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Abstract

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are neurodegenerative
diseases characterised by the loss of upper and lower motor neurons and atrophy of the frontal
and temporal regions of the brain respectively. There is a substantial overlap in pathology,

clinical presentation, and genetics of ALS and FTD.

A GGGGCC hexanucleotide repeat expansion in the first intron of the C9orf72 gene is the most
common cause of familial ALS and FTD. Haploinsufficiency, RNA toxicity and dipeptide protein
toxicity are all thought to contribute mechanistically towards C9orf72-related ALS/FTD.
Evidence points towards haploinsufficiency as a modifier of disease which led us to
hypothesise that restoring C9orf72 levels will be beneficial for COALS/FTD patients by restoring
autophagy and promoting the clearance of DPRs.

We provide evidence that C9orf72 is degraded via the ubiquitin proteasome system. We also
demonstrate that formation of a complex between C9orf72 and SMCR8 stabilises the levels of
both proteins. C9orf72 and SMCR8 was identified as potential substrates of the Kelch-like
protein KLHL13, whereby siRNA-mediated knockdown of KLHL13 increases C9orf72 and
SMCRS8 levels and slows their turnover. A yeast two hybrid identified the deubiquitinating
enzyme USP8 as a potential interactor of C9orf72 and we confirmed this interaction by co-
immunoprecipitation. We found USP8 does not regulate C9orf72 protein levels, suggesting
another function for this interaction. Finally, we provide evidence that the SUMO interacting
motif (SIM) and lysine 90 residue in C9orf72 is involved in the stabilisation of the C9orf72-
SMCR8 complex which points towards the potential involvement of SUMOylation in complex

stability.

In summary, we identified C9orf72 as a substrate of the proteasome and highlighted KLHL13
as a novel modifier of C9orf72 and SMCRS8 levels, which may have important therapeutic
considerations. We provide support for the involvement of the C9orf72 SIM and K90 residue in
C90rf72-SMCR8 complex stability.
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Introduction

1. Introduction

1.1 Amyotrophic lateral sclerosis (ALS) and Frontotemporal Dementia
(FTD)

Motor neuron disease (MND) is an umbrella term for diseases in which motor neurons
are selectively affected. The most common MND is amyotrophic lateral sclerosis (ALS).
In ALS the upper motor neurons located in the motor cortex and the lower motor neurons
located in the anterior horn of the spinal cord and brain stem are affected. Presentation
of the disease can vary from spinal-onset in which patients present with muscle
weakness to bulbar-onset in which patients have difficulties with dysarthria and

dysphagia (speech and swallowing difficulties respectively) (Hardiman et al., 2017).

The hallmark of ALS is progressive degeneration of these motor neurons that result in
symptoms ranging from muscle weakness, muscle twitching and spasticity due to upper
motor neuron degeneration to eventual muscle atrophy from degeneration of lower motor
neurons (Chio et al., 2011; Riva et al., 2016). The incidence of ALS is around 2 - 3 per
year per 100,000 of the population and death typically occurs within 3 — 5 years from the
onset of disease as a consequence of breathing difficulties and eventual respiratory
failure. (Hardiman et al., 2017; Huisman et al., 2011; Logroscino et al., 2010). The
progression of ALS varies with multiple factors influencing rate of progression. Such
factors include an older age of onset, presence of cognitive impairment and mixed upper
and lower motor neuron involvement (Al-Chalabi and Hardiman, 2013; Byrne et al., 2012;
Wijesekera et al., 2009). 10% of ALS cases are familial (fALS) and are normally inherited
in an autosomal dominant manner. However, autosomal recessive and X-linked
inheritance patterns of fALS have also been reported (Boylan, 2015). Currently there is
no cure for ALS and the only FDA-approved treatments are the glutamate antagonist

Riluzole and the antioxidant Edaravone (Jaiswal, 2019).

Whilst ALS is the most common MND, frontotemporal dementia (FTD) represents the
second most common cause of dementia, after Alzheimer's disease. FTD is a
progressive neurological disorder that arises due to neuronal atrophy of the frontal and
temporal regions of the brain (Lillo and Hodges, 2009). The two main presentations of
FTD affect behaviour and language and are clinically classified into three different

variants depending on the predominant features (Belzil et al., 2016; Woollacott and
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Rohrer, 2016). The first of these, the behavioural variant (bvFTD) represents the most
common FTD phenotype and is characterised by a gradual decline in both behavioural
and social interaction owing to atrophy of the frontal regions of the brain
(Sivasathiaseelan et al., 2019; Woollacott and Rohrer, 2016). Such behavioural changes
are often mistaken for psychiatric illness which increases the risk of bvFTD misdiagnosis
(Woolley et al., 2011). The second presentation - primary progressive aphasia (PPA) - is
an umbrella term that is used to describe dementias in which language is impaired (Graff-
Radford and Woodruff, 2007). In contrast to bvFTD, PPA is associated with temporal
lobe degeneration which leads to language deficits. PPA can be divided into semantic
variant PPA and non-fluent primary progressive aphasia (nfPPA) and disease
progression is often slower for patients with semantic variant PPA (Flanagan et al.,
2015). Clinically, semantic variant PPA patients present with a loss of semantic memory
whereas nfPPA manifests as phonological and grammatical errors, possibly alongside a
loss of expressive language (Ferrari et al., 2011; Graff-Radford and Woodruff, 2007).
The average age of onset of FTD usually occurs between 50 — 65 years and like ALS,
most cases of FTD are sporadic. However, FTD has a stronger genetic component when
compared to ALS with approximately one third of FTD cases being familial (Moore et al.,
2020; Woollacott and Rohrer, 2016). Clinically, FTD can exist alone or alongside other
diseases. Such diseases include Corticobasal degeneration, Parkinsonism and
Progressive Supranuclear Palsy (Hodges et al., 2003; Olney et al., 2017; Woolley et al.,
2011). The most notable however is an overlap clinically and neuropathologically with
ALS (detailed further below).

1.2. The ALS/FTD spectrum

Increasing evidence for the overlap in clinical symptoms between patients with ALS and
FTD have led to the suggestion that ALS and FTD do not represent distinct diseases but
instead lie on a continuum and represent extremities of the same disease. Evidence for
an overlap in clinical symptoms spans over 40 years with reports of ALS patients having
FTD-like symptoms (Mitsuyama, 1979). Since then, reports differ between the exact
proportion of ALS patients with FTD symptoms or a definitive FTD diagnosis and studies
have varied between 14% to up to 50% of ALS patients having problems with cognitive

impairment (Lomen-Hoerth et al., 2003; Ringholz et al., 2005). Interestingly, reports have
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shown that in patients presenting with MND that go on to develop FTD-like symptoms,
progression of dementia is remarkably quick and the mean survival is shorter for ALS-
FTD patients when compared to patients with ALS alone (Caselli et al., 1993; Lillo and
Hodges, 2009; Olney et al., 2005).

As with the case of ALS patients, of the patients that have been diagnosed with FTD,
there is subset that later present with motor neuron dysfunction. Numerous studies have
sought to quantify the percentage of FTD patients that go on to have such problems with
results ranging from between 14 — 40% of FTD patients having definite ALS or features
of ALS to as high as 75% (Burrell et al., 2011; Frank et al., 1997; Lipton et al., 2004;
Lomen-Hoerth et al., 2002). As is the case for ALS-FTD, the median survival for patients
with FTD-MND is shorter than for those with FTD alone (Hodges et al., 2003). A summary
of key genes involved in the ALS/FTD overlap is shown in Figure 1.1.

[ll 25 50 75 190
- % of known mutations leading to ALS or FTD -
100 2|5 5'0 ?:5 (Il
TD-ALS FTD
) K UBQLNZ2 VCP
US TDP-43 CI90RF72 CHMP2B TAU PGRN

Figure 1.1: Genetic overlap of ALS and FTD

ALS and FTD represent a continuum of a broad neurodegenerative disorder with each presenting as extremes of a
spectrum of overlapping clinical symptoms (ALS in red and FTD in purple). Major known genetic causes for ALS and
FTD are plotted according to the ratio of known mutations that give rise to ALS or FTD. Figure obtained and used with

permission (Ling et al., 2013)

1.3. Pathological features of ALS/FTD

Abnormal accumulation of proteinaceous inclusions are a central hallmark of both
sporadic ALS and familial ALS (Corbo and Hays, 1992). Such inclusions are typically

found in degenerating motor neurons and glia in the brainstem, spinal cord,
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hippocampus, cerebellum and frontal and temporal regions of the brain (Al-Chalabi et
al., 2012). The predominant features of these inclusions are ubiquitinated aggregates
that are classified according to their morphology. Aggregates can take the form of Lewy
body-like inclusions or skein-like inclusions that are granular and filamentous in structure
(Kawashima et al., 1998; Leigh et al., 1991; Lin and Dickson, 2008; Robinson et al.,
2013). It was not until 2006 that the identity of the major component of the ubiquitinated
protein inclusions was determined to be transactive response DNA binding protein 43
(TDP-43) (Arai et al., 2006; Neumann et al., 2006). Nuclear and cytoplasmic TDP-43
positive inclusions have been identified in motor neurons (upper and lower) and the
frontal and temporal regions of the brain (Van Deerlin et al., 2008; Sreedharan et al.,
2008). These inclusions are prevalent in over 90% of ALS cases (Figure 1.2, Ling et al.,
2013). The presence of ubiquitinated protein inclusions is indicative of impairment of the
proteasome system. The TDP-43 positive inclusions are commonly immunoreactive for
p62. p62 is an autophagosome cargo protein encoded for by SQSTM1 and has an
important role in targeting proteins for autophagic degradation (Lamar Seibenhener et
al., 2004). The presence of p62 in ubiquitinated, TDP-43 positive inclusions is further
evidence of impaired protein degradation. TDP-43, ubiquitin positive inclusions are not
limited to ALS. Indeed, both FTD and ALS/FTD feature TDP-43 and ubiquitin positive
neuronal cytoplasmic inclusions, neuronal dystrophic neurites and neuronal intranuclear
inclusions (Cairns et al., 2007; Davidson et al., 2007; Neumann et al., 2006). Bunina
bodies are another type of inclusion that is found in ALS. Bunina bodies are small,
eosinophilic inclusions that are immunonegative for TDP-43 and are found in the lower
motor neurons (Tan et al., 2007). Transferrin has been found to localise in Bunina bodies
and they have been found to be positive for cystatin C (Mizuno et al., 2006; Okamoto et
al., 1993). Round hyaline inclusions are the final type of inclusions in ALS. These
inclusions are filamentous in structure, can be either phosphorylated or non-
phosphorylated and are thought to be ubiquitinated and lack surrounding membranes
(Hirano et al., 1967; Mizusawa, 1993; Trojanowski et al., 1989).

Pathological TDP-43 can be used to distinguish between fALS and Cu/Zn superoxide
dismutase (SOD1)-related fALS, with the latter being characterised by TDP-43 negative
inclusions (Mackenzie et al., 2007). A feature of SOD1-related ALS are Lewy body-like
inclusions in the anterior horn in lower motor neurons. These inclusions are positive for

proteins including heat shock protein, SOD1, ubiquitin and phosphorylated filaments but
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are TDP-43 and fused in sarcoma (FUS) negative (Mackenzie et al., 2007; Nakamura et
al., 2014; Tan et al., 2007). The neuropathology of patients with mutations in FUS
represent another exception in sALS, non-SOD1 fALS and FTD. Such inclusions can
either be coarse or fine granules or filamentous in structure. In addition to being TDP-43
negative, mutant FUS inclusions are ubiquitin and p62 positive and are typically neuronal
cytoplasmic inclusions found in the neurons and glia of affected regions of the spinal cord
and brain, although neuronal intranuclear inclusions are also occasionally found (Blair et
al., 2010; Deng et al., 2010; Verbeeck et al., 2012).

All FTD pathologies involve the aggregation of proteins. Depending on which proteins
are aggregated, FTD pathologies are then subdivided into categories. FTD/TDP-43 and
FTD/FUS pathologies are the same as the above and account for approximately 50%
and 10% of cases respectively (Figure 1.2, Ling et al., 2013). FTD/FUS pathologies are
a subsection the FTD/FET (FUS, Ewing’s sarcoma protein (EWS) and TATA-binding
protein associated factor 15 (TAF15)) family pathology. The remaining two pathologies
are FTD/ubiquitin proteasome system (UPS) which account for less than 1% of
pathologies and involves only the aggregation of proteins associated with the UPS. The
remaining 40% of pathologies - FTD/tau — are associated with aggregated,
hyperphosphorylated tau inclusions. The discovery of both TDP-43 and FUS as major
components of inclusions in both ALS and FTD is further evidence for a disease spectrum

in which pure ALS and pure FTD are the extremities of the same disease.
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Figure 1.2: Pathological inclusions in ALS and FTD.

Pathological protein inclusions in ALS and FTD, according to the major protein misaccumulated. Inclusions of TDP-43
and FUS/TLS in ALS and FTD reflect the pathological overlap of ALS and FTD. (Ling et al., 2013) Figure obtained

with permission.

1.4. Genetics of ALS/FTD

Only 10% of ALS cases are thought to have a familial inheritance, with the remaining
90% of ALS cases being sporadic. The first mutation identified as causative of fALS was
SOD1. Mutations in SOD1 account for approximately 20 - 25% of fALS and up to 4% of
sporadic ALS (Pasinelli and Brown, 2006; Rosen et al., 1993a). Since then, mutations in
TARDBP, FUS and C9orf72 have been identified to cause ALS. TARDBP and FUS
mutations each account for around 4% of fALS cases and fewer still for SALS (Kabashi
et al., 2008; Kwiatkowski Jr. et al., 2009; Sreedharan et al., 2008; Vance et al., 2009)
whereas mutations in C9orf72 are responsible for approximately 40% of fALS and 11%
of overall ALS cases (DeJesus-Hernandez et al., 2011; Renton et al., 2011). This makes
mutations in C9orf72 the most common cause of ALS. Collectively, mutations in SOD1,
TARDBP, FUS and C9orf72 are responsible for approximately 68% and 11% of fALS
and sALS respectively (Renton et al., 2014).

FTD has a larger familial component in comparison to ALS with up to 40% of cases

having a hereditary basis and 10% inherited in an autosomal dominant manner
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(Abramzon et al., 2020; Rohrer et al., 2009). Similarly to ALS, mutations in C9orf72
represent the most common cause of familial FTD, being responsible for 25% of cases
(Renton et al., 2014). Collectively mutations in microtubule associated protein tau
(MAPT), progranulin (PGRN) and C9orf72 are responsible for 60% of familial FTD cases
(Olszewska et al., 2016). Although infrequent, mutations in TARDBP, the gene encoding
TDP-43 have been identified as causative of familial FTD in less than 1% of cases (Tan
et al., 2017). In bv-FTD patients, mutations in FUS have been identified both with and
without ALS, although the prevalence of this is much lower than for ALS patients (Huey
et al.,, 2012; Van Langenhove et al., 2010). The identification of TARDBP and FUS
mutations in ALS and FTD cases in addition to the pathological evidence further
substantiates the idea that ALS and FTD lie on a neurodegenerative continuum. A
summary of the major genes that have been identified as causative of ALS/FTD is given
in Table 1.1. Aside from mutations that have been identified as causative of ALS, FTD
or ALS/FTD, in recent years several risk variants for ALS and FTD have been identified
thanks to advances in next generation sequencing in addition to global collaborations.
These include but are not limited to mutations in TANK-binding kinase 1 (TBK1), Coiled-
Coil-Helix-Coiled-Coil-Helix Domain Containing 10 (CHCHD210), tubulin-alpha 4a
(TUB4A) and NIMA-related kinase 1 (NEK1) (Nguyen et al., 2018a).

Numerous studies have demonstrated that the rate of occurrence of ALS patients or
families having two or more mutations in genes associated with ALS is higher than the
incidences that would occur by chance (Van Blitterswijk et al., 2012; Nguyen et al.,
2018b; Veldink, 2017). Indeed, some SODL1 carriers never develop ALS and it has been
observed that additional ALS-associated mutations in C9orf72 mutation patients may
acts as genetic modifiers of disease presentation, leading to the suggestion that ALS is
an oligogenic disease in which multiple disease variants conspire to determine disease
presentation (Felbecker et al., 2010; Lattante et al., 2015). In fact, some of the genes
that have been identified as causative of ALS in a minor number of cases are also
implicated in other non-FTD neurodegenerative diseases. For example, mutations in
SPG11 are the third most common cause of autosomal recessive hereditary spastic

paraplegia (Stevanin et al., 2007).

Despite the genetic diversity of ALS, FTD and ALS/FTD patients, many of the causative

genes encode for proteins of similar function or that are involved in similar pathways,
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ranging from RNA metabolism and protein turnover to axonal transport and
neuroinflammation. It is therefore unsurprising that dysfunction of many of these
pathways are involved in the pathogenesis of disease. By understanding the role of these
proteins in their biological pathways, possible modifiers may be identified which has

important implications for drug development.

