 477899 gbxsfk.xlsx

Table 3-S3. Cellular abundances of proteins caused by 101x DPR expression. Relates to Figure 3-
5. Separate file accessible at:

https://www.mcponline.org/highwire/filestream/54306/field _highwire adjunct files/2/157401 1 sup
p_477900_gbxsfk.xlsx

Table 3-S4: Arginine methylated proteome quantitation by 101x DPR expression. Relates to Figure
3-6. Separate file accessible at:

https://www.mcponline.org/highwire/filestream/54306/field _highwire adjunct files/3/157401 1 sup
p_ 477901 gbxsfl.xlsx

Table 3-S1: Quantitative assessment of DPR pathology in mouse neuroblastoma cell line*.

DPR species | Souluble (%) Cytoplasmic inclusion (%) Intranuclear inclusion (%)
GAio1 58.1 +7.9 39.6+7.7 23+0.3

PRio1 559+0.16 | --------- 441 +0.16

GRio1 76.3+78 | - 23.7+7.8

AP+ 100+0.0 |- e

PRio 149+24 | oo 87.0+9.4

GRio 201 +41 | e 789+ 3.4

GA1o 100+0.0 |- e

AP1o 100+0.0 |- e

* The numbers represent the percentage of cell having specific phenotype. Three confocal micrographs

of Neuro2a cells expressing DPR species were analysed.
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Figure 3-S1 | Transfection efficiency of DPRs as fusions to GFP. Related to Figure 3-1. Neuro2a cells
were transfected with GFP-tagged DPRs (or EGFP alone) as labelled. Shown are percentages of cells in
each sample with higher GFP fluorescence than background levels. The background levels were derived

by reference to untransfected cells. Data were determined by flow cytometry analysis. Shown are biological

replicates (circles) and means (bars).
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Figure 3-S2 | Expression of DPRs in the ribosome stall reporter constructs. Relates to Figure 3-3.

Shown are confocal micrographs of Neuro2a cells overexpressing the reporter construct containing either
GA101 (top panel) or Httex1 with 97Q repeats (bottom panel) fixed 48 hr post-transfection and stained
with Hoechst 33258 (blue) to visualize nuclei. Scale bars represent 10 pm.
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Figure 3-S4 | Interactome analysis of the DPR10 variants. Relates to Figure 3-2. A. Volcano Plots of

each DPRi-GFP versus GFP-only control

of quantitative proteomics analysis of GFP-Trap

immunoprecipitates of DPRio- GFP transfected in Neuro2a cells harvested 48h after transfection.

Significant binders (shown in colored circles) were classified with False Discovery Rate of < 0.01 (dotted

lines). The number of interactors is indicated. B. STRING (v10) interaction maps for proteins significantly

enriched with confidence set at 0.9 (highest stringency). Circle sizes are proportional to —log10 (P-value).

The color intensity is proportional to the log (fold change). Selected significantly enriched GO terms (GOCC,

GOPB, and UniProt keywords) are displayed (with FDR cutoff P value < 0.05)
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4 CHAPTER 4: Inclusion bodies formed by polyglutamine and
poly(glycine-alanine) are enriched with distinct proteomes but
converge in proteins that are risk factors for disease and involved

in protein degradation*

4.1 Abstract

Poly(glycine-alanine) (polyGA) is one of the dipolypeptides expressed in Motor Neuron
Disease caused by COORF72 mutations and accumulates as inclusion bodies in the brain of
patients. Superficially these inclusions are similar to those formed by polyglutamine (polyQ) in
Huntington’s disease and both have been reported to form an amyloid-like structure suggesting
they might aggregate via similar mechanisms to confer cellular dysfunction similarly. Here we
investigated which endogenous proteins were enriched in these inclusions and whether
aggregation-prone lengths of polyQ (Qg7), in context of Huntingtin exon 1, shared similar patterns
to aggregation-prone lengths of polyGA (101aa). When co-expressed in the same cell, polyGAo-
and HttQg7 inclusions adopted distinct phases with no overlap suggesting different endogenous
proteins would be enriched. Proteomic analyses indeed yielded distinct sets of endogenous
proteins recruited into the inclusion types. The proteosome, microtubules, TriC chaperones, and
translational machinery were enriched in polyGA aggregates, whereas Dnaj chaperones, nuclear
envelope and RNA splicing proteins were enriched in polyQ aggregates. Both structures
revealed a synergy of degradation machinery including proteins in the polyQ aggregates that are
risk factors for other neurodegenerative diseases involving protein aggregation when mutated,

which suggests a convergence point in the pathomechanisms of these diseases.

4.2 Introduction

The formation of protein inclusions is a hallmark of many neurodegenerative diseases. In
Huntington’s disease, amino-terminal fragments of mutant Huntingtin (Htt) protein aggregate into

intraneuronal inclusions (DiFiglia et al., 1997). The aggregation of mutant Htt is triggered by an

* This chapter represents the following manuscript:

Radwan M, Lilley JD, Ang CS, Reid GE, Hatters DM (2020). Inclusion bodies formed by polyglutamine and
poly(glycine-alanine) are enriched with distinct proteomes but converge in proteins that are risk factors for
discase and involved in  protein  degradation. bioRxiv  2020.05.04.076547; doi:
https://doi.org/10.1101/2020.05.04.076547.
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abnormally expanded polyglutamine (polyQ) sequence encoded in exon 1 that arises by CAG
trinucleotide repeat expansions (MacDonald et al., 1993; Scherzinger et al., 1999). Long
polyglutamine sequences form cytoplasmic or nuclear inclusions in animal and mouse models

and are associated with a pathological cascade of events (reviewed in (Cox et al., 2018)).

In motor neuron disease caused by COORF72 GGGGCC hexanucleotide repeat expansion
mutations, protein inclusions arise from the aggregation of dipolydipeptides (DPRs) expressed
abnormally from the expanded GGGGCC hexanucleotide repeat sequence. 5 different DPRs are
expressed, namely dipeptide polymers of glycine-alanine (polyGA), proline-arginine (polyPR),
glycine-arginine (polyGR), proline-alanine (polyPA), and proline-glycine (PolyPG). Of these polyPR
and polyGR are profoundly toxic when expressed in cell culture and animal models targeting
mechanisms in ribosome biogenesis, translation, actin cytoskeleton among others (Kwon et al.,
2014; Zhang et al., 2015; Kanekura et al., 2016; Lee et al., 2016a; Freibaum and Taylor, 2017;
Zhang et al., 2018; Radwan et al., 2020). PolyGA appears less toxic than the others although
has been reported in some models to confer toxicity (Al-Sarraj et al., 2011; Ash et al., 2013; Bigio
et al., 2013; Gendron et al., 2013; Mann et al., 2013; Mori et al., 2013a; Zu et al., 2013; May et
al., 2014; Mizielinska and Isaacs, 2014). We previously reported polyGA to be mildly toxic to
cultured Neuro2a cells and to induce a distinct network of proteome changes that occur
compared to the Arg-rich DPRs (Radwan et al., 2020). We also noted a distinction to the other
DPRs in forming large inclusions that morphologically are similar to the inclusions formed by
polyQ. Furthermore, it has been reported that polyGA inclusions are, like polyQ, SDS-insoluble
and amyloid-like (May et al., 2014; Chang et al., 2016). PolyGA is also more widespread in MND-

patient brain tissue compared to the other DPRs (Mackenzie et al., 2015).

Here we investigated the proteinaceous composition of polyGA inclusions and compared
the profile quantitatively to inclusions of polyQ using a Huntingtin exon 1 model (Httex1Qq7) in a
mouse neuroblastoma cell culture model using a novel proteomics-based approach to enrich the
inclusions from cells under mild lysis conditions. We find distinct recruitment patterns to each
inclusion type and also some similarities in biological mechanisms pertaining to degradation and
a convergent pathomechanism for neurodegenerative diseases involving inappropriate protein

aggregation.

4.3 Results and discussion

Previously we found that polyGAs as a fusion to GFP formed cytosolic inclusions in
Neuro2a cells when transiently transfected. To further investigate the rate that this occurs, we

used live cell imaging to track cells from 24 h after transfection onwards. Of cells with detectable
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levels of expression by 24 h, almost all of them had formed inclusions by 60 h (Figure 4-1A).
This was faster than comparable experiments with Hitex1Qg7 as a fusion to mCherry, which is
well known to extensively aggregate in cell culture (Arrasate et al., 2004; Ormsby et al., 2013)
(Figure 4-1A). We noted that some lower-expressing cells showed detectable expression of
polyGA only after 24 h (which we did not track) and that these were likely to form aggregates
more slowly. When we co-expressed Httex1Qgr as a fusion to mCherry, we found the polyGAio1
and Httex1Qq7 formed discrete inclusions in the same cell with no apparent colocalization (Figure
4-1B). This suggested that any concomitant co-aggregation patterns that arise with endogenous

proteins may involve distinct proteins.
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Figure 4-1 | Httex1Qo7; and polyGAi, rapidly form distinct inclusions in neuro2a cells.

A. Kaplan-Meier curves of polyGA+o:- or Httex1Qg7 expressing cells that form visible inclusions as assessed
by longitudinal imaging. Cells were tracked from 24 h post-transfection. P-values correspond to log-rank
(Mantel-Cox) test. B. Confocal micrographs of neuro2a cells co-expressing GFP-tagged GAio1 and
mCherry-tagged Httex1Qg7, fixed 24 hr post-transfection and stained with Hoechst33258 (cyan) to

visualize nuclei. Scale bar represents 5 pm.

To investigate these potential differences, pellets recovered from lysates of neuro2a cells
expressing GFP-tagged Httex1Qo7 or GFP-tagged polyGAio1 were sorted to purify the aggregates
using flow cytometry via monitoring the GFP fluorescence. Quantitative proteomics, by way of
dimethyl isotope labelling, was used to define the proteins enriched in each aggregate class after
normalization to the total mass of protein. We observed 737 proteins. Of these 69 were significantly
enriched in polyGA inclusions (3 replicates, a permutation-based FDR cut-off of 5% and SO of 0.1)
and 48 were enriched in Httex1Qor (Table 4-S1, Table 4-S2 and Figure 4-2).
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Figure 4-2 | Proteome recruitment patterns to polyGA;, and Httex1Qg; inclusions.

A. Volcano plot of proteins identified in the inclusions. P-values were calculated by a two-sided one
samples t-test with null hypothesis that abundances were unchanged and the Log. ratio was equal to O.
Proteins meeting stringency thresholds (hyperbolic curves, FDR<0.05, Sy=0.1) are shown as colored
circles. B. STRING interaction maps (v.11) determined in Cytoscape (v3.7) for proteins significantly
enriched in the inclusions (the full list of proteins are in Table 4-S2). The analysis was done at the highest
confidence setting. Each protein was represented by a colored circle sized proportionally to -logio (P-
value). The color scale represents logarithm of fold change. Selected significantly enriched GO terms
(GOCC, GOPB, and UniProt keywords) are displayed (Full terms are shown in Table 4-S3). C. Analysis
of enriched proteomes for low-complexity regions (IUPred-L) and high glutamine content. Significance of
difference was assessed against a control dataset of random mouse proteins (Table 4-S1) with the Mann-
Whitney-Wilcoxon test. Whiskers extend from 10 to 90%.
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We observed notable features in this dataset consistent with known pathological markers
of polyGA inclusions. Namely in COORF72 mediated MND, a subset of inclusions is non-reactive
to TDP-43 (Cruts et al., 2013). In most other forms of MND, TDP-43-reactive inclusions are a
key pathological signature of neurons in disease (Neumann et al., 2006). These TDP-43 negative
inclusions were previously found to be immunoreactive for polyGA, suggesting they form by
polyGA aggregation (DedJesus-Hernandez et al., 2011; Renton et al., 2011). We observed a lack
of TDP43 in the polyGA inclusions by virtue of enrichment in the Httex1Qq inclusions (Table 4-1
). In addition, the TDP43-negative inclusions seen in vivo are immunoreactive to p62 (Pikkarainen
et al., 2010) and lack immunoreactivity to FUS, optineurin, alpha-internexin and neurofilament
(King et al., 2009; King et al., 2011). In our data p62 (also called sequestesome 1) is one of the
most enriched proteins in polyGA inclusions, whereas Fus appeared excluded by virtue of its
enrichment in Httex1Qg7 inclusions, which has been observed previously in cell models of polyQ
aggregation and human pathology (Doi et al., 2008; Doi et al., 2010; Wear et al., 2015; Ramdzan
et al.,, 2017). Hence these data point to the cell model of polyGA inclusions mimicking the
process of aggregation and recruitment seen in vivo and also providing specificity of co-

recruitment relative to Httex1Qgy.

Analysis of the differences is shown visually in Figure 4-2B by a (STRING) protein-protein
interaction map and annotation to functional networks. Overall both inclusions yielded an
enrichment for gene ontology and KEGG networks of microtubule cytoskeleton, proteasome
complex, chaperones, RNA splicing and nuclear envelope (Figure 4-2B; Table 4-S3). These
findings are in accordance with prior findings that protein aggregation impacts these biological
processes and in particular involvement in machinery for their clearance and degradation (Ross
and Poirier, 2005; Woerner et al., 2016; Boland et al., 2018; Nussbacher et al., 2019).

In addition, the data points more directly to proteins and genes implicated in MND
phenotype and mechanisms. Phldal was one of the proteins enriched in polyGA inclusions.
Previously it was found that Phlda1 was upregulated in Fus-mutant motor neurons and that this
was an adaptive response to protect against apoptosis (De Santis et al., 2017). Phldal was also
observed upregulated in sporadic MND fibroblasts treated to stress compared to controls
(Raman et al., 2015). Nudt5 was also found enriched in inclusions, and expression of this gene
was significantly increased in motor neurons derived from induced pluripotent cells from MND
patients over controls (Egawa et al., 2012). Another protein of note enriched in the polyGA
aggregates was Dpysl3. A missense mutation that has been linked to MND risk in the French

population and in culture expression of the mutation leads to shorted neuronal survival (Blasco
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et al., 2013). Hence it remains plausible that co-aggregation of these proteins into polyGA

inclusions sequesters their activity and renders cells less resilient to stress triggers.