Table 1.1: Genes associated with ALS and FTD

Gene Gene name Onset Inherit | Reference
ance
ALS genes
ALS2 Alsin Juvenile AR (Hadano et
al., 2001)
ALS3 - Juvenile AD (Hand et al.,
2002)
ALS7 - (Sapp et al.,
2003)
ANG Angiogenin Adult AD (Greenway et
al., 2006)
ANXA11l Annexin A1l Adult AD (Smith et al.,
2017)
ERBB4 Ethylene- Adult AD (Takahashi et
responsive al., 2013)
element-binding
protein 4
FIG4 Factor induced Adult AD (Chow et al.,
gene 4 2009)
GLT8D1 Glycosyltransferase Adult AD (Cooper-
8 Domain Knock et al.,
Containing 1 2019)
HNRNPA1 Heterogeneous Adult AD (Kim et al.,
Nuclear 2013)
Ribonucleoprotein
Al
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KIF5A Kinesin Family Adult AD (Nicolas et al.,
Member 5A 2018)
MATR3 Matrin 3 Adult AD (Johnson et
al., 2014a)
NEK1 Never in mitosis Adult AD (Brenner et
gene a (NIMA)- al., 2016)
related kinase 1
PFN1 Profilin 1 Adult AD (Wu et al.,
2012)
SETX Senataxin Juvenile AD (Chen et al.,
2004)
SIGMARL1 sigma non-opioid Juvenile AR (Luty et al.,
intracellular 2010)
receptor 1
SOD1 Cu/Zn superoxide Adult AD, (Rosen et al.,
dismutase 1 AR 1993b)
SPG11 Spatacsin Juvenile AR (Orlacchio et
al., 2010)
VAPB Vesicle-associated Adult AD (Nishimura et
membrane protein- al., 2004)

associated protein

B
FTD genes
MAPT Microtubule Adult AD (Hutton et al.,
Associated Protein 1998)
Tau

GRN Granulin Precursor Adult AD (Baker et al.,
2006; Cruts et

al., 2006)
TBP TATA-box binding Adult AD (Olszewska et

protein gene al., 2019)

ALS/FTD genes




AXTN2*

C9orf72

CCNF

CHCHD10

CHMP2B**

FUS*

OPTN*

SQSTM1

TARDBP*

TBK1

TUB4A*

UBQLN2*

Ataxin 2

Chromosome 9
open reading frame
72

Cyclin F

Coiled-coil-helix-
coiled domain 10
charged
multivesicular body
protein 2B

Fused in sarcoma

Optineurin
Sequestosome 1
Transactive
response DNA
binding protein 43
TANK-binding
kinase 1

Tubulin alpha 4A

Ubiquilin 2

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

AD

AD

AD

AD

AD

AD

AD

AD

AD

AD

AD

linked
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(Elden et al.,
2010)
(DeJesus-
Hernandez et
al., 2011;
Renton et al.,
2011)
(Williams et
al., 2016)
(Johnson et
al., 2014b)
(Parkinson et
al., 2006)

(Kwiatkowski
Jr. et al.,
2009; Vance
et al., 2009)
(Maruyama et
al., 2010)
(Fecto et al.,
2011)
(Sreedharan
et al., 2008)

(Cirulli et al.,
2015;
Freischmidt et
al., 2015)
(Smith et al.,
2014)
(Deng et al.,
2011)
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VCP** Valosin-containing Adult AD (Johnson et

al., 2010)

* denotes predominantly ALS genes, ** denotes predominantly FTD genes

protein
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1.5. Mechanisms of disease

1.5.1. Oxidative stress

Oxidative stress occurs from the imbalance of reactive oxygen species (ROS) and
antioxidants in addition to the inability to repair ROS-mediated toxicity (Betteridge, 2000;
Kandlur et al., 2020) and has been implicated in the pathogenesis of ALS. The majority
of ROS are produced as by-product of the mitochondrial respiratory chain although other
enzymes such as CYP450 and xanthine oxidase have been identified as sources of ROS
(Hrycay and Bandiera, 2015). The ROS causes oxidative damage to the cellular targets
(proteins, phospholipids, mitochondria and DNA) of these species (Barber et al., 2006).
One of the defence mechanisms cells use to prevent oxidative stress is the catalytic
removal of ROS. Superoxide dismutases (SODs) are amongst the enzymes that are
involved in the catalytic removal of ROS (Fridovich, 1975). Thus, the identification of
SOD1 mutations in ALS patients highlighted oxidative stress as a potential mechanism
of disease. Indeed, numerous studies have demonstrated evidence of oxidative damage
in the post-mortem neuronal tissue, spinal cord and urine of sALS and SOD1 ALS
patients (Ferrante et al., 1997; Mitsumoto et al., 2008; Shaw et al., 1995a; Shibata et al.,
2001). However, whether oxidative stress is the cause or the effect of the disease still
remains unclear (Agar and Durham, 2003). The observation that approximately half of
SOD1 mutations do not cause a loss in SOD1 activity (Crosby et al., 2018) in addition to
a lack of overt neurodegeneration in SOD1 knockout mice (Reaume et al., 1996)
suggests that reduced SOD1 activity (and therefore an increase in ROS) is not the

primary cause of ALS.

1.5.2. Impairment of mitochondrial function

The roles of mitochondria are numerous. Mitochondria are involved in ATP production,
apoptosis, phospholipid biogenesis and calcium homeostasis and are fundamentally
important for cell survival and metabolism. Many genes that have been associated with
ALS such as FUS, TARDBP, C9orf72 and VAPB play a role in mitochondrial related
functions. Furthermore, several lines of evidence from both in vivo and in vivo models

have linked mitochondrial dysfunction in the pathogenesis of ALS (reviewed Smith et al.,
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2019). Mutations in a number of ALS genes from CHCHD10, SOD1, TDP-43 to C9orf72
and FUS result in the aberrant morphology of mitochondria and the mitochondrial
network (Deng et al., 2015; Higgins et al., 2003; Magrané et al., 2013; Onesto et al.,
2016; De Vos et al., 2007). In addition to disruption of the mitochondrial network and
morphology, a number of ALS-associated proteins have been identified as interacting
with mitochondria. These include SOD1, C9orf72, the glycine-arginine dipeptide repeat
protein (DPR) from the C9orf72 hexanucelotide repeat expansion and the RNA-binding
proteins TDP-43 and FUS (Blokhuis et al., 2016; Higgins et al., 2002; Lopez-Gonzalez
etal., 2016; Wang et al., 2016). As described above, oxidative stress has been implicated
in mitochondrial damage and so it is unsurprising that mitochondrial dysfunction has
been implicated in the aetiology of ALS. Aside from oxidative stress, defective
mitochondrial respiration and ATP production, impaired calcium homeostasis and
increased pro-apoptotic signalling have all been linked to the pathogenesis of ALS.
Furthermore, impaired mitochondrial dynamics resulting in impaired axonal transport of
mitochondria, dysfunctional mitophagy (the degradation of mitochondria) and a defective
mitochondrial network due to aberrant mitochondrial fusion and fission have also been
linked to ALS (Smith et al., 2019). Moreover, the close contacts formed between
mitochondria and the endoplasmic reticulum (ER) that are involved in calcium signalling,
mitochondrial and phospholipid biogenesis and trafficking (amongst others functions)
have been shown to be disrupted in ALS (Sakai et al., 2021; Stoica et al., 2014, 2016).
It is evident that mitochondria dysfunction play an important role in the pathophysiology
of ALS.

1.5.3. Excitotoxicity

Glutamate is an abundant neurotransmitter in the central nervous system (CNS).
Excitotoxicity has been implicated in a number of neurodegenerative diseases including
ALS (Rothstein et al.,, 1990; Shaw et al., 1995b). Excitotoxicity results from the
overactivation of glutamate receptors which causes an abnormal influx of Ca?* in the
post-synaptic neuron. In ordinary circumstances, levels of glutamate are regulated by
glutamate uptake and transport mechanisms and therefore defects in this pathway result
in an excess of glutamate and the overstimulation of neurons by Ca?*. This influx of Ca?*
perturbs Ca?* homeostasis. As described above, mitochondria are involved in Ca?*

homeostasis and dysfunction of this due to glutamate excitotoxicity leads to downstream
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mitochondrial dysfunction and an increase in ROS (Bosch et al., 2000; Harteneck et al.,
2000). Motor neurons are vulnerable to defective Ca?* regulation which can result in
motor neuron degeneration. Dysregulation of the AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptor, a receptor abundant in humans is evident in post-
mortem tissue from ALS patients and the overstimulation of AMPA results in motor
neuron death in rats (Bosch et al., 2000; Corona and Tapia, 2004; Gregory et al., 2020).
Furthermore, ALS TDP-43 pathology is observed in motor neurons of SALS patients that
lack an AMPA receptor subunit (Aizawa et al., 2010). This is evidence of a relationship
between glutamate excitotoxicity and ALS pathology. Excitatory amino acid transporter
2 (EAAT2) is an important transporter involved in the clearance of extracellular glutamate
following its cleavage at the synaptic cleft (Rosenblum and Trotti, 2017). EAATZ2 primarily
resides on astrocytes and knockout of EAAT2 has been demonstrated to increase
extracellular glutamate and cause motor neuron degeneration whereas stimulation of
EAAT?2 has been shown to be neuroprotective (Kong et al., 2014; Rothstein et al., 1996).
Collectively, these several lines of evidence highlight excitotoxicity as an important
mechanism in ALS aetiology so much so that Riluzole - the first FDA approved drug for

ALS - functions as an anti-excitotoxic drug (Doble, 1996).

1.5.4. Synaptic dysfunction

Synapses represent the junction in between neurons that allow for the passage of
electrical information from one neuron to the next. Given this, it is unsurprising that
excitotoxicity (as described above) contributes to synaptic dysfunction. In addition to
excitotoxicity, there is evidence of defective synaptic transmission and plasticity in
ALS/FTD. TDP-43 forms RNA granules in synapses and neuronal process (Liu-
Yesucevitz et al., 2014). These granules are trafficked along dendrites and regulate local
protein synthesis, regulating synaptic function and plasticity (Liu-Yesucevitz et al., 2011).
Two ALS-associated mutations, TDP-43Q343R gnd TDP-43A315T have been shown to
increase RNA granules size and decrease the trafficking of granules which results in
aberrant synaptic function and plasticity (Liu-Yesucevitz et al., 2014). Loss of the
Drosophila TDP-43 homologue has also been shown to result in morphological synaptic
defects and impair motor neuron locomotion (Diaper et al., 2013; Feiguin et al., 2009).

Both human and animal models have demonstrated dendritic spine degradation in
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corticospinal neurons (Fogarty et al., 2017; Geng et al., 2017; Jara et al., 2012). Along
with TDP-43 related ALS/FTD synaptic dysfunction, FUS-linked synaptic defects have
also been shown. Cytoplasmic mislocalisation of FUS is a key hallmark of FUS-linked
ALS. This cytoplasmic FUS has been shown to lead to synaptic defects that were more
pronounced in inhibitory synapses (Scekic-Zahirovic et al.,, 2021). Moreover,
accumulation of FUS in the synapse at early stages of disease leads to impaired
synapses and exogenous expression of mutant FUS altered synaptic numbers
(Sahadevan et al., 2021; Salam et al., 2021). C9orf72-related synaptic dysfunction has

also been demonstrated and is discussed in 1.6.5.

1.5.5. Defective axonal transport

Axonal transport is an important mechanism for maintaining the structure and function of
neurons. As neurons can reach over 1 metre in length, ensuring the proper movement
and distribution of intracellular cargo is vital. Aberrant axonal transport has been linked
to several neurodegenerative diseases including ALS (Mejzini et al., 2019; De Vos and
Hafezparast, 2017). Axonal transport is classified as fast or slow depending on the speed
cargo is distributed, however, both fast and slow axonal transport use the same
molecular machinery. Evidence implicating axonal transport in ALS/FTD pathogenesis
includes defects in motor proteins and the cytoskeleton that under basal conditions aid

in the anterograde and retrograde transport of cargo.

Kinesins are a family of motor proteins that are involved in the anterograde transport of
cargo. Mutations in kinesin 5A (KIF5A) strongly implicate kinesins in ALS aetiology
(Brenner et al., 2018; Nicolas et al., 2018; Zhang et al., 2019). KIF5A contains a cargo
binding domain at its C-terminus and mutations in this domain have been linked to ALS
and are predicted to cause loss of function phenotypes (Brenner et al., 2018; Nicolas et
al., 2018). Indeed, loss of KIF5A in mice leads to neurodegeneration and paralysis,
supporting this hypothesis (Xia et al., 2003). In addition to evidence supporting a direct
involvement of kinesin in ALS pathogenesis, the observation that inclusions of FUS (a
commonality in ALS patients) recruit kinesin mRNA and protein suggest that kinesins
may be indirectly affected in ALS (Yasuda et al., 2017).
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The motor protein dynein 1 is involved in retrograde transport (Hirokawa et al., 2010).
DCTNL1 encodes for p150%ed, a component of the dynactin complex that regulates the
function of dynein 1 (King, 2012). Mutations in DCTNL1 lead to dysfunctional dynein-
mediated cargo transport by prohibiting the binding of p150¢"ed to microtubules and
mutations in this gene have been identified in both sporadic and familial ALS patients
(Ikenaka et al., 2013; Levy et al., 2006; Munch et al., 2007). Furthermore, dynein-
mediated retrograde transport is defective in motor neurons from SOD1 ALS-mutant
mice (Bilsland et al., 2010; Kieran et al., 2005). Moreover, in SOD1 mutant mice,
anterograde transport of mitochondria is affected (Moller et al., 2017) demonstrating that
both antero- and retrograde trafficking is defective in SOD1-related ALS.

In addition to motor proteins, cytoskeletal components such as microtubules and
neurofilaments are vital for axonal transport and the accumulation of neurofilaments is a
pathological hallmark of sporadic and familial ALS (Mizusawa et al., 1989). In line with
this, deletion of NF-L, the major neurofilament subunit required for neurofilament
assembly delayed onset and disease and slowed progression in SOD1%8R mice
(Williamson et al., 1998). Mutations in neurofilament heavy chain (NFH) and peripherin
(PRPH) have been proposed to disrupt axonal transport by the accumulation of
phosphorylated neurofilaments and the disruption of the neurofilament network assembly
respectively and mutations in both NFH and PRPH have been identified in ALS patients
(Figlewicz et al., 1994; Gros-Louis et al., 2004; Mizusawa et al., 1989). In addition, ALS-
associated TUB4A mutations destabilise the microtubule network and mutant SOD1
interacts with tubulin, both of which affect microtubule dynamics which may possibly
impair the transport of cargo (Kabuta et al., 2009; Smith et al., 2014). Axonal transport
defects have been found in SOD1, TDP-43, FUS and C9orf72 related ALS in addition to
the mentioned genetic forms that directly affect the machinery (De Vos and Hafezparast,
2017). Taken together, evidence of involvement of motor proteins and cytoskeletal

components in ALS implicate axonal transport as a key component in ALS.

1.5.6. Astrocyte toxicity

Astrocytes are a type of glial cell and function as support cells that help to maintain an
optimum environment which allows neurons to function correctly. The roles of astrocytes

include removal of neurotransmitters from the synapse, removal of metabolic waste,
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regulating the formation of synapses and local ion concentrations and supplying
metabolites to neurons. Astrogliosis (changes in astrocyte gene expression, structure
and function) occurs as a response to CNS damage or injury in a number of
neurodegenerative diseases, including ALS. Given their crucial role in maintaining
homeostasis in the CNS, it is unsurprising that defects in astrocyte function can result in
neuronal toxicity.

Astrogliosis has been shown to occur in the degenerating upper and lower motor neurons
of both sALS and fALS patients (Nagy et al., 1994; Schiffer et al., 1996; Stephenson et
al., 1991). In addition, astrogliosis has been demonstrated in animal models expressing
TDP-43 ALS-linked mutations as evidenced by an increase in GFAP-positive astrocytes
(a marker of reactive astrocytes). It has also been suggested that motor neuron
degeneration may be driven by loss of TDP-43 in astrocytes (Yang et al.,, 2014).
Furthermore, the observation that motor neuron degeneration is concomitant with
astrogliosis in C9orf72 and FUS ALS mouse models, implicates astrogliosis as an
important factor in ALS (Liu et al., 2016b; Sharma et al., 2015). Despite this, astrogliosis
presents with certain complexities. For example, in the SOD1%3'R and SOD®R mouse
models, astrogliosis occurs before neurodegeneration and progresses alongside disease
progression (Bruijn et al., 1997; Wong et al., 1995). However, in the SOD1%%A mouse
model (the most widely used model for SOD1), reactive astrocytes develop after motor
neuron degeneration (Hall et al., 1998; Levine et al., 1999; Pehar et al., 2018; Vargas
and Johnson, 2010). Interestingly, it has been shown that coculture of ALS-associated
mutant astrocytes with healthy motor neurons can induce motor neuron degeneration
(Haidet-Phillips et al., 2011; Marchetto et al., 2008; Nagai et al., 2007; Qian et al., 2017).
Astrocyte activation is also seen in FTD. Translocator protein is an 18 kDa protein that
is expressed in activated astrocytes. Studies have shown increased levels of translocator
protein in affected brain regions of FTD patients including frontal, prefrontal and
hippocampus regions of the brain (Cagnin et al., 2004). Collectively, these studies
demonstrate that biological astrocyte changes are associated with motor neuron
degeneration and implicate a role for astrocytes in non-cell autonomous motor neuron

degeneration.

1.5.7. Neuroinflammation
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Neuroinflammation can be triggered in response to injury, degeneration or infection
whereby local glia cells (astrocytes and microglia) and circulating immune cells
(monocytes, neutrophils and lymphocytes) enter the CNS (McCauley and Baloh, 2019).
In ALS, neuroinflammation is characterised by an innate immune response and although
the most pronounced feature is activation of astrocytes and microglia (described above),
ALS patient post-mortem tissue show T-cell, dendritic cell, macrophages and mast cells
(Engelhardt et al., 1993; Graves et al., 2004; Henkel et al., 2013; Holtmaat and Caroni,
2016; Kawamata et al., 1992; Zhang et al., 2011). Despite neuroinflammation being
ubiquitous in ALS, it is not fully understood whether neuroinflammation is a secondary
consequence of the disease or whether it is contributory or even causative of the disease.

T-cells aid in regulating acquired immune responses to a range of antigens and specific
T-cell subpopulations have been shown to contribute to the neuroinflammatory response
in ALS by penetrating the CNS during disease progression (Beers et al., 2008; Chiu et
al., 2008; McGeer and McGeer, 2002). Indeed, in early stages of disease, CD4+ T-cells
have been observed in the spinal cord of SOD1%%%*A mice and have also been observed
at end stage of disease together with CD8+ T-cells (Beers et al., 2008; Chiu et al., 2008;
Engelhardt et al., 1993). Furthermore, levels of inflammatory markers such as CD4 and
CD8 lymphocytes, neutrophils and CD16 monocytes have been shown to be altered in
blood samples from ALS patients (Goldknopf et al., 2006; Murdock et al., 2017; Zhang
et al., 2005; Zondler et al., 2016). Concordant with this, fewer Tregs (regulatory T
lymphocytes that regulate effector T-cell proliferation and cytokine production), have
been found in both ALS patient and animal models (Beers et al., 2017, 2018; Mantovani
et al., 2009; Sheean et al., 2018). In ALS mutant mice, the level of Tregs negatively
correlated with disease progression and passive transfer of Tregs was able to extend
survival (Zhao et al., 2012a). Furthermore, fewer Treg levels were observed in patients

in which disease rapidly progressed (Henkel et al., 2013).

Some ALS/FTD-associated genes (C9orf72, PGRN) are expressed less in neuronal cells
when compared to non-neuronal cells such as microglia, whilst other ALS/FTD-linked
genes have been thoroughly researched regarding their role in regulation of immune
cells function (McCauley and Baloh, 2019). The question of whether mutations in these
genes could affectimmune cell function and consequently contribute to disease therefore

arises. Indeed, mutant SOD1 microglia produce more superoxide, nitric oxide and tumour
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necrosis factor alpha (TNFa) that when cocultured with motor neurons cause more
damage than functional microglia (Weydt et al., 2004; Xiao et al., 2007; Zhao et al., 2004,
2010). Furthermore, in a coculture of motor neurons and mutant SO1 microglia, NFkB
(nuclear factor kappa-light-chain-enhancer of activated B cells) inhibition in SOD16%34
mice attenuates the disease by quelling the toxicity of mutant SOD1 microglia (Frakes et
al., 2014).