The Httex1Qq7-enriched proteome also yielded noteworthy findings. Previously it was
found that polyQ can preferentially co-recruit proteins containing LCRs and proteins enriched in
glutamine (Wear et al., 2015; Ramdzan et al., 2017). These patterns were also observed in our
data (Figure 4-2B). However, polyGA did not show these enrichment patterns, indicative of

specificity for polyQ in recruiting LCRs and Q-rich proteins.

Table 4-1 | Proteins enriched in inclusions of polyGA;o: and Httex1Qq;*

Enriched in polyGA o

Description Gene id Log:
enrichment
(Mean = SD)
Pleckstrin homology-like domain family a member 1 Phidai 3.91 +1.18
DNA replication licensing factor mecm3 Mcm3 3.73 +10.23
Eukaryotic translation initiation factor 2 subunit 1 Eif2s1 3.65 +5.69
Proteasome subunit beta type-4 Psmb4 2.6 £2.39
Sequestosome-1 (p62) Sqgstm1 2.47 =0.11
Interferon-inducible double-stranded RNA-dependent Prkra 2.4 £2.63
protein kinase activator a
Sorting nexin-3 Snx3 2.36 £1.05
Electron transfer flavoprotein subunit alpha, mitochondrial | Etfa 2.24 +2.41
Cytochrome ¢ oxidase subunit 5b, mitochondrial Coxbb 2.19 £2.64
Nuclear migration protein Nudc Nudc 217 £1.67
Receptor of activated protein ¢ kinase 1 Rack1 2.17 +0.91
40s ribosomal protein s2 Rps2 212 +1.85
Nuclear fragile x mental retardation-interacting protein 2 Nufip2 2.11 +1.41
26s proteasome non-ATPase regulatory subunit 12 Psmd12 2.09 £2.28
Vigilin Hdlbp 2.07 +0.36
Insulin-like growth factor 2 mRNA-binding protein 3 lgf2bp3 2.06 £2.16
Gtp cyclohydrolase 1 Geh1 2.04 x2.12
60s ribosomal protein 110 Rpl10 1.99 +1.03
ATPase wrnip1 Wrnip1 1.98 +2.39
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Protein soga3

Ubiquitin fusion degradation protein 1 homolog
Proteasome subunit alpha type-6

26s proteasome non-ATPase regulatory subunit 3
40s ribosomal protein s27

Adenine phosphoribosyltransferase

Cop9 signalosome complex subunit 7a
Cytochrome ¢ oxidase subunit ndufa4
Interferon-induced protein with tetratricopeptide repeats 1
Proteasome subunit beta type-5

60s ribosomal protein 123

E3 ubiquitin-protein ligase trim32

T-complex protein 1 subunit eta

Zw10 interactor

Cyclin-dependent kinase 1

Atp-dependent 6-phosphofructokinase, platelet type
Nuclear protein localization protein 4 homolog
Large proline-rich protein bag6

26s proteasome non-ATPase regulatory subunit 14
Malate dehydrogenase, cytoplasmic

Adp-sugar pyrophosphatase

26s protease regulatory subunit 6a

Bifunctional glutamate/proline--trna ligase
Aminoacyl tRNA synthase complex-interacting
multifunctional protein 1

Ribosome-binding protein 1

40s ribosomal protein s27-like

Ras GTPase-activating protein-binding protein 1
Glyceraldehyde-3-phosphate dehydrogenase
Dihydropyrimidinase-related protein 2

Ataxin-10

Dihydropyrimidinase-related protein 3
ATP-binding cassette sub-family e member 1

60s ribosomal protein 138

Green fluorescent protein

Soga3
Ufd1l
Psma6
Psmd3
Rps27
Aprt
Cops7a
Ndufa4
Ifit1
Psmbb
Rpl23
Trim32
Cct7
Zwint
Cdk
Pfkp
Nploc4
Bagb
Psmdi14
Mdh1
Nudtb
Psmc3
Eprs
Aimp1

Rrop1
Rps27!
G3bp1
Gapdh
Dpysl2
Atxn10
DpysI3
Abcet
Rpl38
Gfp

1.96 +0.27
1.95 +1.62
1.93 +1.54
1.91 £2.13
1.91 £0.84
1.84 +1.62
1.83 +1.14
1.82 +0.68
1.76 +1.24
1.74 +0.84
1.73 £0.47
1.72 1
1.72 +0.86
1.68 +0.74
1.59 +0.65
1.57 +0.67
1.54 +1.38
1.48 +0.66
1.48 +0.56
1.48 +0.43
1.47 £0.21
1.42 +0.87
1.39 +0.81
1.3 £0.91

1.26 +0.71
1.23 £0.68
1.18 £0.66
1.15 +0.48
1.09 £0.45
1.05 +0.29
1.05 +0.08
1.04 £0.34
1.03 £0.39
1.01 £0.4
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Multifunctional protein ade? Paics 0.98 +0.35
Polymerase delta-interacting protein 3 Poldip3 0.97 £0.15
Melanoma-associated antigen d1 Maged1 0.94 +0.31
Dihydropyrimidinase-related protein 1 Crmp1 0.92 +0.19
60s acidic ribosomal protein pO Rplp0 0.89 +0.35
Adp/atp translocase 2 Slc25a5 0.89 +0.17
T-complex protein 1 subunit beta Cct2 0.88 £0.22
Eukaryotic translation initiation factor 3 subunit d Eif3d 0.87 £0.32
T-complex protein 1 subunit delta Cct4 0.84 £0.27
Tubulin beta-5 chain Tubbb 0.79 £0.14
26s protease regulatory subunit 10b Psmc6 0.76 £0.15
Golgi-associated plant pathogenesis-related protein 1 Glipr2 0.75 £0.22
IgE-binding protein lap 0.75 £0.22
Cell division control protein 42 homolog Cdc42 0.71 £0.15
Non-POU domain-containing octamer-binding protein Nono 0.67 +0.1

Aspartate aminotransferase, cytoplasmic Got1 0.45 +0.05

Enriched in Httex1Qo;

Description Gene id Log:
enrichment
(Mean = SD)
Hsc70-interacting protein St13 4.78 £0.36
Histone h3.1 Hist1h3a 4.3 £1.28
Clathrin interactor 1 Clint1 4.28 +0.91
Hsc70-interacting protein St13 4.78 +0.36
Histone h3.1 Hist1h3a 4.3 £1.28
Clathrin interactor 1 Clint1 4.28 +0.91
Coiled-coil-helix-coiled-coil-helix domain-containing Chchd2 4.02 +0.73
protein 2
RNA-binding protein FUS Fus 3.26 +1.23
Tight junction protein ZO-1 Tjp1 3.25 +0.93
Ubiquitin-associated protein 2 Ubap?2 3.24 £0.36
Small glutamine-rich tetratricopeptide repeat-containing Sgta 3.22 +0.8

protein alpha

Dnaj homolog subfamily b member 1 Dnajb1 3.11 +1.11
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Chromobox protein homolog 1

Ubiquilin-2

Phosphatidylinositol-binding clathrin assembly
protein

Cugbp elav-like family member 1

Transgelin-2

Rna-binding protein 25

Nucleolysin tiar

Caprin-1

Probable atp-dependent rma helicase ddx17
Protein prrc2c

Rna-binding motif, single-stranded-interacting protein 1
Ankyrin repeat domain-containing protein 17
Pre-mRNA-processing factor 40 homolog a

Dnaj homolog subfamily ¢ member 9

Hepatocyte growth factor-regulated tyrosine kinase
Substrate

Ubiquitin-associated protein 2-like

Nuclear pore complex protein nup214

Poly [adp-ribose] polymerase 1

Calponin-3

Dnaj homolog subfamily a member 2
Serine/arginine repetitive matrix protein 2
Muscleblind-like protein 2

Protein phosphatase 1 regulatory subunit 12a
Poly(rc)-binding protein 1

Tar DNA-binding protein 43

Poly(rc)-binding protein 3

5'-3" exoribonuclease 2

Heterogeneous nuclear ribonucleoprotein f
Lamina-associated polypeptide 2, isoforms alpha/zeta
Pumilio homolog 1

Tropomodulin-3

14-3-3 protein beta/alpha

Plectin

Cbx1
Ubqin2

Picalm

Celf1
Tagin2
Rbm25
Tiall
Caprini
Ddx17
Prrc2c
Rbms1
Ankrd17
Prpf40a
Dnajc9
Hgs

Ubap2|
Nup214
Parp1
Cnn3
Dnaja2
Srrm?2
Mbnl2
Pppiri2a
Pcbp1
Tardbp
Pcbp3
Xrn2
Hnrnpf
Tmpo
Pum/
Tmod3
Ywhab

Plec

3.1 £0.36
3.06 +0.77
2.81 £0.25

2.51 £0.37
2.17 £0.49
2.16 +0.51
2.06 +0.19
2.04 +0.43
2.02 +0.18
2.01 £0.48
1.98 £0.13
1.95 +0.26
1.82 £0.23
1.78 £0.32
1.73 £0.25

1.65 +0.2
1.65 +0.17
1.6 £0.47
1.6 £0.32
1.58 +0.63
1.55 +0.6
1.54 +0.34
1.5 +0.44
1.41 £0.33
1.41 £0.15
1.35 £0.16
1.32 £0.36
1.29 £0.43
1.22 £0.46
1.22 £0.07
1.21 £0.37
1.15 +0.43
0.97 £0.2
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Small ubiquitin-related modifier 1 Sumo 0.83 £0.22
Regulator of nonsense transcripts 1 Upf1 0.82 £0.21
Vimentin Vim 0.72 £+0.13
Nuclear pore complex protein nup98-nup96 Nup98 0.68 +0.15
Importin subunit alpha-1 Kpna2 0.58 +0.1

Protein ¢c10 Grec10 0.56 +0.01

* Only proteins that meet significance cut-off (hyperbolic curves, permutation-based FDR<0.05, Sy=0.1).
Full table of proteins are shown in Table 4-S2; Bold are genes with known causes or risk factors for MND
(or other neurodegenerative diseases in the case of Picalm); Italics are cellular proteins previously seen to

become more insoluble when Httex1Qg7 formed inclusions (Sui et al., 2020).

To assess whether the changes in polyGA inclusion formation had other effects on
proteome abundance, we expressed polyGAior and at 48 h after transfection sorted live cells into
those with visible aggregates from those without by flow cytometry sorting method and pulse
shape analysis (Ramdzan et al., 2012) (Figure 4-3 A). We found cells with inclusions were more
reactive to Sytox (Figure 4-3 A inset), which is indicative of dying and dead cells than cells
without inclusions so we excluded these cells from analysis. 35% of the remaining live cells
expressing polyGA had inclusions (Figure 4-3 A). This was a lower yield of aggregates than we
measured by live cell imaging at 48h in Figure 4-1A (about 90%), which we attribute to this
experiment being more inclusive of the lower-expressing cells and other differences in the
experimental conditions that affect aggregation rates such as phototoxicity of live cell imaging.
Nonetheless, the yield obtained made the experiment amenable for comparing cells with versus
without inclusions. Out of 2420 proteins identified, we observed 56 proteins that significantly
changed abundance in these sorted cell populations (Figure 4-3 ; Table 4-S4). There was no
overlap in the proteins seen enriched in polyGA inclusions with proteins that changed expression
due to polyGA aggregation. This provides firmer confidence that the enrichment seen in the
polyGA aggregates arises from co-aggregation rather than changes in gene expression. Of the
genes that changed expression, protein interaction networks yielded significant enrichment in
networks including nuclear speck (GO: 0016607), ribosome biogenesis (GO: 0042254),
chromosome (GO:0005694), mitochondrion (GO:0005739) and Golgi-to-ER-traffic (MMU-
6811442) (Table 4-S5). These pathways would be anticipated to be activated by stress
responses incurred by protein aggregation, however, we did not note any striking changes that

pertained to novel mechanisms other than that from this data.
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Figure 4-3 | Cellular protein abundance changes arising from polyGA;: aggregation.

A. Schematic of flow cytometry method of pulse shape analysis (PulSA) to sort cells enriched with
inclusions (i) from those without inclusions (ni). Cells with inclusions display shorter width (W) fluorescence
values versus cells with soluble protein, and typically higher height values (H) arising from the condense
foci of fluorescence inside the cells. Cells were sorted to exclude dead cells by Sytox reactivity. Inset
shows the percentage of transfected cells reactive to Sytox by time after transfection. n=4, means + SD
shown. B. Volcano plots of proteins that changed their abundance upon polyGA aggregation. The data
for all proteins are plotted as log.-fold change versus the —logso of the P-value. The dotted line indicates
significance cut-off (hyperbolic curves, FDR<0.05, S;=0.1) and proteins meeting stringency thresholds are

shown as colored circles. C. Protein-protein interaction network (STRING v11) of proteins significantly
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changed in abundance upon polyGA aggregation (the full list of proteins are in Table 4-S4). The analysis
was done at the highest confidence setting. Each protein was represented by a colored circle sized
proportionally to —logio(P-value). The color scale represents the logarithm of fold change. Selected
significantly enriched GO terms (GOCC, GOPB, and UniProt keywords) are displayed (Table 4-S5).

Lastly, we investigated the overlap of proteins enriched in Httex1Qg inclusions with our
previously reported changes in solubility of whole cell proteome before versus after inclusions
had formed (Sui et al., 2020). In that dataset, we observed 17 proteins that significantly
decreased in solubility as cells expressing Httex1Qg; shifted from a dispersed unaggregated state
to forming inclusions (Sui et al., 2020). Of these, 5 proteins were found in our list of 48 proteins
significantly enriched in Httex1Q97 inclusions (Picalm, Hgs, Clint1, UbgIin2 and Dnajb1). Four of
these proteins (all except Dnajb1) form a robust protein-protein interaction network with a
significant gene ontology enrichment for clathrin coat assembly (GO:0048268; FDR of 0.0031)
suggestive that this mechanism is involved in polyQ aggregation. Clint1 and UbgIn2 were
previously shown to colocalize to polyQ inclusions, supporting this conclusion (Wear et al., 2015;
Yang et al.,, 2018). An interesting note with respect to mechanism is that UBQLN2 targets
ubiquitinated substrates for degradation in ERAD and autophagy (Renaud et al., 2019).
Furthermore, mutations in UBQLN2 cause MND, and appear to operate by impairing protein
degradation of ubiquitinated proteins (Deng et al., 2011). Further supporting an important role
linking protein aggregation, degradation more broadly to these neurodegenerative diseases is
the enrichment of Picalm in the polyQ inclusions. Picalm is an phosphatidylinositol-binding
clathrin assembly protein and has been shown via GWAS as a top ten risk for Alzheimer’s disease
(Harold et al., 2009; Elias-Sonnenschein et al., 2012). It has been reported to modulate
intracellular APP processing and plague pathogenesis (Xiao et al., 2012), modulate autophagy

and alter tau clearance (Moreau et al., 2014).