In addition, loss of TBK1 in dendritic cells has been shown to result in an increased
inflammatory state as evidenced by activation of CD4 and CD8 T-cells (Xiao et al., 2017).
Mutations in OPTN, a binding partner of TBK1 have also been implicated in the
neuroinflammation pathway. In sALS and fALS patients with OPTN mutations, NFkB
reactivity is increased (Sako et al., 2012). Furthermore, loss of OPTN has been shown
to increase NFkB activity, leading to neuronal degeneration whilst induced cell death can
be rescued by OPTN WT (but not mutant) overexpression (Akizuki et al., 2013). Taken

together, these lines of evidence implicate a neuroinflammatory mechanism in ALS/FTD.

1.5.8. Defective RNA metabolism

The identification of mutations in the TARDBP being causative of ALS highlighted
aberrant RNA metabolism as a potential key player in ALS aetiology. TARDBP encodes
for the RNA binding protein TDP-43. RNA binding proteins have many roles in RNA
metabolism including splicing, nucleocytoplasmic transport and storage in stress
granules (Mejzini et al., 2019). Since the identification of TARDBP, mutations in several
genes for RNA binding proteins have been found. These include FUS, EWS, TAF15,
hnRNPA1 and MATR3 (Johnson et al., 2014c; Kim et al., 2013; Neumann et al., 2011).
Details of how defective RNA metabolism may lead to ALS/FTD are outlined below.

1.5.8.1. Splicing

Splicing is performed by the spliceosome and is an important cellular mechanism for the
regulated production of splice variants (Chabot and Shkreta, 2016). TDP-43 has an
important regulatory splicing role and decreases in TDP-43 has been shown to result in
the abnormal inclusion of cryptic exons which results in nonsense mediated decay (Ling

et al., 2015). Additionally, loss of TDP-43 in mice leads to defects in neuronal function
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and morphology (Yang et al., 2014). Given the similarity in function between TDP-43 and
FUS, it is unsurprising that loss of FUS has also been associated with changes in
alternative splicing of numerous mRNAs (Lagier-Tourenne et al., 2012). TDP-43 and
FUS mislocalise to the cytoplasmic and form aggregates in ALS patients. These
cytoplasmic aggregates can sequester other splicing factors (Reber et al., 2016; Wang
et al., 2015; Yu et al., 2015). ALS-linked mutations in hnRNAP2 also causes cytoplasmic
aggregation and loss of hnRNAP2 results in alternative splicing and increases nuclear-
insolubility (Kim et al., 2013; Martinez et al., 2016)

1.5.8.2. Nucleocytoplasmic transport

Nucleocytoplasmic transport is a process regulated by the GTPase Ras-related nuclear
protein (Ran). In this process, Ran facilitates the transport of proteins and RNAs through
the nuclear pore complex by regulating the ability of nuclear transport receptors to export
or import their cargo (Cautain et al., 2015; Kim and Taylor, 2017). Several lines of
evidence now point to nucleocytoplasmic transport as a key pathway in ALS. Firstly, the
aggregation of TDP-43 and FUS, a hallmark of ALS. Under basal conditions, both TDP-
43 and FUS localise to the nucleus, however, in ALS these proteins are mislocalised to
the cytoplasm. In addition, ALS-linked mutations in the nuclear localisation signals of
both FUS and hnRNPAL1 have been identified (Dormann et al., 2010a; Gal et al., 2011,
Liu et al., 2016a). Interestingly, disease severity in these FUS patients have been linked
to the degree in which mutations in the FUS nuclear localisation signal affects
nucleocytoplasmic transport (Bosco et al., 2010; Dormann et al., 2010a). Furthermore, a
rare mutation in the RNA export mediator GLE1 has been identified in a subset of ALS
patients and GLE1 has been found to be a modifier of disease in Drosophila models of
CO9orf72-related ALS (Freibaum et al., 2015; Kaneb et al., 2015). The role of
nucleocytoplasmic transport defects in the pathogenesis of C9orf72-related ALS/FTD is

described in more detail in Chapter 1.6.

1.5.8.3. Stress granule formation

Stress granules are cytoplasmic, transient ribonucleoproteins that are able to sequester
specific MRNAS, preventing their translation. Mutations in RNA binding proteins that have

been linked to ALS and FTD often contain prion-like domains which are involved in stress
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granule dynamics and formation (Mejzini et al., 2019). It follows that mutations in these
genes perturb homeostasis by affecting stress granules formation and transience.
Indeed, a toxic gain-of-function may stem from the increased longevity of stress granules
as a result of mutations in TDP-43 and FUS (Vance et al., 2013). Furthermore, inclusions
of ALS and FTD-linked FUS mutations have been shown to be immunoreactive for stress
granule markers (Dormann et al., 2010b; Gal et al., 2011). In addition, mutations in the
prion-like domain of the RNA-binding proteins hnRNAP1 and hnRNAP2 have been
shown to drive cytoplasmic inclusions and the formation of stress granules (Kim et al.,
2013; Zhang et al., 2018a). The degradation of stress granules relies on autophagy and
consequently the lysosome. VCP is an ATPase that has an essential role in autophagy
and mutations in VCP have been linked to ALS (Ju et al., 2009; Koppers et al., 2012;
Tiloca et al., 2012). Unsurprisingly, loss of VCP inhibits the degradation of stress
granules and ALS-associated mutations in VCP show an increase in stress granules in
cell models (Buchan et al., 2013; Uversky, 2017). Collectively, these findings strongly

implicate a role of stress granules in ALS.

1.5.9. DNA damage

The DNA damage response involves recognition of DNA damage and subsequent
signalling for repair (Walker and El-Khamisy, 2018). This enables neurons to function
normally as it prevents the accumulation of genomic instability and consequent neuronal
loss (Jackson and Bartek, 2009; Madabhushi et al., 2014). Accumulation of genetic
instability can arise from impaired ability to remove reactive oxygen species which can
overwhelm the DNA damage response and from the inability to recognise or remove
damaged DNA (Mitra et al., 2019; Wang et al., 2013). Single stranded breaks in the DNA
duplex due to DNA damage are more common than double stranded breaks. To combat
this, cells have rigorous repair mechanisms that involve homologous recombination.
Neurons are post-mitotic cells and are therefore inherently homologous recombination-
deficient so must rely on non-homologous end joining repair mechanisms which are often

susceptible to errors (Walker and El-Khamisy, 2018).

Several ALS-associated proteins have been shown to be involved in double strand break
repair. VCP has been shown to interact with proteins involved in non-homologous end

joining to regulate the DNA repair pathway and reduction of VCP leads to an increase in
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double strand breaks (Acs et al., 2011; van den Boom et al., 2016; Meerang et al., 2011;
Singh et al., 2019). Furthermore, DNA damage repair factors are unable to be recruited
to sites of DNA damage when levels of VCP are reduced (Acs et al., 2011; Meerang et
al., 2011). FUS, another ALS-associated gene has been linked to the DNA damage
response. Similarly to VCP, depletion of FUS increases DNA damage (Wang et al.,
2013). In addition, FUS has been shown to regulate recruitment of histone deacetylases
1 (HDAC1), leading to activation of non-homologous end joining and ALS-linked
mutations in FUS disturbs double strand break repair (Wang et al., 2013). Finally,
mutations in NEK1 and C21orf2 (an interactor of NEK1) have been identified as risk
factors for ALS (Kenna et al., 2016; Van Rheenen et al., 2016). NEK1 and C21orf2 has
a role in repair of double strand breaks and depletion of either NEK1 or C21orf2 results
in defects in this repair (Fang et al., 2015; Higelin et al., 2018; Pelegrini et al., 2010). This
points toward DNA damage being a mechanism for disease in the ALS/FTD pathway.

To summarise, several intertwining mechanisms are involved in ALS, ALS/FTD and FTD
pathogenesis (Figure 1.3 Van Damme et al., 2017). Dysfunction of protein homeostasis
is another key mechanism which is described later (see Chapter 1.7.3.3). Many of these
mechanisms influence and impact one another, making it difficult to unravel the aetiology
of disease and distinguish between primary causes and secondary consequences. The
large heterogeneity between patients stemming from the vast number of genetic variants
and risk factors also contributes to the difficulty. Mutations in C9orf72 represent the most
common cause of familial ALS/FTD and is involved in many of the mechanisms

discussed above. The following section outlines the involvement of C9orf72 in ALS/FTD.
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Figure 1.3: Proposed disease mechanisms for ALS/FTD

Proposed disease mechanisms contributing to ALS and FTD aetiology are: (1) Nucleocytoplasmic transport defects.
(2) Altered RNA metabolism. (3) Impaired proteostasis with accumulation of aggregating proteins (4) Impaired DNA
repair (5) Mitochondrial dysfunction and oxidative (6) Oligodendrocyte dysfunction and degeneration (7)
Neuroinflammation. (8) Defective axonal transport (9) Defective vesicular transport. (10) Excitotoxicity receptors.
Figure obtained with permission under the Creative Commons Attribution License (Van Damme et al., 2017)
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1.6. C9orf72 ALS/FTD

A link between ALS/FTD and chromosome 9 open reading frame 72 (C9orf72) was
identified in 2006, as a locus on chromosome 9p13.2 — p21.3 by two independent studies
(Morita et al., 2006; Vance et al., 2006). Following this, genome-wide association studies
isolated the locus as chromosome 9p21 (Laaksovirta et al., 2010; Pearson et al., 2011;
Shatunov et al., 2010). Subsequently, in 2011 two independent groups identified a
GGGGCC hexanucleotide repeat expansion within intron 1 in of C9orf72 as causative of
ALS/FTD. It is now understood the repeat expansion in C9orf72 represents the most
common cause of familial ALS/FTD (C9orf72-related ALS/FTD termed C9ALS/FTD).
Between the two studies, repeat size was characterised as 2 — 23 and 250 — 1600 for
unaffected and affected individuals respectively. Difficulties in ascertaining accurate size
of the expansion arise due to its size and GC content, somatic instability and repetitive
flanking sequences and the threshold for pathogenic repeat size resulting in disease is
still unclear (DeJesus-Hernandez et al., 2011; Gijselinck et al., 2016). Further
complexities exist surrounding whether age of disease onset correlates with repeat
expansion size. Studies have reported positive, negative and no corelation between the
two factors (Dols-Icardo et al., 2014; Fournier et al., 2019; Gijselinck et al., 2016).
Notably, the positive correlation became insignificant when results were adjusted for age
of sample collection. As age of sample collection may influence repeat size, it would be
interesting to observe whether the absence and negative correlation remains when

adjusted for this factor.

1.6.1. C9orf72 protein

Alternative splicing of C9orf72 gives rise to three transcript variants, V1, V2 and V3.
These variants encode two alternative isoforms; V1 and V3 give rise to a 481 amino acid
(aa) isoform termed C9orf72 long (C9orf72L) whereby V2 generates a shorter isoform of
221aa termed C9orf72 short (C9orf72S) (Figure 1.4, Belzil et al., 2013; DeJesus-
Hernandez et al., 2011). V2 and V3 have non-coding exon 1A is the 5-untranslated
region (UTR) whereas V1 has non-coding exon 1B as the 5’UTR. Therefore, the repeat
expansion is in either the promoter region (V1) or intron 1 (V2 and V3).
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1.6.2. C9orf72 is a DENN domain containing protein

Bioinformatic analysis revealed C9orf72 is structurally homologous to Differentially
Expressed in Normal and Neoplasia cells (DENN) family (Figure 1.4, Levine et al., 2013).
As such C9orf72 was proposed to function as a ras-related protein in brain (Rab) GTPase
(referred to as Rab GTPases or Rabs hereon in). The eight families of DENN domains
proteins in humans all share the same general tripartite structure; a central DENN
domain flanked by upstream and downstream modules (UDENN and dDENN
respectively, Figure 1.4) (Levivier et al., 2001; Marat et al., 2011). Several DENN domain
containing proteins have been identified that regulate activation of Rab GTPases by
functioning as Rab guanine nucleotide exchange factors (Rab GEFs).

Approximately 70 Rab GTPases have been identified in humans; Rab GTPases are a
large, conserved family of small GTPases that regulate intracellular trafficking. By
interacting with effectors such as motor proteins, tethering factors and phosphatases,
Rabs trigger downstream trafficking events (Jean and Kiger, 2012; Kjos et al., 2018;
Larick et al., 2017). The post-translational modification of Rabs with geranylgeranyl
makes them functionally active and via the geranylgeranyl group, Rabs reversibly
associate with membranes (Anant et al., 1998; Stenmark, 2009). Akin to other small
GTPases, Rabs are nucleotide-dependent molecular switches — they cycle between
active GTP-bound states and inactive GDP-bound states. Through interaction with
guanine nucleotide exchange factors (GEFs), GTPase activating proteins (GAPS) or
GDP dissociation inhibitor (GDI), Rab activity is tightly regulated (Guadagno and Progida,
2019; Muller and Goody, 2018). GEFs preferentially interact with GDP Rabs, activating
Rabs by catalysing GDP to GTP exchange; in this active state, Rabs are membrane
localised and interact with effectors. Interaction of Rabs with GAPs inactivates Rabs by
hydrolysing GTP to GDP. GDI facilitates the return of Rabs to the cytosol by solubilising

Rabs thereby removing them from the membrane.

As mentioned, since C9orf72 is a DENN domain protein, it was postulated to function as
a Rab GEF. Indeed, two independent studies identified C9orf72 as a GEF for Rab
GTPases (Sellier et al., 2016; Yang et al., 2016). When in complex with Smith-Magenis
syndrome chromosome region, candidate 8 (SMCR8) and WD repeat domain 41
(WDRA41), C9orf72 was found to function as a GEF for Rab8a and Rab39b (Sellier et al.,
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2016; Yang et al., 2016) and as an effector for Rabla (Webster et al., 2016). The Rab
GEF activity of the C9orf72-SMCR8-WDR41 complex has recently been contested.
Cryo-EM of the C9orf72-SMCR8 complex and the Folliculin-Folliculin Interacting Protein
2 (FLCN-FNIP2, a GAP of RagC/D) shows the complexes have structural similarities
(Norpel et al., 2021; Shen et al., 2019; Su et al., 2020; Tang et al., 2020; Tsun et al.,
2013). A fluorescence GEF activity assay was used to investigate the GEF activity of the
C9orf72 complex and found that the C9orf72-SMCR8-WDR41 and the C9orf72-SMCR8
complex did not catalyse the release of N-methylanthraniloyl-GDP from Rab8a or
Rablla, suggesting they do not function as Rab GEFs (Tang et al., 2020). The GAP
activity of FLCN is dependent on the R164 residue and sequence alignment
demonstrated this corresponds to the R147 residue of SMCR8. Consistent with GAP
activity function, the C9orf72-SMCR8 complex but not the C9orf72-SMCR8R147A complex
displayed GAP activity for Rab8a and Rabl1a in vitro (Tang et al., 2020). Moreover, the
C9orf72-SMCR8-WDR41 and C9orf72-SMCR8 complex has been shown to be a GAP
for ARF1 (Su et al., 2020).
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Figure 1.4:C90orf72 is a DENN domain protein that has three transcript variants.

(A) Alternative splicing of the C9orf72 gene leads to three transcript variants. The location of the (GaC2)n
hexanucleotide repeat expansion is shown in yellow. V2 is the shorter transcript, with the 5’-untranslated region (UTR,
black) as non-coding exon 1a, exons 2 — 5 (red) and intron 5 partially retained (blue). V1 and V3 have non-coding
exon 1b and exon 1a as the 5’-UTR, respectively. Exons 2 -11 are contained in V1, with the repeat expansion located
upstream of the 5’-UTR. V3 also contains exons 2-11. The three transcript variants give rise to two putative isoforms
of C9orf72, C9orf72S and C9orf72L. The shorter V2 transcript encodes for C9orf72S, a 222 amino acid (aa) protein,
whereas V1 and V3 encode for the longer, 481 aa protein C9orf72L. (B) C9orf72 is a DENN domain protein that is
predicted to contain three DENN domains. The uDENN (also referred to as longin) domain is N-terminal, the DENN
domain is central and the dDenn domain is C-terminal. C9orf72L, the 481 aa protein is predicted to include all three

DENN domains, whilst the 222 aa C90rf72S predominantly contains the uDENN domain.

27



Introduction

1.6.3. Role in autophagy

Macroautophagy (referred to hereafter as autophagy) is a degradative process in which
target proteins are sequestered by an autophagosome (a double membraned vesicle)
and subsequently fused with a lysosome to form an autolysosome where degradation
takes place (described in detail in 1.7.3.2). The role of C9orf72 in autophagy is as follows
— it has been shown to regulate the initiation of autophagy and act as an effector of
Rabla, an autophagy related Rab-GTPase (Webster et al., 2016). During autophagy,
LC3-1 is lipidated forming LC3-Il which is recruited to the autophagosome membrane
where it remains until it is degraded in the autolysosome. In cell models where autophagy
is both induced and inhibited, control cells exhibit an increase in autophagosomes that
is not apparent in C9orf72 depleted cells, suggesting a role for C9orf72 in the initiation
of autophagy (Webster et al., 2016). ULK1, FAK family kinase-interacting protein 200
kDa (FIP200) and autophagy-related protein 13 (Atg13) form a complex that regulates
autophagy initiation. Phosphorylation of FIP200 and Atgl3 by ULK1 activates the
complex, allowing translocation to the phagophore assembly site (Ganley et al., 2009;
Jung et al., 2009; Kim et al., 2011). The C9orf72-SMCR8-WDR41 complex interacts with
the ULK1 initiation complex (Sellier et al., 2016; Webster et al., 2016). Supporting a role
of C9orf72 in autophagy initiation, loss of C9orf72 prevented translocation of the
activated ULK1 complex to the phagophore thereby impairing autophagy (Webster et al.,
2016). SMCRS8 is also a DENN domain containing protein and it was found that GEF
activity of Rab8a and Rab39b occurs through SMCRS8 rather than C9orf72 (Sellier et al.,
2016).

The recruitment and activation of Rab-GTPases occurs in a sequential manner, allowing
accurate directionality of membrane traffic. Opposing GEF and GAP cascade
mechanisms aid in the correct spatial and temporal recruitment of Rabs. In this cascade
mechanism, an activated upstream Rab along with its effector recruits the GEF for a
downstream Rab. Once activated, the downstream Rab recruits the GAP for the
upstream Rab thereby inactivating it (Mizuno-Yamasaki et al., 2012). C9orf72 was found
to be an effector of Rabla and the role of C9orf72 in autophagy initiation is Rabla-
dependent (Webster et al., 2016). A proposed mechanism arises in which Rabla recruits

C9orf72 which forms a complex with its interacting partners WDR41 and SMCR8 and
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acts as a GEF through SMCRS8 to facilitate translocation of the ULK1 initiation complex

to the phagophore and initiate autophagy.

In addition to this, it has been found that phosphorylation of SMCRS8 by TBK1 is important
for autophagy. Reduced SMCRS levels lead to impaired autophagy as evidenced by an
increased in p62 aggregates (Sellier et al., 2016). This autophagy defect can be rescued
by expression of either wild type SMCR8 or a phosphomimetic SMCR8 (Sellier et al.,
2016). Furthermore, phosphomimetic SMCR8 was able to rescue the autophagy defect
observed upon TBK1 depletion. Finally, it was also observed that the interaction between
the C9orf72-SMCR8-WDR41 complex and Rab8a and Rab39b was mediated by p62
and OPTN, two autophagy receptors that together with Rabs, their effectors and kinase
regulators initiate autophagy directly at the protein aggregation site. TBK1 has been
shown to phosphorylate both p62 and OPTN, supporting this model (Matsumoto et al.,
2015; Richter et al., 2016; Wild et al., 2011).

1.6.3.1. Lysosome defects

Loss of C9orf72 in mouse models results in accumulation of enlarged lysosomes in
C9orf72-deficient microglia and macrophages (O 'Rourke et al., 2016; Sullivan et al.,
2016). Furthermore, increased levels of autophagy markers p62 and LC3-1l have been
observed in C9orf72 knockout (KO) mice, suggesting defects in lysosomal clearance (O
'Rourke et al., 2016; Ugolino et al., 2016). Moreover, genes involved in lysosome function
were revealed to be enriched when pathway analysis of genes co-expressed with
C9orf72 was performed. Evidence from cell models corroborates defective lysosome
morphology, revealing swollen lysosomes and perinuclear lysosomal clustering in
C9orf72 KO lines generated by CRISPR-Cas9 (Amick et al., 2016). Furthermore, in
C9orf72 KO cells, mammalian target of rapamycin complex 1 (mTOR1) signalling due to
changes in amino acid availability is compromised (Amick et al., 2016; Ugolino et al.,
2016). Through phosphorylation of members of the ULK1 initiation complex, mTOR1
acts as a negative regulator of autophagy (Ganley et al., 2009; Hosokawa et al., 2009;
Jung et al., 2009; Kim et al., 2011).

Under basal conditions mTOR translocates to the lysosome surface where it is activated,

a process induced by amino acid starvation and is impaired in C9orf72 KO cells. (Amick
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et al., 2016; Sancak et al., 2008, 2010). Consistent with this, in both human cell lines and
mouse embryonic fibroblasts (MEFs), C9orf72 KO led to decreased phosphorylation of
S6 kinase B1, a downstream target of mTOR (Ugolino et al., 2016). Additionally,
transcription factor EB (TFEB) levels increased. TFEB is a substrate of mTOR that
regulates lysosomal biogenesis and autophagy related genes and its phosphorylation by
MTOR inhibits translocation to the nucleus and its subsequent downregulation (Sardiello
et al., 2009; Settembre et al., 2011). C9orf72 KO in vivo and in vitro increased TFEB
levels and LAMP1 and LAMP2 (lysosomal-associated membrane protein 1 and 2
respectively), downstream targets of TFEB. Collectively, this suggests loss of C9orf72
leads to defective lysosome morphology and function, impairment of mMTOR activation

with possible consequences on lysosome biogenesis.

Interestingly, reduced SMCRS8 levels have also been implicated in altered mTOR1
signalling (Amick et al., 2016; Lan et al., 2019). SMCR8 KO cells exhibit increased basal
MTOR activity and cell size compared to C9orf72 KO or C9orf72 and SMCR8 double KO
cells and akin to C9orf72 KO, SMCR8 KO cells display defective mTORL1 signalling
response to changes in amino acids (Amick et al., 2016). In contrast, no perinuclear
clustering is observed in SMCR8 KO cells. Despite both C9orf72 and SMCR8 KO
resulting in defective mTORL1 signalling, KO of both C9orf72 and SMCR8 did not result
in defective mTORL1 signalling. Moreover, in C9orf72 and SMCR8 mutant macrophages,
mMTOR1 signalling was increased as a result of impaired lysosomal degradation (Shao et
al., 2019a).

Insertion of an epitope tag on endogenous C9orf72 via CRISPR-Cas9 revealed highly
selective localisation of C9orf72 to the lysosome under starvation induced by amino acid
depletion. (Amick et al., 2016). In support of a role of C9orf72 at the lysosome, proteomic
analysis revealed C9orf72 interacting partners SMCR8 and WDRA41 localise to lysosomal
membranes (Schroder et al., 2007). Indeed, WDR41 has been shown to be necessary
for the recruitment of the C9orf72-SMCR8-WDR41 complex to lysosomes as C9orf72
localisation to lysosomes is abolished in WDR41 knockout cells (Amick et al., 2018).
Amick et. al, showed localisation of C9orf72 to lysosomes is restored by expression of
WDRA41, demonstrating the specificity of the phenotype. Further investigations revealed
WDRA41 interacts with the cationic lysosomal amino acid transporter PQLC2 through a

flexible loop extending from the B-propeller of WDR41 that inserts into a PQLC2 internal
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cavity and this interaction mediates the recruitment of the C9orf72-SMCR8-WDR41
complex to lysosomes (Amick et al., 2020; Talaia et al., 2021). Collectively, these findings

suggest a role for C9orf72 at the lysosome.

1.6.4. Role in immune system

Knockout animal models have been utilised to study the role of C9orf72. Whilst KO mice
do not develop motor neuron defects, several studies have reported impaired immune
system related pathology including increased proinflammatory cytokine production,
enlarged lymph nodes and splenomegaly, autoinflammation and altered immune cell
populations (Atanasio et al.,, 2016; Burberry et al., 2016; O 'Rourke et al., 2016;
Sudria-Lopez et al., 2016). Moreover, heterozygous mice display partial immune-related
phenotypes, suggesting C9orf72 haploinsufficiency is sufficient to generate an immune
response (Burberry et al., 2016; O 'Rourke et al., 2016). The identification of the
peripheral immune cells contributing to the immune phenotype is yet to be determined;
however, expression of C9orf72 was determined to be highest in myeloid cells (O
'Rourke et al., 2016). Moreover, loss of C9orf72 in brain microglia resulted in defects in
immune response, with the immunological phenotype corroborated by transcriptomics.
C9orf72 and SMCRS8 double KO mice have increased immune defects compared to the
single KO mice (Shao et al., 2019a).

1.6.5. Role at the synapse

Evidence of synaptic defects in models of COALS/FTD has begun to carve out a role for
C9orf72 at the synapse. Mouse brain subcellular fractionation revealed an enrichment of
C9orf72 in the synaptosome (Frick et al., 2018). In accordance, immunohistochemistry
for C9orf72 showed pronounced staining in the hippocampal mossy fibre reminiscent of
staining patterns for classical presynaptic markers. The presynaptic localisation of
C9orf72 is also recapitulated in human iPSC-derived motor neurons whereby C9orf72
colocalises with a small subset of synaptic vesicles, suggesting a transient interaction of
C9orf72 with synaptic vesicles (Frick et al., 2018). Furthermore, C9orf72 interacts with
all members of the Rab3 family, a family of Rabs abundant in synaptic vesicles and in
C9orf72 KO mice, levels of Rab3a are increased in the synaptosome (Frick et al., 2018;

Xiao et al., 2019). As C9orf72 is a DENN domain containing protein, further work
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exploring the possible role of C9orf72 as a GEF for Rab3 is needed. Other studies have
corroborated C9orf72 presynaptic localisation; however, have also shown C9orf72 to
localise postsynaptically (Xiao et al., 2019). Postsynaptic loss of C9orf72 resulted in
reduced Rab39b and increased GIuR1 (glutamate receptor 1) levels, indicating post
synaptic C9orf72 and Rab39b may regulate GIuR1 levels. Induced motor neurons (iMNSs)
from COALS/FTD patient-derived iPSCs displayed reduced SV2 (synaptic vesicle-
associated protein 2) levels, expression of synaptic genes and density of excitatory
synaptic contacts (Catanese et al., 2021; Jensen et al., 2020). SV2 forms a complex with
other synaptic vesicle proteins whereby it plays a vital role in active zones and synaptic
release machinery (Custer et al., 2006). Furthermore, patient-derived cortical neurons
also display reduced SV2 levels, pre-synaptic dysfunction and impaired synaptic
potentiation (Jensen et al., 2020; Perkins et al., 2021). Moreover, a C9orf72 loss of
function zebrafish model that recapitulates the motor defects of ALS/FTD shows reduced
synaptic vesicle cycling (Butti et al., 2021). In addition, C9orf72 deficient mice show
enhanced synaptic pruning as a result from of loss of C9orf72 in microglia (Lall et al.,
2021).

1.6.6. Mechanisms of disease

How the hexanucleotide repeat expansion causes C9ALS/FTD is proposed to occur in
three ways (Figure 1.5). Firstly, haploinsufficiency due to loss of function (LOF) of
C9orf72 has been proposed, resulting from reduced mRNA transcript levels leading to
reduced protein levels (Waite et al., 2014). The two remaining mechanisms constitute a
gain of function (GOF). Sequestration of RNA binding proteins by the repeat RNA into
RNA foci represents the first mechanism, whilst repeat associated non-ATG (RAN)
translation of the repeat expansion into aggregate-prone, toxic DPR represents the
second. How these mechanisms conspire to give rise to COALS/FTD remains unclear;

however, it is thought the mechanisms are not mutually exclusive.

1.6.6.1. RNA toxicity

The rich GC content of the sense (GGGGCC)n and antisense (CCCCGG)n transcripts
results in highly stable DNA and RNA which has been shown to form atypical secondary

structures including R-loops and G-quadruplexes, termed RNA foci (Fratta et al., 2012;
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Kovanda et al., 2015; Reddy et al., 2013). Indeed, CO9ALS/FTD patient fibroblasts and
astrocytes display more abundant G-quadruplex RNA foci compared to controls (Conlon
et al.,, 2016). Through interaction of these RNA foci with RNA binding proteins,
impairment of RNA translation, splicing and other events occur (Kumar et al., 2017,
McEachin et al., 2020). RNA foci have been detected in several COALS/FTD cases,
including the brain and spinal cord in patient or animal tissue, peripheral blood and
human and patient-derived cell models (Chew et al., 2015; Cooper-Knock et al., 2014a;
DeJesus-Hernandez et al., 2011; Lagier-Tourenne et al., 2013; Zu et al., 2013). Whilst
foci are predominantly neuronal and nuclear, cytoplasmic foci have been observed in
addition to foci in astrocytes, oligodendrocytes and microglia (Cooper-Knock et al.,
2015a; Lagier-Tourenne et al., 2013; Mizielinska et al., 2013). Whether a correlation
between RNA foci and clinical phenotypes exist remains to be resolved with conflicting
studies demonstrating either an inverse or absent correlation between RNA foci and
disease onset (DeJesus-Hernandez et al., 2017; Mizielinska et al., 2013). Similarly, it is
unclear whether neuropathology correlates with sense or antisense RNA foci, with
reports suggesting ALS TDP-43 pathology (nuclear depletion and cytoplasmic
mislocalisation) is more evident with antisense foci, as is a correlation between
perinucleolar RNA foci and cytoplasmic TDP-43 aggregation (Aladesuyi Arogundade et
al., 2019; Cooper-Knock et al., 2015b).

Studies have tried to model RNA toxicity to establish its contribution to ALS aetiology.
Injection of either sense or antisense RNA of pathogenic length led to the formation of
cytoplasmic RNA foci and motor axon defects in zebrafish (Swinnen et al., 2018).
Crucially, DPR proteins were unable to be detected in the sense or antisense RNA
injected fish but were detected in fish injected with DPR RNA suggesting toxicity was
RNA-mediated and not as a consequence of RNA translation and DPR proteins
production. Motor impairments were also observed in mice expressing expanded repeat
RNA compared to controls (Chew et al., 2015). However, as DPRs were RAN translated
from the repeat, it is unclear whether motor defects occurred from RNA or DPR toxicity.
Similar locomotor deficits were observed in Drosophila models expressing expanded
sense repeat RNA compared to non-expanded sense repeats and controls (Xu et al.,
2013). Given DPR generation was not assessed, it remains unclear whether defects
were due to RNA or DPR toxicity. Nevertheless, Pur a was identified as an RNA binding

protein of repeat RNA. Using an array of techniques, RNA binding proteins ADABR2,
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ALYREF, SRSF1, Zfp106, nuceolin and multiple hnRNPs have also been identified as
interactors of RNA foci (Conlon et al., 2016; Cooper-Knock et al., 2014b; Donnelly et al.,
2013; Haeusler et al., 2014; Hautbergue et al., 2017; Mori et al., 2013a). It is thought
sequestration of these RNA binding proteins by repeat RNA foci induce RNA toxicity by

decreasing the number of functional RNA binding proteins available.

Pur a has been identified by several groups as an RNA binding protein sequestered by
repeat RNAs, particularly CGG repeats and has been implicated in RNA transport (Jin et
al., 2007). Whilst the consequences of sequestration of Pur a is unknown, it is possible
depletion of functional Pur a arises from the accumulation of repeats that sequester Pur
a. Given its role in transport, it is possible this depletion leads to mMRNA transport defects
and eventual neuronal death. In support of this, overexpression of Pur a reduced RNA
foci and attenuated RNA repeat-induced toxicity (Swinnen et al., 2018). SRSF1, a
splicing factor that interacts with nuclear export receptor NXF1 to facilitate nuclear export
has been shown to be sequestered by RNA repeats. Interestingly, sequestration triggers
nuclear export of the repeats through interaction of SRSF1 and NXFL1 resulting in RAN
translation and DPR toxicity (Hautbergue et al., 2017). Similarly, it has been proposed
that binding of ALYREF, an mRNA export adaptor could facilitate the export of repeat
transcripts and subsequent RAN translation into DPRs (Cooper-Knock et al., 2014b).
Finally, multiple members of the hnRNP family, a family of splicing factors have been
identified as sequestered by repeat RNAs (Conlon et al., 2016; Martinez et al., 2016;
Mori et al., 2013a). Loss of hnRNPA2 and hnRNP H results in alternative splicing of its
targets in C9orf72 patient-derived fibroblasts and motor neurons and patient brains
respectively (Conlon et al., 2016; Martinez et al., 2016). Notably, mutations in hnRNP

have been identified as causative of ALS (Liu et al., 2016a).

1.6.6.2. DPRs

Bidirectional RAN translation of the hexanucleotide repeat expansion in all three reading
frames generates five DPRs — glycine/alanine (GA), glycine/proline (GP),
glycine/arginine (GR), proline/alanine (PA) and proline/arginine (PR) (see Figure 1.5).
DPRs form inclusions in the cytoplasm or the nucleus and are also found in dystrophic
neurites (Ash et al., 2013; Mackenzie et al., 2013, 2015; Mann et al., 2013; Mori et al.,
2013Db; Schludi et al., 2015; Zhang et al., 2014c; Zu et al., 2013). Such DPR inclusions
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are p62, ubiquitin positive and TDP-43 negative and are found throughout the CNS in
the hippocampus, basal ganglia, frontal cortex, cerebellum and motor cortex and less so
in the spinal cord (Ash et al., 2013; Mackenzie et al., 2013, 2015; Mann et al., 2013; Mori
et al., 2013b; Schludi et al., 2015). It has suggested that DPR accumulation and the
resultant pathology may predate TDP-43 pathology, providing a possible explanation for
a lack of TDP-43 positive inclusions (Baborie et al., 2015; Vatsavayai et al., 2016).

DPR inclusions translated from the sense strand (poly-GA, poly-GP and poly-GR) occur
more frequently in the hippocampus, cerebellum and neocortical regions whereas DPRs
translated from the antisense strand (poly-PR and poly-PA) are more infrequent (Ash et
al., 2013; Gendron et al., 2013; Mackenzie et al., 2013, 2015; Mori et al., 2013b, 2013c).
Multiple animal models have shown expression of DPRs translated from the
hexanucleotide repeat expansion results in neuromuscular junction defects (Freibaum et
al., 2015; Perry et al., 2017; Zhang et al., 2015). Mouse models exhibit variability, with
one BAC mouse model showing neuromuscular junction denervation whilst intact
neuromuscular junctions are observed in other BAC mouse models and mouse models
with inducible C9orf72 KO in neuronal and glia cells (Koppers et al., 2015; Liu et al.,
2016b; O’'Rourke et al., 2015; Peters et al., 2015). In Drosophila models, expression of
the pathogenic repeat resulted in a reduction in the number of active zones and bouton
counts (Freibaum et al., 2015; Perry et al., 2017; Zhang et al., 2015). In accordance,
compromised synaptic vesicle release and reduced SV2 levels are observed in cortical
neurons expressing GA DPRs (Jensen et al.,, 2020). Exogenous expression of SV2
rescues the abrogation of synaptic release and GA-induced toxicity. Arginine-containing
DPRs have been shown to interact with ribosomal proteins and reduce translation in
iPSC-derived motor neurons and in vivo (Moens et al., 2019). Expression of eukaryotic
translation initiation factor 1A, an essential protein for translation initiation rescues
translation defects in poly-GR expressing cells, however this is also accompanied by a
reduction in poly-GR (Moens et al., 2019). Others have also demonstrated that arginine-
rich DPRs inhibit global translation in addition to binding nucleoli, disrupting nuclear
function and phase separation and reducing actin cytoskeleton assembly (Kanekura et
al., 2016; Kwon et al., 2014; Radwan et al., 2020; White et al., 2019). Other DPR proteins
have been shown to impair nucleocytoplasmic transport and proteasome function has
been shown to be impaired by cell-to-cell transmission of poly-GA (Khosravi et al., 2020;
Zhang et al., 2016).
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1.6.6.3. Haploinsufficiency

C9orf72 LOF arises from the hexanucleotide repeat expansion causing a downregulation
of C9orf72 gene expression. Exploration into possible mechanisms responsible for the
reduction in C9orf72 mRNA have primarily focused on epigenetics. One study
demonstrated that trimethylated histones bind strongly to the C9orf72 repeat expansion,
but not the non-pathogenic repeats (Belzil et al., 2013). Given trimethylation of histones
is known to repress gene expression, this represents a possible explanation for the
reduction in C9orf72 gene expression. Additionally, C9orf72 gene expression was
restored in COALS/FTD patient-derived fibroblasts, by treatment with a demethylating
agent which resulted in a reduction of C9orf72 binding to trimethylated histones.
Furthermore, hypermethylation of both the C9orf72 repeat expansion and the 5 CpG
island located in the C9orf72 promoter region has been reported in several studies (Belzil
et al., 2014; Gijselinck et al., 2016; Jackson et al., 2020; Xi et al.,, 2013, 2015).
Methylation of the C9orf72 promoter has been shown to be neuroprotective and
associated with longer survival and C9orf72 methylation levels positively and negatively
correlated with repeat size and age of onset respectively (Gijselinck et al., 2016; McMillan
et al., 2015; Russ et al., 2015).