Collectively the data here reports proteins that co-aggregate into two very different
neurodegenerative disease proteinaceous deposits. The findings provide specificity of proteins
to the aggregation type that provides a useful perspective to that reported by others. Moreover,
the mechanisms of protein clearance mechanism appear relevant to both aggregation types and
notably of a number of proteins in the Httex1Qg; aggregates that when mutated are modifiers of
MND risk. Therefore, the findings identify a synergy of biological mechanisms involved in protein
degradation that appear central to at least two different neurodegenerative diseases, and
possibly more applicable to the other neurodegenerative diseases involving inappropriate protein

aggregation.
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5 General Discussion & Conclusion

5.1 Thesis summary

Approximately 88% of patients with ALS-FTD, including 40 % of fALS, 26 % of fFTD cases
and <10% of sALS and sFTD, harbour a hexanucleotide repeat expansion in the first exon of
CO0ORF72 gene (Dedesus-Hernandez et al., 2011; Renton et al., 2011; Gijselinck et al., 2012).
The identification of this mutation has led to a surge of research in recent years that has focused
on identifying the molecular mechanism responsible for causing disease. Various in vitro and in
vivo models have demonstrated that dissection of the disease mechanism is not straightforward,
and it is likely that neurodegeneration results from a combination of loss-of-function and gain-of-
function factors. Nevertheless, to fully understand the global disease mechanisms, it is necessary
to appreciate the individual mechanisms by which each independent factor may contribute
towards neurodegeneration. With this in mind, the work in this dissertation focused primarily on
adding to the understanding of unique dipeptide repeat proteins produced as a consequence of
the repeat expansion by utilising a simple mouse neuroblastoma cell line and quantitative
proteomics. This thesis describes a systematic investigation of how the expression of the different
dipeptide polymers engage with the proteome and determined how these interactions relate to
molecular dysfunction. Key themes emerging throughout this work highlight a possible
convergence of multipronged mechanisms involving disruption of translation, cellular actin
organization and methylation processes as a novel explanation of many aspects of CO9FTD and
CO9ALS biology. In Chapter 4, | shed light into which endogenous proteins were enriched in poly-
GA inclusions and whether aggregation-prone lengths of polyQ (Q97), in context of Huntingtin
exon 1, shared similar patterns that may uncover novel disease pathways eliciting
neurodegeneration. Despite the significant contribution of the main findings of this thesis to the
ALS and FTD field, many questions remain for future study. In this section, | outline important

steps to take in moving forward from this work.

5.2 Key findings and future directions

5.2.1 Varying DPR repeat length produce markedly different phenotypes

With the discovery of G4C2 repeats in COORF72, it is still unknown what the repeat length
constituting DPR pathological aggregates in COORF72-mutation carriers. Work in this thesis has
examined how different repeat lengths of each DPRs impact their localization and toxicity. We
synthesized DNA vectors coding for short (10x) and long (101x) polymers corresponding to the

four COORF72 RAN products derived from the sense and antisense strand and assessed their
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relative toxicity when expressed in mouse neuroblastoma cell line. We observed a striking nuclear
accumulation of long and short poly-PR as well as short poly-GR polymer. The longer repeat
length of poly-GR was excluded from the nucleus and poly-GA has formed cytoplasmic
inclusions only with 101x repeat unit lengths whereas no distinct localisation was observed
following expression of poly-AP at both repeat lengths. This simple model also has shown the
poly-PR and poly-GR are highly toxic at both polymer lengths; long poly-GA is associated with
milder toxicity whilst poly-AP did not appear to confer toxicity. The fact that we observed
differences in the localization and toxicity of the peptides between short and long repeating-units

emphasizes the importance of future studies investigating different DPR lengths.

5.2.2 Arginine-rich DPRs toxicity: Does ribosome-associated protein quality control

(RQC) network kick-start the toxic cascade?

Blocking the global protein translation is among the reported mechanisms that explain
the arginine-rich DPRs toxicity (Kanekura et al., 2016; Hartmann et al., 2018; Moens et al., 2019).
How Arg-rich DPRs repress translational is still an intriguing avenue of exploration. It has been
previously predicted to be due to formation of cytoplasmic stress granules (Lee et al., 2016a) or
reduced ribosome biogenesis (Kramer et al., 2018) observed in multiple poly-PR and poly-GR
models. Other studies have suggested that defective translation is attributed to the direct
engagement of poly-GR and poly-PR with different components of translation process. In vitro
translation assays revealed that poly-GR and poly-PR formed insoluble complexes with mRNA
and inhibited translation. This study suggested that the direct binding of the arginine-containing
DPRs to mRNA restain the access of translation machinery to mRBNA and thereby block
transation (Kanekura et al., 2016). However, several proteomic studies demonstrated that the
Arg-rich DPRs can still bind to the ribosome even in the presence of RNAse (Kanekura et al.,
2016; Lee et al., 20163; Lin et al., 2016; Lopez-Gonzalez et al., 2016; Yin et al., 2017; Hartmann
et al.,, 2018). Indeed, several ribosomal proteins have robustly localized to the poly-GR/PR
inclusions in COORF72 patient brains, suggeting that depletion of ribosomal proteins may drive

the translation arrest (Hartmann et al., 2018; Zhang et al., 2018).

Data presented in chapter 3 have provided a novel clarification of the previously
ambiguous understanding as to how the arginine peptides cause defective translation. This was
the first study to notice the interaction of polyPR with a member of the ribosome-associated
quality control (RQC) network, namely ABCE1. The data is consistent with a mechanism by which
the GR and PR proteins stall on the ribosome during translation. We postulate that Arg-rich

peptide domains may electrostatically jam the ribosome exit tunnel during synthesis. Indeed,
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antimicrobial peptides enriched for PR-containing motifs have been demonstrated to bind to the
ribosomal exit tunnel and inhibit bacterial protein synthesis (Gagnon et al., 2016). It is therefore
readily conceivable that emergent DPRs may also re-enter and plug the exit tunnel through
electrostatic interactions. Overall, these experiments imply that ribosome stalling is the main
feature of problematic translation associated with long Arg-rich DPRs, but we cannot exclude
additional effector mechanisms since translation is regulated at many levels. The next important
step is to systemically analyse members of RQC machinery and their potential colocalization with
GR/PR aggregates using proximity ligation assay or fluorescence resonance energy transfer in a
more relevant disease model including patient-derived tissue, cells or induced pluripotent stem
cell-derived neurons, and in vivo disease models. Also, it will be interesting to test whether
resolving the ribosome stalling happening during Arg-rich DPRs translation either genetically or

pharmacologically can rescue the poly-PR/GR-induced translation repression.