Of the three transcript variants arising from alternative splicing of the C9orf72 gene, the
V1 transcript (that along with V3 gives rise to a 481 aa protein) has been found to express
at higher levels in CNS tissue from non-mutation carriers (van Blitterswijk et al., 2015;
Rizzu et al., 2016). Post-mortem analysis of COALS/FTD patients revealed a decrease
in C9orf72 mRNA transcripts in the frontal cortex, cerebellum, motor cortex and spinal
cord (Belzil et al., 2013; van Blitterswijk et al., 2015; DeJesus-Hernandez et al., 2011,
Fratta et al., 2013; Gijselinck et al., 2012; Rizzu et al.,, 2016; Waite et al., 2014).
Furthermore, a similar reduction in C9orf72 mRNA levels was observed in patient blood
samples (Ciura et al., 2013; DeJesus-Hernandez et al., 2011). Comparison of individual
transcript levels revealed the V1 transcript to be significantly reduced, whilst V2 is
reduced to a lesser extent and V3 appears unaffected (van Blitterswijk et al., 2015;
DeJesus-Hernandez et al., 2011; Waite et al., 2014). The repeat expansion is in the

promoter region in V1 whereas it is in the first intron in V2 and V3. Therefore,
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transcriptional defects may arise in V1 that would not be present in V2 or V3 (Braems et
al., 2020).

The questionable specificity of C9orf72 antibodies has complicated the determination of
whether C9orf72 protein levels are reduced. Post-mortem analysis revealed a decrease
in C9orf72L protein levels in the frontal cortex of C9orf72 repeat expansion patients,
however, no decrease in the cerebellum was detected (Saberi et al., 2018; Waite et al.,
2014; Xiao et al.,, 2015). Furthermore, sensitive, robust mass spectrometry-based
guantification of C9orf72 revealed in the frontal cortex of C9orf72 mutation carriers,
C9orf72S was below the detection threshold but C9orf72L was significantly reduced
(Viodé et al., 2018). More recent, knockout mouse-validated antibodies revealed a small
(20%) decrease in C9orf72L protein levels in the cerebellum of C9orf72 mutation carriers
(Frick et al., 2018). The antibodies in this study did not detect C9orf72S in the cerebellum
despite being able to detect both C9orf72L and C9orf72S in HEK293 cells.

Evidence for the contribution of C9orf72 haploinsufficiency to disease comes from a
variety of methods including animal models, cell models and human patient samples. C.
elegans deficient of the C9orf72 orthologue exhibit locomotor defects that are age-
dependent and eventually lead to paralysis and degeneration of motor neurons (Therrien
et al., 2013). Furthermore, such defects were additive for mutant TDP-43, highlighting
both LOF and GOF mechanisms are involved (Therrien et al., 2013). Similar locomotive
defects have been observed in zebrafish models whereby the C9orf72 orthologue was
knocked down, mediated by morpholinos and resulted in motility defects and axonal
deficits (Ciura et al., 2013; Yeh et al., 2018). The wealth of evidence from C9orf72 mouse
models largely points to a lack of overt neurodegeneration or motor phenotypes and
instead implicates an inflammatory phenotype (Atanasio et al., 2016; Burberry et al.,
2016; Koppers et al., 2015; O 'Rourke et al., 2016; Sudria-Lopez et al., 2016; Sullivan et
al., 2016). Given complete, but not partial loss of C9orf72 results in an immunological
phenotype in mice, it follows that if LOF could be a stand-alone mechanism for disease,
C9orf72 patients should be expected to present with an immune phenotype. Whilst an
increased prevalence of autoimmune disease has been identified in a single study of a
cohort of COALS/FTD patients (Miller et al., 2016), as C9orf72 patients tend to exhibit a
reduction, but not complete loss of C9orf72, this suggests LOF may not be the sole
contributor to disease. Further evidence against a primary LOF mechanism stem from

a homozygous C9orf72 patient. A different clinical presentation or an increase in disease
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severity compared to heterozygous patients would be expected from a pure homozygous
patient. However, no difference in clinical phenotype was observed for a homozygous

C9orf72 patient compared to heterozygous (Fratta et al., 2013).

In COALS/FTD patient-derived iMNSs, the repeat expansion reduced C9orf72 expression
and triggered neurodegeneration (Shi et al.,, 2018). In addition, the IMNs exhibited
glutamate excitotoxicity. Given motor neuron survival was rescued by restoring C9orf72,
this demonstrates the contribution of C9orf72 haploinsufficiency to disease. However, it
must be noted that DPR accumulation also reduced upon expression of C9orf72, which
may also contribute to the increase in survival. Furthermore, axonal trafficking defects
present in iIMNs with the repeat expansion are exacerbated by knocking out C9orf72
(Abo-Rady et al., 2020). Such defects were not present in IMNs from healthy controls in
which C9orf72 was knocked out which is suggestive of a synergistic GOF and LOF

mechanism.

Whilst the evidence is clear a LOF mechanism alone is not responsible for disease,
evidence also exist against a GOF alone mechanism. BAC transgenic mice with a human
C9orf72 repeat expansion do not exhibit neurodegeneration, or only mild symptoms
(Jiang et al., 2016; O’'Rourke et al., 2015; Peters et al., 2015). Given the presence of
RNA foci and DPRs in the CNS of these mice, this suggests that a GOF mechanism
alone is insufficient to cause disease. C9orf72 haploinsufficiency has been shown to
exacerbate gain of toxicity in C9orf72 mice whereby a reduction or loss of C9orf72 in
these mice leads to DPR protein accumulation, motor deficits and hippocampal neuronal
loss (Zhu et al., 2020). Another mouse model also showed similar results, with C9orf72
haploinsufficiency exacerbating motor deficits in a dose-dependent manner in C9orf72
BAC and heterozygous crossed mice (Shao et al., 2019b). Additionally, a C9orf72 knock-
in rat model consisting of eighty repeats flanked by exons la and 1b resulted in a
decrease in C9orf72 protein, motor deficits and a loss of spinal motor neurons (Dong et
al., 2020).

Overall, evidence points towards a multiple-hit mechanism in which LOF and GOF
conspire to cause disease. RNA foci and toxic, aggregate prone DPRs accumulate in
neurons as a result of GOF mechanisms. C9orf72 haploinsufficiency then exacerbates
disease by impairing clearance of accumulated DPRs. Given the role of C9orf72 in the
initiation of autophagy, this is likely due to defective autophagy.
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Figure 1.5: Mechanisms of disease for C9orf72.

The GGGGCC hexanucleotide repeat expansion is thought to cause disease through 3 proposed mechanisms. Bottom
left: Downregulation of C90rf72 gene expression, leads to reduced mRNA levels. Bottom, middle: Due to the high GC
content of the repeat expansion, RNA foci can form that can sequester RNA binding proteins. Bottom right:
Bidirectional transcription of the repeat expansion, followed by non-ATG RAN translation gives rise to 5 dipeptide
repeat proteins — glycine-alanine (GA, green/purple), glycine-proline (GP, green/blue), glycine-arginine (GR,

green/red), proline-alanine (PA, blue/purple) and proline-arginine (PR, blue/red).
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1.7. Potential post-translational modification of C9orf72 and SMCRS that
regulate C9orf72 and SMCR8 function

The modification of target amino acids following their translation into proteins by a variety
of different functional groups is termed post-translational modifications (PTMs). These
functional groups are covalently attached to the protein and in doing so, regulates the
functionality of these proteins. Examples of such PTMs include phosphorylation,
ubiquitination, SUMOylation and acetylation. Several PTMs can occur at a given time to
influence, amongst other things, a proteins structure, localisation and turnover (Didonna
and Benetti, 2016; Sambataro et al., 2017). Aberrations in PTM of proteins have been
associated with a variety of diseases including Huntington’s, Alzheimer’s, Parkinson’s,

cancer and ALS.

1.7.1. Phosphorylation of C9orf72 and SMCRS8

Protein phosphorylation in eukaryotic organisms occurs almost entirely on serine,
threonine, or tyrosine residues and can act as a modulator of protein-protein interactions,
protein localisation and enzyme activity, amongst other things(Sharma et al., 2014). The
C9orf72 sequence contains a predicted phosphorylation site at S9 which is flanked by
proline residues (PPPSP); the PPPSP motif has been shown to be important for the
phosphorylation of the endocytic receptor megalin (Mertins et al., 2016; Sharma et al.,
2014; Yuseff et al., 2007). This may suggest that C9orf72 could be phosphorylated at
this residue, although the importance of this is unknown. SMCR8 has been shown to be
phosphorylated by ULK1 or TBK1 and an SMCR8 phosphomimetic is able to rescue the
autophagy defect caused by C9orf72 depletion, suggesting phosphorylated SMCRS is
important for autophagy (Sellier et al., 2016).

1.7.2. Ubiquitination, NEDDylation and protein turnover of C9orf72 and SMCRS8

Ubiquitin (Ub) is a small, 8 kDa protein that is highly conserved amongst eukaryotes (de
la Vega et al., 2011) The covalent attachment of a ubiquitin molecule onto a target protein
is termed ubiquitination. This three-step process involves El-activating, E2-conjugating
and E3-ligating enzymes (Figure 1.6). In the first of the three steps, the C-terminus of

ubiquitin is activated in an ATP-dependent manner. This involves firstly the formation of

40



Introduction

a Ub-adenylate intermediate that reacts with the catalytic cysteine residue of the E1
enzyme, forming a E1-Ub thiol ester (Kumar et al., 2020; Pickart and Eddins, 2004). The
activated ubiquitin is transferred to the active site cysteine residue of the E2 enzyme,
forming a thioester bond. In the final step, ubiquitin is covalently attached to the lysine
residue of the target protein. Due to the nature of the E2-E3 interaction, substrate
specificity is highly controlled as E3 ligases link Ub-loaded E2 and substrate proteins.

The fate of a protein following ubiquitination is dependent on the ubiquitin linkages
formed. A single ubiquitin moiety can be added onto a protein; this is known as
monoubiquitination. Monoubiquitination has been shown to regulate the stability of
proteasomal and ribosomal subunits, subcellular localisation, intracellular trafficking and
even the proteasomal degradation of some substrates (Braten et al., 2016; Fukuda et
al.,, 2012; Gupta-Rossi et al., 2004; Jung et al., 2017b; Su et al., 2013). Multi-
monoubiquitination or multi-polyubiquitination refers to the addition of single or multiple
ubiquitin molecules onto several lysine residues of a substrate protein and has also been
shown to target proteins for degradation (Chen et al., 2014a; Rodriguez et al., 2000).
Ubiquitin contains seven lysine residues; therefore, a single ubiquitin molecule can be
further ubiquitinated through one of its lysine linkages in the same process outlined
above. The resultant protein is said to be polyubiquitinated. Polyubiquitinated proteins
have been shown to result in a number of different fates including DNA repair,
endocytosis, immune response, autophagy and most notably proteasomal degradation
and autophagy (see 1.7.3.1 and 1.7.3.2) (Liu et al., 2018; Mukhopadhyay and Riezman,
2007; Tan et al., 2008; Urushitani et al., 2004; Wu et al., 2019).

41



Introduction

Up U5

G .
U +ATP AMP + PP, Cys

U

OB
\Jﬁ_y

Figure 1.6: Three step ubiquitination process.

Ubiquitin (yellow) is attached to the catalytic cysteine residue (Cys) of the E1-conjugating enzyme (red) in an ATP-
dependent manner. Following this, ubiquitin is transferred to the catalytic cysteine of the E2-activating enzyme (blue)
and subsequently transferred to the target lysine residue (Lys) of the substrate protein (purple), facilitated by the E3-

conjugating enzyme (green).

1.7.2.1. E3ligases

There are three classes of E3 ligase: homologous to E6-associated protein C- terminus
(HECT), really interesting new gene (RING), and RING-in-between-RING (RBR) E3s
(Figure 1.7). The RBR family represent the smallest family of E3 ligases with around 14
members. The general structure of a RBR E3 ligase consists of an in between ring (IBR)
domain flanked either side by RING1 or RING2 (Wang et al., 2017a). The E3-ligating
mechanism of RBRs has been shown to follow a hybrid between HECT and RING
mechanisms (Lazarou et al.,, 2013; Smit et al., 2012; Wenzel et al.,, 2011). The
recruitment of E2-Ub is performed by RINGL1; the ubiquitin is then transferred to the
catalytic cysteine in RING2. Following this, RING2 conjugates the ubiquitin to the lysine
residue of the target protein (Wenzel et al., 2011). Probably the most notable RBR E3
ligase is Parkin, mutations in which can cause familial Parkinson’s disease (Kitada et al.,
1998; Lazarou et al., 2013). There are approximately 30 members of the HECTs E3
family, making it the second largest family of E3 ligases. The HECT domain is C-terminal
and consists of two different lobes — an N-lobe and a C-lobe. The N-lobe is the site for

binding the E2-Ub loaded enzyme whilst the C-lobe contains an active site cysteine
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residue that receives and passes the ubiquitin from the E2 enzyme (Goto et al., 2021,
Wang et al., 2017a). A flexible tether exists between the two lobes which is crucial to
allow rotation of the two lobes during the enzymatic reaction. The interaction of the HECT
domain with the E2 followed by transfer of the ubiquitin to the C-lobe and the lysine of
the target protein attacking the ubiquitin on the C-lobe represent two distinct steps. The
RING family of E3 ligases represent the largest family of E3s, with over 600 members in
humans. In contrast to HECT E3 ligases, RING E3 ligases do not contain a catalytic
cysteine residue and as such catalyses ubiquitination by bringing E2-Ub and the target
protein in close proximity, allowing the direct transfer of ubiquitin from the E2-Ub to the
substrate protein (Bulatov and Ciulli, 2015; Wang et al., 2017a).

A proportion of the RING E3s are composed of multiple subunits for example the Cullin
RING ligases (CRLs). CRLs are modular and are composed of a Cullin backbone (Cull,
2, 3 4A, 4B or 5), RING finger protein and a substrate recognition protein that is often
tethered to the cullin scaffold via an adaptor protein (Figure 1.7). In contrast to Cull,
Cul2, Cul4 and Cul5 which utilise adaptor proteins to recruit specific substrate receptors,
Cul3 recruits a Bric-a-brack,Tram-track, Broad complex (BTB) domain-containing
proteins that combine the adaptor and substrate receptor functions (Geyer et al., 2003).
Members of the Kelch-like (KLHL) family have been identified as substrate binding
subunits of the Cul3 (Dhanoa et al., 2013; Shi et al., 2019). KLHLs comprise of a Kelch
domain which is important for substrate binding, a linker BACK domain and a BTB
domain which binds to Cul3 (Canning et al., 2013; Furukawa et al., 2003; Shi et al.,
2019). In addition, as the BTB domain can dimerise, it is able to recruit two Cul3 subunits
to the complex. The functional roles of KLHLs are diverse, and KLHLs have been shown
to act in complex with Cul3 to targeting proteins for proteasomal degradation (see
1.7.3.1) (Furukawa and Xiong, 2005; Furukawa et al., 2003). The most notable of these
is KLHL19 (also referred to as KEAP1) that targets the antioxidant factor Nrf2 for

ubiquitination and proteasomal degradation (Furukawa and Xiong, 2005).

CRLs are activated by a process called NEDDylation. Similar to ubiquitination,
NEDDylation is a multistep process comprising of three distinct steps and results in the
addition of neural precursor cell-expressed developmentally downregulated 8 (NEDDS8)
to target proteins. NEDDylation involves E1 NEDDS8-activating enzyme (NAE), E2
NEDD8-conjugating enzymes and E3 NEDDS8-ligating enzymes. NEDDS8 is attached to
the lysine residue of target proteins through its C-terminal di-glycine (Walden et al.,
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2003). In the first step of the process, NAE activates NEDDS8 in an ATP-dependent
manner and results in the formation of NAE-NEDDS8 through the catalytic cysteine
residue of NAE (Gong and Yeh, 1999). Following this, NEDDS8 is transferred to the
catalytic cysteine residue of the E2 NEDDS8-conjugating enzyme and subsequently
transferred to the lysine of the target protein (Huang et al., 2007). The final step is
catalysed by the E3 NEDDS8-ligating enzyme. The activation of cullins stimulates the
ubiquitination and subsequent degradation of CRL targets (Duda et al., 2008).

Substrate
recognition

Figure 1.7: General mechanism of action for E3 ligase ubiquitination and the general structure of Cullin ligases.

(A) Top left: HECT E3 ligases contain a HECT domain (red rectangle) that can bind the E2-Ub thioester (green circle
and yellow oval, respectively). Ubiquitin is bound to the E2-conjugating enzyme through the enzymes catalytic cysteine
residue (purple triangle). The substrate (blue) is also bound to the HECT ligase. Ubiquitin is transferred to the active
cysteine residue in the HECT ligase (1) before being transferred to the lysine residue of the target protein (2). Top
right: RING E3 ligases contain a RING domain (red rectangle) and binds both the E2-Ub thioester and the substrate.
The ubiquitin is transferred directly to the substrate (3). Bottom left: RBR E3 ligase follow a HECT/RING hybrid
mechanism. RBR ligases contain two RING domains and an in between ring (IBR) linker. The E2-Ub binds to the
RING 1 domain and the ubiquitin is transferred to RING 2 (4). The ubiquitin is then transferred to the substrate (5). (B)

The general structure of Cullin ligases (members of the RING E3 ligase family). Cullin ligases contain a cullin scaffold

44



Introduction

(purple), to which a ring finger protein (red) and adaptor protein (orange) is bound. A substrate recognition protein

(grey) is bound to the adaptor and binds the substrate (blue).
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1.7.2.1. Deubiquitinating enzymes

Ubiquitination is a reversible process and the removal of ubiquitin from a substrate is
performed by deubiquitinating enzymes (DUBs). There are approximately 100 DUBS in
humans, that are categorised in seven distinct families: the largest subfamily are ubiquitin
specific proteases (USPs) followed by JAB1/MPN/Mov34 metalloenzymes (JAMMS),
ovarian tumour proteases (OTUs), MIU-containing novel DUB (MINDY), ubiquitin C-
terminal hydrolases (UCHs), Machado-Josephin domain containing proteases (MJDs)
and zinc finger-containing ubiquitin peptidase 1 (ZUP1). These DUBs have several roles
ranging from removing ubiquitin from polyubiquitinated proteins and antagonising E3
ligase-mediated ubiquitination to generating free ubiquitin by ubiquitin recycling and
processing polyubiquitin precursors into single ubiquitin moieties (Das et al., 2020; Eletr
et al., 2014). By cleaving ubiquitin molecules from substrate proteins by hydrolysing the
isopeptide bond between ubiquitin and the substrate protein DUBS are important
regulators of degradation. The specific lysine residues targeted by DUBs are DUB-
dependent, with some DUBs displaying no preference between lysine linkages and
others showing preferences for K48 or K63 polyubiquitin chains (Reyes-Turcu et al.,
2009). Furthermore, the specificity of DUBs arises from their modular nature, as they
contain additional non-catalytic domains to mediate binding with specific linkages, to

specific substrates (Eletr et al., 2014).

The PTM of DUBs can regulate their catalytic activity, subcellular location, stability and
interaction with partner proteins. USP14 is a regulator of the proteasome whereby
association with the proteasome directly increases its activity (Leggett et al., 2002).
Moreover, USP14 preferentially deubiquitinates substrates destined for proteasomal
degradation that are ubiquitinated at multiple sites and S432 phosphorylation of USP14
increases DUB activity in the proteasome and is required for regulating proteasome
activity (Lee et al., 2016; Xu et al., 2015). Interestingly, USP14 also regulates autophagy
by regulating Beclin 1 ubiquitination (Xu et al., 2016). The USP8 enzyme contains a
microtubule interacting domain that is required for localisation to endosomes and
stabilisation of its interacting partner STAM (Row et al., 2007). S680 phosphorylation of
USP8 is necessary for its localisation as a S680A mutant is restricted to nuclear
localisation whereby it cannot interact with 14-3-3 protein (Row et al., 2006). The
ubiquitination of ATXN3 at K117 and SUMOylation at K166 enhances its catalytic activity
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and stability respectively (Todi et al., 2010; Zhou et al., 2013b). DUBs have a range of
substrates and as such, it is unsurprising that many DUBs have been implicated in
disease (Lim et al., 2020).

1.7.3. Functional roles of ubiquitination

Ubiquitination of target proteins has many functional consequences, with one of them
being degradation. The two main degradative pathways in eukaryotes are the ubiquitin

proteasome system and autophagy (summarised in Figure 1.8).

1.7.3.1. The ubiquitin proteasome system

The ubiquitin proteasome system (UPS) is the primary pathway for the degradation and
clearance of proteins. The pathway consists of two steps — ubiquitination (outlined in
1.7.1 above) and proteolytic degradation, which is carried out by the 26S proteasome.
The 26S proteasome is a macromolecular complex comprised of the 20S core particle
and the 19S regulatory particle (Voges et al., 1999). The barrel structure of the core
particle is composed of four rings stacked together — two inner 3-subunit rings and two
outer a-subunit rings. Proteolytic sites reside in the core particle with caspase-like,
trypsin-like and chymotrypsin-like activity (Bard et al., 2018; Davis et al.,, 2021).
Proteasomal substrates are recognised by the 19S regulatory particle, which assists in
unfolding the protein and delivering it to the 20S core particle for degradation. Through
forming a narrow channel that can only be opened by the 19S regulatory particle, the N-
terminal a-subunits of the 20S core particle act as barriers, making access to the internal
degradation chamber highly controlled. Substrate proteins ubiquitinated through K48
linkages are often targeted to the proteasome, making K48 the canonical proteasomal

degradation signal (Jacobson et al., 2009).

1.7.3.2. Autophagy

The second pathway that exists for protein degradation in eukaryotic cells is autophagy.

Autophagy stems from Greek, literally means “self-eating” (auto = self, -phagy = eating)
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and broadly consists of three main types — microautophagy, chaperone-mediated
autophagy (CMA) and macroautophagy. Mitophagy (the selective degradation of
mitochondria) is also a type of autophagy but will not be discussed here. Briefly,
microautophagy involves non-selective lysosomal degradation in which cytoplasmic
cargo is directly engulfed by autophagic tubes (see Li et al., 2012 for review). The main
functions of microautophagy include membrane homeostasis and cellular survival under
nitrogen starvation. CMA involves heat shock cognate protein of 70 kDa (hsc70), a
cytosolic chaperone protein which recognises a specific motif in substrate proteins and
targets them for lysosomal degradation by binding to LAMP2A (Dice, 1990; Nedelsky et
al., 2008). Following translocation of the substrate into the lysosome, the substrate
protein is degraded. Macroautophagy (hereafter referred to simply as autophagy), is a
highly conserved process among eukaroytes and maintains cellular and protein
homeostasis routinely in cells or as a response to cellular stresses such as starvation
(Ramesh and Pandey, 2017). The main targets for autophagic degradation are soluble
proteins, insoluble protein aggregates, and organelles and ubiquitinated proteins. Three
distinct steps — initiation, elongation and maturation/degradation make up the process of
autophagy. ULK1, ATG13, and FIP200 form the autophagy initiation complex and under
nutrient-rich conditions, mTOR regulates autophagy by inactivation of this complex (Kim
et al., 2011). Together with the PISK complex (Vps34, Beclin-1 (BECN1) and p150), the
autophagy initiation complex regulates the formation of the phagaphore, the precursor to
the autophagosome. Lipidation of cytoplasmic light chain 3 (LC3) by
phosphatidylethanolamine (LC3-1 - LC3-ll) result in recruitment of LC3-Il to the
phagaphore. Elongation of the phagophore engulfs cytoplasmic substrates and forms a
double membraned vesicle termed an autophagosome to which LC3-1l is membrane
bound, allowing detection of LC3-ll as a marker of autophagosome formation
(Rubinsztein et al., 2012; Tanida et al., 2008). Finally, fusion of the autophagosomes with
lysosomes to form an autolysosome releases the lysosomal degradative enzymes which
degrade the sequestered target proteins. Given the critical role of the UPS and
autophagy in the clearance of proteins, protein aggregates, and misfolded protein it is
unsurprising that dysfunction of either pathway is associated with many diseases,
including ALS and FTD (see 1.7.3.3).
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Figure 1.8:Summary of the ubiquitin proteasome system (UPS) and autophagy

Key steps in the ubiquitin proteasome system pathway (1 — 4). Through a cascade reaction involving E1l-activating,

E2-conjugating and E3-ligating enzymes, a ubiquitin protein is added onto the substrate (1). The ubiquitin can be

further ubiquitinated, forming a polyubiquitinated chain (2). The polyubiquitin chains acts as a signal for proteasome-

mediate degradation and the substrate is translocated to the 26S proteasome (3), where it is degraded (4). In

autophagy, following initiation the phagophore elongates (5) and engulfs the target protein (6) forming an

autophagosome. Fusion of the autophagosome with the lysosome (7) releases the lysosomal degradative enzymes

which degrade the protein (8).
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1.7.3.3. Dysfunction in protein homeostasis

Protein homeostasis is vital for ensuring cell survival and maintenance. It involves the
correct balance between protein synthesis and protein degradation. Ubiquitinated,
cytoplasmic protein inclusions are a key hallmark of ALS/FTD pathology (see Chapter
1.3) and suggests impaired protein homeostasis. The two main pathways for protein

degradation in eukaryotic cells are the UPS and autophagy.

A wealth of evidence implicates several familial and sporadic ALS/FTD genes and
proteins in proteasome dysfunction and disease pathogenesis. Firstly, mutations in
UBLQN2 which encodes for ubiquilin 2, a protein with a fundamental role in the UPS
pathway are associated with ALS/FTD and X-linked ALS (Deng et al., 2011; Teyssou et
al., 2017; Zhang et al., 2014b). Ubiquilin 2 facilitates the degradation of proteins via the
UPS by binding polyubiquitinated proteins and delivering them to the proteasome.
Accordingly, ALS-linked mutants of ubiquilin 2 impair this function and result in
accumulated polyubiquitinated proteins due to proteasome binding and substrate
delivery deficiencies (Chang and Monteiro, 2015). Moreover, ubiquilin 2 has been found
to transport heat shock protein 70 (HSP70)-bound cargo for proteasomal degradation
and mutations in UBQLNZ2 impede binding to HSP70 and subsequent proteasomal
degradation (Hjerpe et al., 2016). Similarly to ubiquilin 2, VCP has been shown to
facilitate proteasomal degradation by delivering substrates to the proteasome (Dai and
Li, 2001; Wojcik et al., 2004). Mutations in VCP that are linked to ALS have been shown
to impair proteasome complex binding and cause TDP-43 pathology (Barthelme et al.,
2015).

ALS-associated mutant SOD1 is an additional protein that has been shown to impact
proteasomal degradation. Mutant SOD1 directly interacts with a component of the
proteasome complex, possibly hindering proteasomal degradation in various ALS
models (Cheroni et al., 2009; Kabashi et al., 2004; Urushitani et al., 2002). Additionally,
SOD1%%A mice exhibit a downregulation in proteasome subunit expression (Marino et
al., 2015). Like SOD1, mutant VAPB has been shown to interact with a component of the
proteasome together with stimulating ubiquitinated aggregate formation and
accumulation of proteasomal substrates (Moumen et al., 2011). In addition to the fALS

cases described above, dysfunctional proteasome homeostasis has also been observed
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in SALS. Indeed, motor neurons from sporadic patients exhibit reduced proteasome
function and activity (Kabashi et al., 2012).

Aside from the UPS, autophagy represents the other main degradative pathway and is
essential for neuronal health. Indeed, neuronal specific ablation of vital autophagy genes
leads to neurodegeneration in mice and the accumulation of cytoplasmic aggregates
(Hara et al., 2006; Komatsu et al., 2006). Furthermore, inducing autophagy in ALS-
associated SOD1 mice prolongs survival (Hetz et al.,, 2009). Several other genes
involved in regulation of autophagy have been implicated in ALS/FTD including C9orf72
(see 1.6.3). Optineurin is an autophagy receptor containing a ubiquitin binding domain.
ALS-linked mutations of OPTN have been identified in this domain, alluding to a defect
in substrate delivery to the autophagosome due to inability to bind to the substrate
(Maruyama et al., 2010). SQSTM1 encodes for p62, another autophagy receptor. p62
contains a LC3 interacting region (LIR) that facilitates delivery of substrates to the
autophagosome by binding to the developing phagophore via LC3 (Pankiv et al., 2007).
The ALS-mutated LIR (SQSTM1-341Y) is defective in LC3 recognition, implicating
autophagy in ALS/FTD pathogenesis. Defective retrograde transport may lead to the
accumulation of autophagosomes. The dynein-dynactin complex (which facilitates
retrograde transport) regulates neuronal autophagosome transport and ALS-linked
mutations in DCTN1 cause aggregation of dynactin (Levy et al., 2006; Maday et al.,
2012). Furthermore, disruption of the dynein-dynactin complex leads to impaired
autophagic clearance with loss of DCNT1 resulting in the impaired transport and

accumulation of autophagosomes (lkenaka et al., 2013; Ravikumar et al., 2005).

Finally, in addition to the ALS and ALS/FTD genes, FTD genes and proteins have been
implicated in dysfunctional protein homeostasis. For example, PGRN (for which
mutations represent the most common cause of familial FTD) regulates the lysosomal
pathway and its deficiency leads to abnormal lysosome morphology (Elia et al., 2019;
Tanaka et al., 2017). Furthermore, TMEM106B, a risk factor for FTD is involved in
lysosomal trafficking (Schwenk et al., 2014; Stagi et al., 2014). Reduced TMEM106B
expression disrupts lysosomal trafficking and causes impaired degradation of autophagic
cargo (Luningschror et al., 2020). Moreover, CHMP2B mutations are causative of FTD
and rare cases of ALS and mutant CHMP2B impairs autophagy and leads to

autophagosome accumulation (Filimonenko et al., 2007; Lee et al., 2009). Collectively
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this wealth of evidence implicates proteosome dysfunction as a key player in ALS

aetiology.
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1.7.4. SUMOylation of C9orf72 and SMCR8

Bioinformatics suggests that C9orf72 may be SUMOylated. Insertion of the C9orf72
protein sequence into SUMOylation prediction software gives rise to three potential lysine
residues as SUMO sites (see Table 5.1). As the name suggests, small ubiquitin-like
modifier (SUMO) is a ubiquitin-like protein that is highly conserved across eukaryotes.
There are three different paralogs - SUMO1, SUMO2 and SUMO3 and as SUMO2 and
SUMO3 share 97% sequence similarity, they are often referred to as SUMO2/3 (Mahajan
et al., 1997; Matunis et al., 1998). Similarly to ubiquitination, SUMOQOylation of proteins
has a variety of different functions and have been implicated in transcription regulation,
DNA repair and protein degradation, amongst others (Lee et al., 2015b; Rott et al., 2017,
Sun et al., 2020a; Widago et al., 2012). The SUMOylation pathway is a multiple-step
pathway that involves El-activating, E2-conjugating and E3-ligating enzymes. Post-
translation, SUMO is non-functional and must first be modified by SUMO proteases that
remove a C-terminal residue to expose a di-glycine (GG) motif. The GG motif of mature
SUMO is attacked by the conserved cysteine residue of the heterodimeric E1l-activating
enzyme (SAE1/UBA2) in an ATP-dependent reaction, forming a thioester (Desterro et
al., 1997, 1999). Following this, activated SUMO is transferred to the catalytic cysteine
in Ubc9, the sole SUMO E2-conjugating enzyme, forming another thioester. Interestingly,
Ubc9 can directly transfer SUMO to the lysine of target proteins, in an E3 ligase-
independent manner (Gareau and Lima, 2010). Nevertheless, E3-ligating enzymes
facilitate the formation of an isopeptide bond between the lysine of that target substrate
and SUMO. Similar to ubiquitination, this is achieved via 2 main strategies. Recruitment
of the substrate and the E2-SUMO by E3-ligases to form a complex represents the first
method and enhancing the conjugation of the E2 enzyme by coordinating an optimal
conformation for SUMOylation is the second (Reindle et al., 2006; Reverter and Lima,
2005; Yunus and Lima, 2009). In the former, substrate specificity is due to E3-substrate
interactions whilst the latter it is imparted by the E2 ligase. Like ubiquitination,
SUMOylation is a reversible process, and the removal of SUMO is performed by SUMO
proteases. In contrast to ubiquitination, these proteases have dual roles, firstly in the
maturation of the SUMO precursor and secondly in the deconjugation of SUMO. There
are around 6 sentrin SUMO-specific proteases (SENPs) in humans. A summary of the

different enzymes involved in ubiquitination and SUMOylation is presented in Table 1.2.
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Functionally, SUMOQOylation of substrate proteins has been shown to result in a variety of
functions and SUMOylation itself is necessary for development. Knockout of the SUMO
E2-conjugating enzyme Ubc9 in mice has been shown to be lethal, with mice dying at
the early post implantation stage (Nacerddine et al., 2005). In addition, PML nuclear
bodies and nucleoli are disrupted in cells in which Ubc9 has been depleted (Nacerddine
et al., 2005). SUMOylated proteins have been implicated in numerous processes
including nucleocytoplasmic localisation, proteasome-mediated degradation, mitotic
chromosome assembly and disease (Lee et al., 2015b; Pelisch et al., 2014; Waltersa et
al.,, 2021) . SUMOylation of TDP-43 regulates its splicing activity, localisation and
recruitment to stress granules (Maraschi et al., 2021). Senataxin (mutations in which
have been linked to juvenile ALS) has been shown to be SUMOylated and when
SUMOylated is involved in genome stability, SG disassembly and degradation of RNA
(Bennett and La Spada, 2021; Hecker et al., 2006). Furthermore, both mutant and wild
type SOD1 is SUMOylated which increases its aggregation and stability (Fei et al., 2006).
Mutant SOD1 aggregation can be inhibited by inhibiting K75 SUMOylation (Dangoumau
et al., 2016).

The motif W-K-x-D/E (W is a hydrophobic residue, K the SUMO acceptor lysine, x is any
amino acid and D/E is aspartic/glutamic acid) has been identified as a SUMO consensus
motif, whereby proteins containing the motif are likely to be SUMOylated (Sampson et
al., 2001). Proteins with this motif can directly interact with the Ubc9-SUMO complex and
as such may regulate the interaction between the substrate and SUMO by influencing its
stability (Sampson et al., 2001). In addition, extended SUMO consensus motifs have
been identified (W-K-x-D/E-x-x-S-P) in which phosphorylation of nearby serine residues
are a prerequisite to SUMOylation or enhances SUMO conjugation (Hietakangas et al.,
2003, 2006; Mohideen et al., 2009). Similarly, a negatively charged SUMOylation motif
has been identified that enhances SUMO conjugation (Yang et al., 2006). However,
numerous SUMOylated proteins have been identified in which the SUMOylated residue

is a non-consensus lysine (Hendriks et al., 2018).
Table 1.2: Summary of the different enzymes involved in ubiquitination and SUMOylation in humans
‘ Ubiquitin ‘ SUMO
El-activating enzyme UBE1 and UBE1L2 Single El-activating
enzyme (SAE1/UBA2)
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E2-conjugating enzyme ~30 Single E2-conjugating
enzyme (Ubc9)
E3-ligating enzyme Over 600 ~7
Deubiquitinating/DeSUMOylating Ubiquitin specific SENP1, SENP2,
enzyme proteases and ubiquitin SENP3, SENP5,
C-terminal hydrolyases SENP6, SENP7

In addition to the covalent interaction between SUMO and its substrates, SUMO can
interact non-covalently with proteins bearing a stretch of hydrophobic residues with the
general sequence V-1/V-1/V/-V (Minty et al., 2000; Song et al., 2004). This sequence is
termed a SUMO interacting motif (SIM). The interaction between SUMO and proteins
containing a SIM can be regulated by other PTMs such as phosphorylation and
acetylation and it is possible for the SIM-SUMO interaction to be paralog specific
(Stehmeier and Muller, 2009; Ullmann et al., 2012). For example, the SIM of the
transcriptional coregulator Daxx binds to SUMO1 and phosphorylation promotes affinity
towards this SUMO paralog (Chang et al., 2011; Lin et al., 2006). Furthermore, the
SUMO-SIM interaction can mediate protein-protein interactions, the distribution of
proteins and enhanced SUMOylation of proteins by Ubc9-SUMO has been found for
proteins containing a SIM (Kim et al., 2009; Mahajan et al., 1997; Matunis et al., 1998).
RanGAPL1 can be nuclear pore complex-associated where its SUMOylated form binds to
RanBP2 or cytosolic (Mahajan et al., 1997). Mutations that inhibit RanGAP1
SUMOylation result in inhibiting targeting to the nuclear pore complex (Matunis et al.,
1998). The SIM of the Srs2 DNA helicase of Saccharomyces cerevisiae has two different
functions - firstly, it mediates its SUMOylation by binding to SUMO through its SIM and
secondly it bind to SUMOylated PCNA (Kolesar et al., 2012). The two different functions
have antagonistic effects as SUMOylation of Srs2 reduces the Srs2 SIM-PCNA SUMO
interaction and the Srs2 SIM-PCNA SUMO interaction disfavours SUMOylation (Kolesar
et al., 2012).
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1.8. Hypothesis and aims

The most common genetic cause of familial ALS and FTD is a GGGGCC hexanucleotide
repeat expansion in the C9orf72 gene. The C9orf72 protein is a DENN-domaining
containing protein that has been shown to have roles at the synapse and in the immune
system. Additionally, C9orf72 has been shown to be involved in the initiation of
autophagy and regulating the trafficking of Rab GTPases. Reduced C9orf72 mRNA
levels resulting in haploinsufficiency (a LOF mechanism) alongside two GOF
mechanisms — RNA toxicity and toxic, aggregate-prone DPRs have been proposed as
the disease-causing mechanisms of COALS/FTD. Several lines of evidence now point
towards haploinsufficiency as a disease modifier, exacerbating toxic GOF mechanisms.
Such evidence includes the observation that a reduction in C9orf72 exacerbates DPR
accumulation in mice expressing a pathogenic repeat (Zhu et al., 2020). Moreover,
reduced C9orf72 levels impairs autophagy and subsequently the clearance of DPRs,

which leads to the toxic accumulation of DPRs (Boivin et al., 2020).