The RQC is a newly discovered pathway that monitors the process of translation for
possible errors, processes damaged or aberrant RNAs and ribosomal subunits and works
upstream the chaperone system to control the nascent polypeptide folding. The RQC is
proposed to act in the following sequence of events. Firstly, the ribosome-recycling factors;
Pelota and Hbs1 recognize the stalled ribosome and ABCE1allows its splitting. The full RQC
complex is then assembled around the 60S ribosomal subunit to allow ubiquitination of nascent
polypeptides by NEMF and Listerin. The TCF25 and VCP complex extract the nascent chain from
the 60S subunit and target it for degradation by the proteasome. The components of the RQC

and ribosome are then recycled (Brandman and Hegde, 2016).

Little research has been performed on the involvement of the RQC mechanisms in ALS
or FTD. In 2009, a study reported that mutations in the E3 ubiquitin ligase Listerin cause ALS-
like symptoms in mice (Chu et al., 2009). Deletion of Ltn1; the yeast analogue of the mammalian
Listerin, results in accumulation of stalled protein products into inclusion bodies (Bengtson and
Joazeiro, 2010). Also, mutation of a CNS-specific tRNAArg UCU gene disrupts the activity of
Pelota and leads to persistent ribosome stalling and widespread neurodegeneration(lshimura et
al., 2014). In the context of ABCET1, its physiological level, at least in yeast cells, is below the
threshold sufficient for complete ribosome recycling (Young et al., 2015). ABCE1 is innately
metastable and prone to sequestration by disease-associated aggregates (Olzscha et al., 2011).
Additionally, ABCE1 is a twin-ATPase protein with a unique N-terminal iron—sulfur (FeS) cluster
domain that contains two [4Fe-4S]2+ clusters (Barthelme et al., 2007; Karcher et al., 2008). Fe-
S association is essential for ABCE1 function (Alhebshi et al., 2012) and the age-associated

oxidative stress impairs the activity of ABCE1 via limiting or chelating iron and inhibiting the
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assembly or stability of ABCE1(Brumaghim et al., 2003). This result explains the accumulation of
ribosomes-associated 3’'UTR of mRBNAs in aged brains (Sudmant et al., 2018). So, depletion of
ABCE1 via sequestration into polyGR/PR aggregates may synergize the inhibition of ABCE1
activity induced by age-associated oxidative stress leading to RQC failure. Clearly, failure of RQC
to recycle the stalled ribosomal complex in order to re-enter the cellular pool can diminish the
translational machinery that is extremely limited in neurons leading to neurodegeneration (Kapur
etal., 2017).

This model proposes ribosome stalling during Arg-rich DPR translation as the molecular
mechanism behind the predominant ribosome binding, eventually leading to impairment of
translation. Four main lines of significance are anticipated for this proposed mechanism. First, it
is proposed that ribosome stalling may be the earliest step in the toxic cascade elicited by Arg-
rich DPR expression. Second, ribosome stalling may give clues to the repeat length constituting
DPR pathological aggregates in COORF72-mutation carriers. Pathogenic G4C2 repeat length
range from over 30 to hundreds or thousands of repeats (DeJesus-Hernandez et al., 2011;
Renton et al., 2011; Gijselinck et al., 2012). This high variability in G4C. repeat size has made it
challenging to develop disease models that express DPRs of a size similar to those observed in
patients. This is particularly of importance since several animal and cellular models have already
demonstrated that DPR length has an effect, with longer repeats having greater toxicity
(Mizielinska et al., 2014a; Wen et al., 2014; Chew et al., 2015; Jovici¢ et al., 2015). This thesis
has shed light on the limited ability of ribosomes to synthesize a long stretch af arginine-rich
peptides irrespective of the repeat length that the parent mRBNA encodes for. As a next step,
future ribosome footprint profiing experiments are warranted to measure the ribosome
occupancy at the G4C. expanded RNA and map where ribosome stops. This knowledge will help
define the exact DPR length observed in human patients to better undermine the physiological
mechanisms that are affected by DPR presence. Third, these findings introduce ribosome stalling
as a new player in determining the actual DPR length translated from G.C. repeat transcript
besides the repeat length in the parent mMRNA. Hence, this may help explain the lack of correlation
between G4C, repeat length the patient harbours and disease severity reported in several studies
(Beck et al., 2013; Dols-Icardo et al., 2013; van Blitterswijk et al., 2013; Nordin et al., 2015).

Finally, poly-GR and poly-PR frequently form cytoplasmic aggregates in patients (Mori et al.,
2013a; Mori et al.,, 2013c; Schludi et al.,, 2015) in contrast to the predominant nucleolar
localization observed in most in vitro systems. It is proposed that the presence of functional RQC
in in vitro models allow the resolution of ribosome stalling during DPR expression (Figure 5-1).

The extracted nascent DPR polypeptide chain can then translocate to the nucleus and localize
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into the nucleolus. On the other hand, RQC system seems to be defective during aging as evident
by the accumulation of ribosomes-associated 3'UTR of mRNAs in aged brains (Sudmant et al.,
2018). This may result in failure to resolve the stalled ribosomes with the consequent aggregation
of nascent DPR chain-ribosome complex into cytoplasmic inclusions in patient brains. This notion
is bolstered by interactome data from rat primary cortical neurons, in which cytoplasmic GFP-
(GR)149 has been shown to bind already-assembled ribosomes. Our hypothesis may also
explain the severe toxicity in some poly-PR/GR models that is hard to reconcile with the
prodromal expression at least of poly-GR many years before disease onset (Vatsavayai et al.,
2016). Therefore, current models likely exaggerate toxicity although it is possible that cytoplasmic

poly-GR/PR inclusions trigger quite different pathways in vivo with milder effects.
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5.2.3 Arginine-rich DPRs alter the arginine methylation patterns

The methylation of arginine residues within a protein is a common post-translational
modification that can have a significant impact on the localisation and behaviour of proteins
(Bulau et al., 2006; Uhimann et al., 2012; Larsen et al., 2016). Given that the poly-GR and poly-
PR proteins contain a significant amount of arginine residues and these DPR proteins have been
consistently shown to be the most toxic DPR protein species in a number of model systems
(Kwon et al., 2014; Mizielinska et al., 2014a; Wen et al., 2014; Jovigi¢ et al., 2015; Tao et al,,
2015; Lee et al., 2016a; Rudich et al., 2017; Xu and Xu, 2018), it is possible that the methylation
of arginine residues within these proteins could play a significant role in their behaviour and
influence toxicity.