Given the possible role of haploinsufficiency in disease, we therefore hypothesised that
restoring C9orf72 levels may be of benefit for COALS/FTD patients by restoring
autophagy and consequently aiding in the clearance of DPRs. Therefore, the overarching

aim of my PhD was to characterise the molecular pathways involved in C9orf72 turnover.

My objectives were:

e To identify the pathway(s) involved in turnover of C9orf72

e To identify key enzymes involved the turnover of C9orf72

e To investigate whether C9orf72 levels can be altered by manipulating levels of
key enzymes involved in C9orf72 degradation

e To investigate how complex formation with SMCRS8 affects C9orf72 stability
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2. Materials and methods

2.1. Cell culture

2.1.1. Cell lines

HEK293, HEK293 C9orf72 knockout (KO), Hela and Hela C9orf72 KO cells were cultured
in a 37°C, 5% CO2 atmosphere. All cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS,
Labtech) and 1 mM sodium pyruvate (Sigma-Aldrich).

The HEK293 C9orf72 KO and HelLa C9orf72 KO cell lines were produced and
characterised in-house by Dr Christopher Webster using CRISPR-Cas9 guide RNA
transfection and subsequent selection by puromycin. The HEK293 KO and HelLa KO cell

lines were sequenced by Dr Yolanda Gibson and Dr Chris Webster respectively.

2.1.2. PEI DNA transfection

Cells were seed such that they were 70-80% confluent on the day of transfection. All
plasmid DNA used for transfection (Table 2.3) was purified as per 2.2.4. A pCl-neo vector
was used as an empty vector (EV) control in all transfection experiments. Transfection
mix was prepared in OptiMEM (Gibco, Life Technologies) using a 1:3 (w/v) ratio of
plasmid DNA to polyethylenimine (PEI) (1 mg/ml, pH 6.8; PolySciences). The total
amount of DNA was equal to 1% of the total volume of transfection mix (Table 2.1). All
cells were transiently transfected according to the manufacturer's protocol. The
PEI/OptiMEM mix was vortexed and incubated at room temperature (RT) for 5 minutes
to give mix B. Mix A consisted of the DNA/OptiMEM mix. Following the addition of mix B
to mix A, the transfection mix was vortexed, incubated at RT for 20 minutes and then
added to cells dropwise. The transfection media was removed and replaced with fresh
DMEM 6 hours post transfection. Cells were maintained at 37 °C in a 5% CO:2 incubator

for 24 hrs post-transfection before being used for experimentation.
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Dimension of DNA per well | PEI per well | OptiMEM/DNA | OptiMEM/PEI
plate (ng) (uh volume (ul) volume (ul)

10 cm? plate 10 30 500 500

6 well plate 2 6 100 100

12 well plate 1 3 50 50

24 well plate 0.5 15 25 25

2.1.3. Lipofectamine2000 DNA transfection

Cells were seeded such that they were 70-80% confluent on the day of transfection. All
plasmid DNA used for transfection (Table 2.3) was purified as per 2.2.4. Transfection mix
was prepared in OptiMEM (Gibco, Life Technologies) using a 1:2 (w/v) ratio of plasmid
DNA to Lipofectamine2000 (Invitrogen). The total amount of DNA was equal to 1% of the
total volume of transfection mix (Table 2.2). All cells were transiently transfected
according to the manufacturer’s protocol. The Lipofectamine2000/OptiMEM mix was
vortexed and incubated at room temperature (RT) for 5 minutes to give mix B. Mix A
consisted of the DNA/OptiMEM mix. Following the addition of mix B to mix A, the
transfection mix was vortexed, incubated at RT for 20 minutes and then added to cells
dropwise. The transfection media was removed and replaced with fresh DMEM 6 hours
post transfection. Cells were maintained at 37 °C in a 5% CO: incubator for 48 hrs post-

transfection before being used for experimentation.

Table 2.2: Lipofectamine2000 transfection reagents

_ _ OptiIMEM

_ ) Lipofectamine _ _ )

Dimension | DNA per /DNA OptiMEM/Lipofectamine2000
2000 per well
of plate well (ug) volume volume (ul)
(ki)
(i)

10 cm? plate 10 20 500 500
6 well plate 2 4 100 100
12 well plate 1 2 50 50
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24 well plate 0.5 1 25 25
Table 2.3: List of plasmid DNA for PEIl/Lipofectamine2000 transfection
Name Backbone Host Resistance Source
EGFP PEGFPc2 DH5a Kan Clontech
Donated by Prof
EGFP-USPS8 pEGFPcl1 DH5a Kan , ]
Sylvie Urbé
XL10 In house mutagenesis
EGFP-USP8 C786A | pEGFPcl Kan _
Gold (Dr Emma Smith)
Empty vector (EV) pCineo DH5a Amp Promega
HA-Ubiquitin pRK5-HA DH5a Amp Addgene 17608
In house (Prof Kurt De
Myc-C9orf72L pRKS DH5a Amp
Vos)
XL10 In house (Prof Kurt De
Myc-C9orf72L pCineo Amp
Gold Vos)
XL10 In house mutagenesis
Myc-C9orf72L K14R pCineo Amp _
Gold (Dr Chris Webster)
Myc-C9orf72L XL10 In house mutagenesis
pRKS5 Amp
K388R Gold (see 2.2.1)
XL10 In house mutagenesis
Myc-C9orf72L K83R pPRK5 Amp
Gold (Amber Morgan)
XL10 In house mutagenesis
Myc-C9orf72L K9OR pRKS5 Amp
Gold (Amber Morgan)
XL10 In house mutagenesis
Myc-C9orf72L SIM pRKS5 Amp _
Gold (Dr Chris Webster)
pCMVe6entry )
SMCR8-Myc/DDK DHb5a Kan Origene
-myc/DDK
Donated by Dr Chun
Ubc9 pcDNA3 DHb5a Amp
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Donated by Dr Chun
YFP pcDNA3 DH5a Amp
Guo
Donated by Dr Chun
YFP-SUMO1 PEYFPcl DH5a Kan
Guo
Donated by Dr Chun
YFP-SUMO1 AGG PEYFPcl DH5a Kan
Guo
Donated by Dr Chun
YFP-SUMO2/3 PEYFPcl DH5a Kan
Guo
YFP-SUMO2/3 Donated by Dr Chun
PEYFPcl DH5a Kan
AGG Guo

2.1.4. siRNA transfection

Cells were seeded such that they were 70-80% confluent 4 days post transfection. Small
interfering RNA (siRNA) (10 uM, Table 2.4) was obtained from Sigma Aldrich and
prepared in nuclease free water (Qiagen) from a 100 puM stock. Transfection mix was
prepared using a 1:1 (v/v) ratio of siRNA to Lipofectamine RNA iMax (Invitrogen). The
total amount of siRNA was equal to 1.2% of the total volume of transfection mix (Table
2.5). All cells were transiently transfected according to the manufacturer’s protocol. The
RNA iMax/OptiMEM mix was vortexed and incubated at RT for 5 minutes to give mix B.
Mix A consisted of the SIRNA/OptiMEM mix. Following the addition of mix B to mix A, the
transfection mix was incubated at RT for 20 minutes and then added to cells dropwise.
The transfection media was removed and replaced with fresh DMEM 6 hours post
transfection. Cells were maintained at 37 °C in a 5% CO:2 incubator for 4 days post-

transfection before being used for experimentation.

Table 2.4: List of siRNA sequences

Oligo Targeted sequence 5’ > 3’

Non targeting control Mission universal negative control #1
USP8 RNAI-1 TGAAATACGTGACTGTTTA
USP8 RNAI-2 GGACAGGACAGTAGATATT
KLHL9 RNAI-1 GGGCACAAGAATGGAGATCTT
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KLHL9 RNAI-2
KLHL13 RNAI-1
KLHL13 RNAI-2

Materials and methods

ATGGATGCAGGTTGCATCATT
GCTGCCAGTTTCCTACAGATT
AACGGCAGTTGATACAGTCTT

SMCRS8 RNAI-1 GCCATTAATGAAGAAGAATT
SMCR8 RNAI-2 CCCAATTCCTAAAGTGTTATT
Table 2.5: siRNA transfection reagents and volumes
. . _ OptiIMEM/RNA
. ' siRNA volume per OptiIMEM/siRNA .
Dimension of plate IMAX volume per
well (ul) volume (ul)
well (ul)
6 well plate 2.4 100 100
12 well plate 1.2 50 50
24 well plate 0.6 25 25
2.2. Cloning

2.2.1. Site-directed mutagenesis

Mutagenesis primers designed using the QuikChange primer design program (Agilent)

were purchased from Integrated DNA Technologies (Table 2.6). Mutagenesis was

performed according to the manufacturers’ protocol. In brief, 75 ng plasmid DNA

template and 125 ng of forward and reverse primer was amplified using a thermocycler.

The following parameters were used: 1 cycle (95 °C, 2 mins), 18 cycles (95 °C, 20 s; 60

°C, 10 s; 68 °C, 30 s/kb plasmid length) to melt dsDNA, anneal primers and elongate

respectively. Parental DNA template was digested using Dpn | enzyme (37 °C, 5 mins)

before transformation of the resulting plasmid DNA into ultracompetent XL-10 Gold cells

as per 2.2.2. All constructs were sequenced to confirm the correct insertion of the

mutation (Core Genomic Facility, Sheffield) and the trace data visualised using FinchTV

software.
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Table 2.6: List of mutagenesis primers

Construct Primer sequence (5’ > 3) Reverse primer sequence (5’ > 3’)
C9orf72L | GATAAGCCAGGTCTCAGCTGAA | CCTGGATCAGGTCTTTCAGCTG
K388R AGACCTGATCCAGG AGACCTGGCTTATC

2.2.2. Transformation of DNA

Transformation was performed according to the manufacturer’s protocol. Approximately
5 ng of plasmid DNA was added to 25 pul of either competent DH5a or ultracompetent
XL-10 Gold cells. In the case of XL-10 Gold cells, an additional 1 ul of B-mercaptoethanol
per 25 pl of cells was added. Cells were incubated for 30 mins at 4 °C followed by heat
shock at 42 °C for 30 s. Cells were incubated at 4 °C for 2 mins prior to the addition of
975 ul of LB Broth (Fisher Scientific) and incubation at 37 °C with constant agitation.
Cells were then plated onto pre-warmed LB selection plates (Ampicillin, 100 pg/ml,
Melford; Kanamycin, 50 pg/ml, Sigma Aldrich) as appropriate and grown at 37 °C

overnight.

2.2.3. Glycerol stock preparation

Transformed bacteria was grown in 5 ml LB Broth overnight at 37 °C with constant
agitation. Glycerol stocks were prepared using a 1:1 ratio of bacteria broth and 50%

glycerol (Sigma Aldrich). Following thorough mixing, the stocks were stored at -80 °C.

2.2.4. Bacterial culture and purification of plasmids

Onto the appropriate LB selection plates (Ampicillin, 200 pg/ml, Melford; Kanamycin, 50
pg/ml, Sigma Aldrich) a small amount of glycerol stock was streaked. Starter cultures
consisting of a single colony in 1 ml LB broth with the appropriate antibiotic added was
grown for 8 hrs at 37 °C with constant agitation. To 5 ml of LB broth, 100 pl of the starter
culture and the appropriate antibiotic was added and grown overnight at 37 °C with
constant agitation. Plasmids were purified using the Macherey-Nagel NucleoSpin
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Plasmid Miniprep kit according to the manufacturer’s protocol. In brief, bacteria were
pelleted by centrifugation (4000 x g, 20 mins) prior to resuspension in Al buffer.
Following this, the bacteria were lysed using alkaline/SDS lysis by the addition of A2
buffer (RT, 5 mins). The lysis buffer was neutralised by the addition of A3 buffer before
pelleting the bacterial debris by centrifugation (11,000 x g, 10 min). Following transfer of
the supernatant to a silica membrane spin column, the DNA was washed once in AW
buffer, centrifuged (11,000 x g, 1 min) and washed once in A4 buffer before centrifugation
(11,000 x g, 1 min). Spin columns were dried by centrifugation (11,000 x g, 2 min) prior
to the addition of AE buffer and incubation at RT for 1 min. DNA was eluted into new
collection tubes by centrifugation (11,000 x g, 1 min). The concentration of DNA was

determined using a Nanodrop ND-1000 spectrophotometer.

2.3. Protein biochemistry

2.3.1. Protein harvesting

Cells were washed once in phosphate-buffered saline (PBS; NaCl, 137 mM; KCI, 2.7mM,;
KH2PO4, 1.5 mM; NazHPO4, 8 mM). Cells were incubated in trypsin-EDTA at 37 °C for 5
mins prior to quenching with DMEM. Cells were pelleted (17,000 x g, 1 min) prior to
washing in PBS and centrifuged (17,000 x g, 1 min). Cell pellets were lysed at 4 °C for
20 mins in either radioimmunoprecipitation assay (RIPA; Tris-HCI, pH 6.8, 50 mM; NaCl,
150 mM; EDTA, 1 mM; EGTA, 1 mM; SDS, 0.1%; Triton X-100, 1%; 1X protease
inhibitors) or Britton-Robinson 80 (BRB80; PIPES, 80 mM, pH 6.8; EDTA, 1 mM; MgClz,
1 mM; IPEGAL, 1%; NaCl, 150 mM). Following this, the supernatant was pelleted at 4°C
by centrifugation (17,000 x g, 1 min). The protein concentration was determined as in
2.3.2.

2.3.2. Determination of protein concentration

Protein concentrations were determined by Bradford assay. Bradford reagent (Biorad)
was diluted 1:5 in distilled water. Bovine serum albumin (BSA, Sigma Aldrich) was diluted

to 1 mg/ml in Bradford reagent. Serial dilutions of the BSA solution were performed to
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give a range of known concentrations. The BSA serial dilutions served as the standard.
Samples were diluted 1:500 in Bradford reagent. The absorbance of the BSA standards
and samples were determined at 595 nm using a S1200 diode array spectrophotometer
(Biochrom) with Bradford reagent serving as the blank. In the presence of protein, a
change in colour from red to blue is observed in the Bradford reagent, which corresponds
to a shift in maximum absorbance from 470 nm to 595 nm. As the amount of protein is
proportional to the change in colour, the amount of protein in a sample can be determined
by the absorbance at 595 nm. A standard curve was constructed using the BSA
absorbance values and the protein concentration in the samples determined from the
gradient of the standard curve using the equation below.

protein concentration = absorbance x gradient x diution factor

2.3.3. Immunoprecipitation

When transfection was required, cells were seeded such that they were approximately
70% confluent on the day of transfection. Alternatively, for endogenous proteins cells
were harvested when they were 100% confluent. The following day, cells were washed
once in PBS prior to addition of either RIPA or BRB8O lysis buffer at 4°C. Cells were
scraped and lysed at 4°C for 1 hr, with rotation before being pelleted (17,000 x g, 1 min).
Protein concentration was determined as per 2.3.2. A stock of 1 pg/ul of lysates in 1X
laemmli (60 mM Tris-HCI, pH 6.8; 2% SDS; 10% glycerol; 5% B-mercaptoethanol; 0.01%
bromophenol blue) was reserved for input samples. 0.5 — 1 mg of lysate was incubated
in 1 — 2 pg of antibody for 16 hrs at 4°C with constant rotation. The primary antibody
was captured on 20 ul of Protein G magnetic Sepharose beads (GE Helathcare) for 2
hrs at 4°C with constant rotation. Alternatively, Protein G Sepharose fast flow beads (GE
Healthcare) washed with the lysis buffer was used. The beads were centrifuged
(3000 x g, 30 s), the supernatant removed and the beads washed 3 times in lysis buffer.
Protein was eluted from the beads in 40 pl of 2X laemmli (120 mM Tris-HCI, pH 6.8; 4%
SDS; 20% glycerol; 10% B-mercaptoethanol; 0.02% bromophenol blue). In the case of
FLAG-tagged constructs, immunoprecipitation was performed using anti-FLAG magnetic
agarose beads (Sigma-Aldrich). Samples were then analysed via SDS-PAGE and

immunoblot (see 2.3.4).
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2.3.4. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

and immunoblot

Protein samples were incubated for 5 mins at 100 °C to denature proteins. Proteins were
separated according to size using a polyacrylamide gel. Depending on the size of the
protein of interest being studied, the resolving gel chosen was between 7.5 — 15%.
Precision plus protein standards all blue ladder (Biorad) was loaded alongside the
samples to determine the molecular weight of the protein samples. A mini-PROTEAN
tetra cell (Biorad) filled with running buffer (192 mM glycine, 25 mM Tris, 0.1% SDS) was
used to run the gels at 100 V until samples were resolved. Following separation proteins
were transferred to a nitrocellulose membrane at 30 V for 16 hrs (GE Healthcare), using
the mini trans-blot cell (Biorad) filled with transfer buffer (192 mM glycine, 25 mM Tris,
20% methanol). To confirm successful transfer, membranes were stained with reversible
Ponceau S (0.1% Ponceau S, 5% acetic acid) and the stain removed by washing with
distilled water.