Recent studies have detected dimethylated poly-GR inclusions in COORF72-FTLD and
COORF72-ALS patient post-mortem tissue and demonstrated that poly-GR aggregates may
contain a mixture of unmethylated, symmetric dimethylated (SDMA) and asymmetric (ADMA)
forms following immunohistochemical detection of DPR protein inclusions using antibodies
designed to detect different arginine methylation states (Mori et al., 2013a; Boeynaems et al.,
2016; Chitiprolu et al., 2018; Sakae et al., 2018; Gittings et al., 2020), suggesting that arginine
methylation of DPR protein occurs in vivo. Gittings et al. (2020) have detected a consistent
positive correlation between SDMA modification of poly-GR and disease duration and age at
death suggesting that this posttranslational modification may have a significant effect on disease
outcome. These authors went on to hypothesize this positive correlation to be due to the
symmetric dimethylation weakening both electrostatic and pi-pi interactions between arginine
residues of poly-GR molecules. In doing so, poly-GR become less liable to phase separate. Since
phase separation of poly-GR contributes to its toxicity (Lee et al., 2016a), these modifications
were found to reduce poly-GR toxicity in primary neuronal cultures (Gittings et al., 2020). An
earlier study has come to the same conclusion when knockdown of four out of ten arginine
methyltransferases enhanced the toxicity of poly-PR expression in Drosophila. One of these
enzymes, PRMT1, was subsequently found to co-localise with both poly-PR and poly-GR in
Hela cells, suggesting that this enzyme may be involved in the methylation of these proteins
(Boeynaems et al., 2016). Another study demonstrated that treating HEK 293 cells with
adenosine dialdehyde (AdOx), a global methyltransferase inhibitor, decreased the formation of
ADMA cytoplasmic aggregates of GFP tagged poly-GR consisting of 100 repeats in HEK 293
cells, suggesting that poly-GR aggregation may be modulated by this arginine methylation. These

studies signify the role that arginine methylation may play in COORF72 disease pathogenesis.
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Thus far, all previous studies have focused on studying the biophysical and functional
effect of arginine methylation on the Arg-rich DPRs molecules themselves. In chapter 3, the whole
proteome analyses revealed that GRior expression leads to hypomethylation of endogenous
proteins, positing that the Arg-rich dipeptide polymers are mimetics of endogenous arginine
methylase substrates and recruit these methylase proteins. A consequence is hypomethylation
of the proteome, including key proteins known to be involved in ALS mechanisms (Figure 5-2).
An important next step will be to examine the global arginine methylation patterns in a more

relevant disease model or COORF72 patient brain tissues.
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Figure 5-2 | Proposed model of poly-GR induced hypomethylation of Hnrnp family proteins.

How perturbation of arginine methylation may be linked to the pathogenesis of FTD and
ALS is yet to be explored. However, like other posttranslational modifications, defects in arginine
methylation is expected to have many downstream effects. For instance, several proteins
associated with ALS and FTD, which are capable of liquid-liquid phase transition, contain
RGG/RG-rich domains and are known targets of arginine methylation (Ong et al., 2004; Hung et
al., 2009; Altmeyer et al., 2015; Molliex et al., 2015), suggesting that perhaps the regulation of
phase transition by arginine methylation may be a mechanism common to these proteins.
Potential candidate proteins include some members of the hnRNP A family, which aggregate in
rare familial forms of ALS (Kim et al., 2013a; Mori et al., 2013b), and EWS and TAF15, both of

which accumulate in pathological inclusions in FTLD-FUS (Neumann et al., 2011).
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Also, arginine methylation of GAR (Gly-Arg rich) motifs in the human MRE11, a key
enzyme in DNA double-strand break repair and stability of genomic DNA is essential for targeting
MRE11 to DNA damage foci and colocalization with the phosphorylated H2A histone family
member X (y-H2AX) (Déry et al., 2008). Markers of DNA damage response (DDR) including y-
H2AX were up-regulated in COORF72 ALS patient spinal cord motor neurons (Farg et al., 2017).
A following study has confirmed that Arg-rich DPRs in addition to the C9ORF72 RNA is capable
of inducing DNA damage (Pottier et al., 2015). Whether the observed DNA damage is a

downstream effect of disruption in arginine methylation require investigation.

Another important class of methylase substrates is arginine-rich histones including H3
and H4 histones (Thimmegowda and Yeldur, 2016). PRMT1 is responsible for the asymmetric
di-methylation of Arginine 3 on Histone H4 (H4R3me2asym), which promotes histone acetylation
and gene transcription (Litt et al., 2009). In a FUS mouse model of ALS, loss of PRMT1 function
due to recruitment into FUS aggregates has led to reduction of asymmetric di-methylation of
Arginine 3 on Histone H4 (H4R3me2asym) causing a drop in the acetylation of Histone H3 on
Lysine 9 and 14, ultimately leading to transcriptional silencing (Tibshirani et al., 2015).
Overexpression of PRMT1 was found to rescue neurite growth in the same model (Jun et al.,
2017). Also, the chromatin modelling enzyme POLR2A undergoes symmetrical di-methylation by
PRMT5 and this modification recruits the Tudor domain of survival of motor neuron (SMN)
(Yanling Zhao et al., 2016). SMN interacts with senataxin, which is sometimes mutated in ALS
(Hirano et al., 2011). Perturbations in this pathway lead to the formation of R-loops, genomic
instability and pre-mature transcription termination causing neurodegeneration (Yanling Zhao et
al., 2016). In the context of COORF72, aberrations of histone methylation have previously been
reported in a mouse model of PRsy (Zhang et al., 2019). Further studies are necessary to examine
the possible correlation between arginine hypomethylation and histone anomalies linked to the
pathogenesis of FTD and ALS.

From the above, it is tempting to view perturbations in global arginine methylation as a
unifying mechanism for the different defects reported in COORF72 ALS/FTD including DNA
damage and histone anomalies. In addition, the defect in this posttranslational modification can
be extended to other forms of ALS and FTD via promoting phase separation and aggregation of

disease-associated RNA-binding proteins.
5.2.4 Arginine-rich DPRs impede the assembly of the actin cytoskeleton

The results from this thesis demonstrated a potentially significant relationship between

C9O0RF72-associated DPRs and the actin cytoskeleton. Within neurons, actin plays several roles
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including support of membranes, regulating axonal transport, motility of the developing growth
cone and pre- and post-synapse formation, and is the substrate for myosin motor proteins (e.g.
myosin Va) which link cytoskeletal elements. Disruption to the actin cytoskeleton can perturb
synapse formation and neuronal integrity (Eira et al., 2016) and has been reported in several ALS
models(Hensel and Claus, 2018). Mutation in profilin-1 protein, which mediates the conversion
of G-actin to F-actin, is linked to ALS (Wu et al., 2012). Other cytoskeletal genes have also been
linked to ALS including TUBA4A and DCTN1 and KIF5A (Taylor et al., 2016a; Nicolas et al.,
2018). Data presented in chapter 3 have shown that Arg-rich DPRs destabilize the actin
cytoskeleton. Lack of direct binding with actin suggested that poly-PR and poly-GR may interfere
with machinery implicated in actin flament assembly. This is the first study to establish a direct

link between the actin cytoskeleton defects and Arg-rich DPRs.

A previous immunocytochemical study has detected the colocalization of COORF72 and
actin (Farg et al., 2014). In a follow-up study, shRNA knockdown of COORF72 in cultured motor
neurons reduced actin filament production, and truncated axons and growth cones which is also
observed in iPSC-derived motor neurons and post mortem tissue from patients with COORF72
expansion (Sivadasan et al., 2016). Hence, it is expected that Arg-rich DPRs can synergize the
negative impact of COORF72 haploinsufficiency on the neuronal actin cytoskeleton. Another
intriguing possibility is that the defects in actin cytoskeleton may be the mechanism underlying
the observed nucleocytoplasmic transport pathology in COORF72-ALS/FTD (Freibaum et al.,
2015; JoviGi¢ et al., 2015; Zhang et al., 2015; Boeynaems et al., 2016; Shi et al., 2017a). This
postulation is supported by a group of evidences. First, a study has observed that poly-PR or
poly-GR impair the nucleocytoplasmic transport, albeit indirectly (Vanneste et al.,, 2019). A
following study has found that alteration to the actin cytoskeleton disrupts nucleocytoplasmic
transport in ALS caused by mutant Profilin1 (PFN1) and by CO9ORF72 repeat expansion
(Giampetruzzi et al., 2019b). The authors have also reported that promoting the actin filament
assembly can alleviate defects in nuclear-cytoplasmic transport defects which supports the
conclusion that destabilization of the actin cytoskeleton is pertinent to disease

pathomechanisms.

To extend the key findings of Chapter 3, a correlation between the R-rich DPRs and
cellular toxicity via this mechanism could be investigated in a more relevant disease model or
COORF72 patient brain tissues. Additionally, it is crucial to study in more depth the exact
mechanism by which each Arg-rich DPR species interfere with the actin cytoskeleton integrity.
Our proteomic data showed the specific interaction of polyPR with the actin capping proteins

(capzal, capza2 and capzb), whereas polyGR has been shown to interact with the actin-binding
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proteins (e.g. Corola, Nexn and Fscn1), thus pointing toward divergent interference
mechanisms. Another point that warrant investigation is whether the actin cytoskeleton defect is
a consequence of other cellular effects, such as hypomethylation or ribosome stalling.
Interestingly it has been reported that arginine methylation of an arginine methylase (PRMT2)
regulates the activity of actin nucleator protein Cobl, which suggests a possible role for arginine
methylation defects being an upstream mediator of effects on the actin cytoskeleton (Hou et al.,
2018).

5.2.5 polyGA inclusion are enriched with distinct proteins involved in protein degradation

PolyGA inclusions are more widespread in FTD-ALS patient brain tissue compared to the
other PDRs (Mackenzie et al., 2015). In chapter 3, we reported polyGA+o+ to be mildly toxic to
cultured Neuro2a cells and to induce a distinct network of proteome changes that occur
compared to the arg-rich PDRs. We also noted a distinction to the other PDRs in forming large
inclusions that morphologically are similar to the inclusions formed by polyQ. Both of polyGA and
polyQ inclusions are SDS-insoluble and assemble by an amyloid-like mechanism (May et al.,
2014; Chang et al., 2016).

In chapter 4, the use of FACS to purify aggregates, in combination with quantitative MS,
enabled us to perform the first in-depth characterization of polyGA aggregates compared to
HttEx1 polyQ aggregates. This generic approach provided an unbiased tool to identify and
quantify their constituent proteins. A notable connections to ALS biology were observed in the
ensemble of proteins found in the polyGA inclusions suggesting that the cell model of polyGA
inclusions mimicks the process of aggregation and recruitment seen in vivo. The screen also
yielded proteins implicated in MND phenotype and mechanisms including Bag6, Phida1, Nudtb
and DpysI3 (Egawa et al., 2012; Blasco et al., 2013; Raman et al., 2015). We propose that co-
aggregation of these proteins into polyGA inclusions sequesters their activity and renders cells
less resilient to stress triggers. However, additional experiments are needed to elucidate if these
proteins can also be found in patient aggregates and how their loss of function through
sequestration might contribute to neurotoxicity. We also noted the GFP moiety (which was
identified from both Httex1 and polyGA fusions) was enriched in the polyGA aggregates
suggesting that the inclusions formed by polyGA contain less mass of associated proteins than
those formed by Httex1. This could arise by more non-specific interactions to the Httex
inclusions or by polyGA forming a greater proportion (by mass) of the inclusion composition than

for Httex1 inclusions.
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In the case of HttEx1 aggregates, we observed that polyQ more selectively co-
aggregates with other proteins enriched with glutamine and LCRs suggesting that inclusion
assembly may be directed by cellular quality control mechanisms for proteins with some degree
of unfoldedness and similar physicochemical properties. One such candidate is CREB Binding
Protein, which is dysfunctional in Huntington’s Disease. CREB Binding protein contains a
glutamine repeat and is co-aggregated into inclusions formed by mutant Htt (Luthi-Carter et al.,
2000; Wyttenbach et al., 2001; Mantamadiotis et al., 2002; Moily et al., 2017). Hence the co-
aggregation of CREB binding protein may result in its loss of activity as one contribution to
pathogenesis. Lastly, we observed an overlap of proteins enriched in Httex1Q97 inclusions with

proteins identified in Httex1 inclusions from other study (Mitsui et al., 2002).

Chapter 4 has also focused on examining how the aggregation status of poly-GA impact
the whole proteome using a combination of flow cytometry and PulSA with MS analysis. We
observed that the stress responses incurred by protein aggregation have resulted in significant
changes in abundance of proteins belonged to nuclear speck, ribosome biogenesis,

chromosome, mitochondrion and Golgi-to-ER-traffic.

Altogether, the proposed experiments outlined in this section (5.2) will drive further
investigation and promise an interesting study that will be useful for identifying critical targets for

effective therapies.

5.3 General conclusion

The discovery of the COORF72 repeat expansion mutation has revolutionised the ALS
and FTD research field in a relatively short space of time. It has led to the identification of
C90RF72-specific pathological features, the development of several model systems and has
resulted in the formation of many new and exciting hypothesised mechanism of disease. The
work in this thesis has primarily focused on toxicity induced by unique DPR proteins produced
by RAN translation in COORF72-linked disease. Using quantitative proteomics in a Neuro2a cell
model, this thesis demonstrated that the ATG-driven arginine-containing DPRs (polyPR, polyGR),
that have been recodonised to lack a repetitive RNA intermediate, are profoundly toxic and stall
the ribosome likely by electrostatic interaction with the ribosome exit tunnel. Further poly-GR also
bound arginine methylases, and thereby inducing hypomethylation of endogenous proteins and
also destabilized the actin cytoskeleton (Figure 5-3). Poly-GA, on the other hand, recruited into
its cytoplasmic inclusions proteins that are involved in the degradation machinery and are risk
factors for neurodegenerative diseases. In this view, this thesis offered novel explanations for

phenotypes seen in patient tissue from COORF72-forms of ALS and FTD. Although many
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questions remain to be answered, it is hoped that the discovered mechanisms will make
significant advancements in our understanding of the mechanisms of FTD and ALS that will
ultimately aid in the development of successful disease-modifying treatments for these

devastating neurodegenerative diseases.
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Figure 5-3 | A schematic summary of main findings of this thesis depicting three novel mechanisms
linked to the Arg-rich DPRs.
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