Membranes were blocked in blocking buffer (TBST, 20 mM Tris-HCI, pH 7.5; 137 mM
NaCl; 0.1% TWEEN-20; dried milk, 5%) for 1 hr at RT with shaking. Membranes were
incubated in primary antibody (Table 2.7) in blocking buffer for 1 hr at RT with constant
roation. Following 3 x 10 mins washes in TBST, membranes were incubated in
secondary antibody (Table 2.8) in TBST for 1 hr at RT. Membranes were washed for a
further 3 x 10 mins in TBST prior to detection. For detection, membranes probed with
HRP were incubated in enhanced chemiluminescence solution (ECL, Thermo Fisher)
consisting of a 1:1 dilution of luminol and peroxide solutions for 3 mins. Imaging was then

performed on either Syngene G:box (Syngene) or Odyssey CLx imaging system (Licor).

2.3.5. Drug treatments

Stocks of Bafilomycin Al (Sigma Aldrich) and MG132 (Sigma Aldrich) were prepared by
solubilising the lyophilised powder in water. To assess the involvement of specific
pathways, cells were treated with Bafilomycin A1 (100 nM) or MG132 ( 5 uM) for varying

times. Stocks of cycloheximide (Sigma Aldrich) were prepared by solubilising the

65



Materials and methods

lyophilised powder in ethanol. Cells were treated with cycloheximide (20 pug/ml) to inhibit
protein translation. To inhibit Cullin NEDDylation, cells were treated with MLN4924
(Sigma Aldrich, 1 uM) from a prepared stock of MLN4924 in DMSO. A stock of N-
Ethylmaleimide (NEM, Sigma Aldrich) was prepared in ethanol and added to lysis buffer
(20 mM) to prevent deSUMOylation of proteins. Samples were harvested and analysed
via SDS as per 2.3.1, 2.3.3 and 2.3.4 respectively).

Table 2.7: List of primary antibodies used for immunoblotting.

Antibody Species Dilution Source
Actin Mouse 1:5000 Millipore MAB1501
C9orf72 Rabbit 1:1000 ProteinTech, 25757
. Santa Cruz
C9orf72 Rabbit 1:250
sc-138763
. _ ATLAS
C9orf72 Rabbit 1:250 HPA023873
C9orf72 Mouse 1:1000 Genetex
GTX632041
Cyclin D1 Rabbit 1:1000 Abcam ab134175
FLAG (M2) Mouse 1:2000 Sigma Aldrich
. Cell signalling
GAPDH Rabbit 1:1000
14C10
GFP (JL8) Mouse 1:5000 Clontech 632381
Sigma Aldrich
HA Rabbit 1:1000
H6908
Sigma Aldrich
HA7 Mouse 1:1000
H9658
_ Novus Biological
LC3 Rabbit 1:1000
NB100-2220
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Cell signalling
Myc (9B11) Mouse 1:2000
2276S
. Bethyl Laboratories
SMCR8 Rabbit 1:1000
A304-694A
Tubulin Rabbit 1: 8000 Abcam ab4074
_ ATLAS,
USP8 Rabbit 1:1000
HPA004869
Table 2.8: List of secondary antibodies used for immunoblotting.
Antibody Species Dilution | Source
Anti-mouse IgG (H+L) (_:oupled to horseradish Goat 1:5000 Dako
peroxidase
Anti-mouse IgG (L) cqupled to horseradish Goat 110 000 | Dako
peroxidase
Anti-rabbit IgG (H+L) c_oupled to horseradish Goat 1:5000 Dako
peroxidase
Anti-rabbit IgG (L) coupled to horseradish peroxidase Goat 1:10000 | Dako
Anti-mouse IgG coupled to IRDye680 Donkey 1:5000 Licor
Anti-mouse IgG coupled to IRDye800 Donkey 1:5000 Licor
Anti-rabbit IgG coupled to IRDye680 Donkey 1:5000 Licor
Anti-rabbit 1gG coupled to IRDye800 Donkey 1:5000 Licor
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2.4, RT-gPCR

2.4.1. RNA extraction

RNA was extracted from cells using TRIzol (Life Technologies) according to the
manufacturers’ protocol. Briefly, cells were incubated in TRIzol at RT for 5 mins prior to
the addition of chloroform (Thermo Fischer) in a 1:5 ratio of TRIzol to chloroform with
vigorous mixing. Following incubation at RT for 3 mins, cells were pelleted (17,000 x g,
15 mins) at 4°C. RNA was precipitated from the aqueous phase by the addition of
isopropanol and incubation at RT for 10 mins. Following centrifugation (17,000 x g, 10
mins) at 4°C, the RNA pellet was washed in 75% ethanol before subsequent
centrifugation (7500 x g, 5 mins). The pellet was air dried at RT for 10 mins before
resuspension in nuclease free water. The resuspended pellet was incubated at 60°C for

10 mins and the concentration determined using a Nanodrop Spectrophotometer.

2.4.2. cDNA synthesis

1 pg of RNA was resuspended in 1 X DNase buffer (NEB) and the reaction volume made
up to 9 pl using nuclease free water. Contaminating genomic DNA was removed by the
addition of 1 ul of DNase 1 followed by incubation at 37°C for 10 mins. The enzyme was
heat inactivated at 75°C for 10 mins by the addition of EDTA (Amnsesco; 2.5 mM). cDNA
was synthesised using qScript cDNA mastermix (Quanta bio). The mastermix consists
of a reaction buffer containing optimised concentrations of MgCl2 and dNTPs alongside
recombinant ribonuclease inhibitor protein, qScript reverse transcriptase, titrated
concentrations of random hexamer and oligo(dT) protein primers and enzyme stabilisers
and performance enhancing additives. 4 ul of mastermix was added to the RNA sample
and made up to a total volume of 20 pl in nuclease free water. cDNA was synthesised in
a thermocycler with the following parameters: 1 cycle (5 mins, 25 °C), 1 cycle (30 mins,
42°C) and 1 cycle (5 mins, 80°C).

2.4.3. RT-gPCR

Primer specific mastermixes were prepared using forward and reverse primers (Table
2.9), 1 X HOT FIREpol Eva green gPCR Mix (Solis Biodyne) and nuclease free water.
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Prior to their addition in the mastermix, stock primers were reconstituted in nuclease free
water to 100 puM and stored at -20 °C until needed. cDNA was diluted to 10 ng/pl in
nuclease free water. To 9 pl of the primer specific mastermix, 1 pl of diluted cDNA was
added. Reactions were performed in triplicate in a CFX96 touch real-time PCR
thermocycler (BioRad). The following conditions were used: 1 cycle (95 °C, 5 mins), 39
cycles (95 °C, 30 s; 60 °C, 1 min); 1 cycle (95 °C, 1 min; 65 °C, 30 s), 60 cycles (starting
at 65 °C with a 0.5 °C increase per cycle). The initial 95 °C step denatures the dsDNA
and is followed by 39 cycles of denaturation and annealing. The final melt curve step with
an incremental 0.5 °C increase ensures single products are produced. Data was
analysed using BioRad CFX Manager software and mRNA levels determined using the
AACt method (Livak and Schmittgen, 2001).

Table 2.9: List of primers for RT-qPCR.

Conc
Gene Forward primer (5’ > 3) Reverse primer (5 > 3)
(nM)
KLHL9
41 AGGAGGAGTTTTGAGGCAGC | GGTAACGGGGAGCATCCATT | 125
KLHL9
4o TGTCTGAACCTGGTGCTTCC | CTGGAGGTGGGGGATGTAGA | 125
KLHL13
41 GCAGGACCTACACGCATCTT | GGCATCAGGGTCACATCACA | 125
KLHL13
4o CGAAATGGGCCTCTCATCCC | TCCTTCAAGTCGAAGCTGGT | 125
GGGTGGGGCTCATTTGCAGG | TGGGGGCATCAGCAGAGGG
GAPDH 300
G G
2.5. Bioinformatics for the prediction of potential

ubiquitination/SUMOylation sites

Online software was utilised to predict potential ubiquitination and SUMOylation sites in
C9orf72 and SMCRS8. The C9orf72 protein sequence was inserted into UbPred
(http://www.ubpred.org/), a ubiquitination predictor that utilises a database consisting of

266 non-redundant, experimentally verified ubiquitination sites to predict putative lysine
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residues with a high/medium/low confidence score. Following this site-directed
mutagenesis was used to mutate the high and medium hits. Similarly, for SUMOylation
prediction, the GPS SUMO web server (http://sumosp.biocuckoo.org/) was utilised which
utilises group-based prediction alongside Particle Swarm Optimisation to predict possible
SUMOylation sites (Zhao et al., 2014). The C9orf72 and SMCRS8 protein sequence was
inserted into GPS SUMO to give the predicted position and predicted peptide of the
SUMOylation or SIM (SUMO interacting motif) site, the predicted score and its

corresponding cut off value.
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3. Investigating protein turnover of C9orf72

3.1. Introduction

The most common genetic cause of ALS/FTD is due to a GGGGCC hexanucleotide
repeat expansion in the first intron of the C9orf72 gene. Although it is unknown how
CO9ALS/FTD arises, evidence points towards both loss of function and gain of function
mechanisms. Several lines of evidence implicate C9orf72 haploinsufficiency in disease.
Firstly, reduced C9orf72 mRNA levels have been found in patient post-mortem tissue
and blood samples (Belzil et al., 2013). Further, loss of C9orf72 mimics the p62 pathology
seen in COALS/FTD patients (Webster et al., 2016) and reduced C9orf72 levels results
in reduced basal levels of autophagy (Sellier et al., 2016; Webster et al., 2016). This
suggests that a reduction in autophagy due to C9orf72 haploinsuffiency may contribute
towards disease. The lack of neurodegeneration seen in C9orf72 knockout models
suggest that haploinsufficiency alone is not sufficient to cause disease (Koppers et al.,
2015; Peters et al., 2015; Sudria-Lopez et al., 2016).

Aggregate-prone, DPRs formed from RAN translation of the repeat expansion have been
detected in post-mortem tissue of COALS/FTD patients (Ash et al., 2013; Mori et al.,
2013b) and have been shown to cause toxicity in a number of in vitro and in vivo models
(Lee et al., 2017; May et al., 2014; Swinnen et al., 2018). Emerging evidence indicates
that C9orf72 haploinsufficiency may exacerbate DPR toxicity, possibly due to reduced
autophagy and clearance of DPRs (Boivin et al., 2020; Zhu et al., 2020). Collectively, this
suggests that C9orf72 haploinsufficiency is a disease modifier that may contribute to and
worsen disease by acting synergistically with the toxic gain of function DPRs. Given this,
restoring C9orf72 levels may be beneficial for patients and represents a possible
therapeutic avenue for COALS/FTD.

Protein homeostasis is fundamental in order to maintain the correct balance between
protein synthesis, protein trafficking and protein degradation. In doing so, steady state
levels of proteins are tightly regulated. Protein degradation is achieved via two main
pathways — the UPS and autophagy. Determining the degradation pathway for a protein
allows for exploration into modifiers of that pathway. Therefore, this chapter focuses on

investigating the turnover of C9orf72. Antibodies for detecting endogenous C9orf72 were
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optimised and the stability of the C9orf72-SMCR8 complex was investigated. The
involvement of the UPS or autophagy in C9orf72 and SMCR8 degradation was explored.
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3.2. Endogenous C9orf72 antibody optimisation

Until recently, the availability of commercial antibodies to detect endogenous C9orf72
were lacking due to their uncertain specificity. The first steps were therefore to optimise
the commercially available antibodies for their ability to detect endogenous C9orf72. In
order to do this, lysate from HEK293 and HEK293 C9orf72 KO cells (hereafter
C90rf72K0) were separated and probed via SDS-PAGE and immunoblot. Four different
commercially available antibodies were used to detect endogenous C9orf72. The Santa
Cruz, ProteinTech and Genetex antibodies were able to detect endogenous C9orf72 as
evidenced by the band present at 50 kDa in the HEK293 cells that is absent in the
C90rf72K0 cells (Figure 3.1A) demonstrating the binding was specific to C9orf72. The
Genetex antibody gave more bands at higher molecular weights. These bands were
aspecific to C9orf72 as they were present in both HEK293 and HEK293 C90rf72X° cells.
The ATLAS antibody was unable to detect endogenous C9orf72 as no bands could be
seen at 50 kDa. As a control for antibody detection, the three antibodies were also used
to detect overexpressed C9orf72. C9orf72 has three transcript variants that give rise to
two putative isoforms - C9orf72 long (C9orf72L, 50 kDa) and C9orf72 short (C9orf72S,
25 kDa). Both transcript variants were used a positive control. All three antibodies were
able to detect both C9orf72L and C9orf72S (Figure 3.1B), providing further evidence the
ATLAS antibody was unable to detect endogenous C9orf72.

The ProteinTech antibody was selected to optimise further owing to the greater
proportion of aspecific bands from the Genetex antibody and as the Santa Cruz antibody
was no longer commercially available. The incubation temperature and the antibody
concentration were optimised. To do this, lysate from HEK293 and C90rf72K° cells were
separated via SDS-PAGE and probed via immunoblot. Varying concentrations of the
ProteinTech antibody were used for either 1 hr at RT or 16 hrs at 4 °C. Endogenous
C9orf72 was detected with all three antibody concentrations (Figure 3.1C). Specificity
was confirmed by the presence of a band at 50 kDa in the HEK293 cells that were not
present in the C9orf72X° cells. Incubation in antibody overnight gave more aspecific
bands. Overall, both the Genetex and the ProteinTech antibody can reliably detect

endogenous C9orf72.
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Figure 3.1: C9orf72 antibody optimisation for detection of endogenous C9orf72

(A) Lysates from HEK293 and HEK293 C90rf72X° cells were subjected to SDS-PAGE and immunoblot for endogenous
C9orf72 levels using anti-C9orf72 antibodies from ATLAS, ProteinTech, Santa Cruz and Genetex. Anti-actin or anti-
GAPDH antibodies were used as a loading control. Black asterisks represent aspecific bands. (B) HEK293 cells were
transfected with either an empty vector (EV), Myc-Corf72L or Myc-C9orf72S and lysates subjected to SDS-PAGE and
immunoblot for C9orf72 levels using anti-C9orf72 antibodies from ATLAS, ProteinTech, and Santa Cruz or anti-Myc
antibodies. Anti-actin antibodies were used as a loading control. (C) Lysates from HEK293 and HEK293 C9orf72K°
cells were subjected to SDS-PAGE and immunoblot for endogenous C9orf72 levels using anti-C9orf72 ProteinTech
antibodies at varying dilutions (1:250, 1:500, 1:1000). Anti-actin antibodies were used as a loading control. Antibodies

were incubated either at room temperature for 1 hr or at 4 °C for 16 hrs. Black asterisks represent aspecific bands.

74



Investigating protein turnover of C9orf72

3.3. C9orf72 is stabilised by SMCRS8

We established that endogenous C9orf72 can be reliably detected using commercial
antibodies. Given C9orf72 and SMCRS8 form a complex (Amick et al., 2016; Sellier et al.,
2016), we wanted to characterise the C9orf72K° cell line to establish whether loss of
C9orf72 had an effect on endogenous SMCRS levels. To do this, lysate from HEK293
and HEK293 C9orf72%° cells were separated by SDS-PAGE and probed via immunoblot.
C9orf72 was detected in the HEK293 cells but not in the C90orf72K° cells, as expected.
Interestingly, the level of SMCR8 in the C9orf72X° cells was significantly reduced
compared to the HEK293 cells (Figure 3.2A, B). This strongly suggests that loss of
C9orf72 results in lower SMCRS levels.

To explore this further, we investigated whether levels of endogenous C9orf72 changed
upon reduction of SMCRS8 levels. To do this, cells were transfected with non-targeting
(NTC) or SMCR8-targeting siRNA for 4 days. To determine whether the effect was
specific to loss of SMCRS8, rescue experiments were performed by exogenous
expression of either empty vector (EV) or SMCR8-Myc/DDK. Levels of C9orf72 and
SMCR8 were determined by SDS-PAGE and immunoblot. Knockdown of SMCRS8 via
siRNA resulted in a marked decrease in levels of SMCR8 compared to NTC (Figure 3.2C,
E). In the same sample, levels of endogenous C9orf72 decreased (Figure 3.2C, D).
Expression of SMCR8-Myc/DKK but not EV restored levels of C9orf72 (Figure 3.2C, D).
Taken together, this suggests that C9orf72 levels can be regulated by expression of
SMCRS.

We observed loss of C9orf72 reduced SMCRS8 levels. Additionally, loss of SMCR8
reduced C9orf72 levels which could be restored by exogenous SMCR8 expression. This
suggests that either C9orf72 or SMCR8 levels can be altered by decreasing the
expression of the other protein. To investigate whether the reverse is true, that is whether
C9orf72 or SMCRS levels can be increased by expression of the other protein, HEK293
cells were co-transfected with Myc-C9orf72 or SMCR8-Myc/DDK and either EV or the
complex partner. Cells were harvested and analysed via SDS-PAGE and immunoblot.
Transfection of Myc-C9orf72 or SMCR8-Myc/DDK alongside EV served as a baseline.
Upon co-expression of the proteins together, levels of Myc-C9orf72 increased markedly

above baseline (Figure 3.2F, G). Similarly, SMCR8-Myc/DDK levels significantly
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increased upon co-expression of C9orf72 and SMCRS8 (Figure 3.2F, H). Collectively, this
suggests that C9orf72 and SMCRS8 can be stabilised by their complex partner.
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Figure 3.2: C90rf72 is stabilised by SMCRS.

(A) Lysates from HEK293 and HEK293 C9orf72K0 cells were subjected to SDS-PAGE and immunoblot for C9orf72
and SMCR8 using anti-C9orf72 and anti-SMCR8 antibodies. Anti-actin antibodies were used for a loading control. (B)
Quantification of relative SMCRS8 levels (Mean + SEM; one-way ANOVA with Fisher's LSD test, ™ p < 0.01; N =3
experiments). (C) HEK293 cells were transfected with non-targeting control (NTC) or SMCR8-targeting siRNA for 4
days. SMCR8-targeting siRNA samples were either left alone (SiRNA) or transfected with empty vector (siRNA + EV)
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or SMCRS8 (siRNA + SMCR8-Myc/DDK). Lysates were prepared and subjected to SDS-PAGE and immunoblot for
endogenous C9orf72 using anti-C9orf72 antibodies, SMCR8 using either endogenous anti-SMCR8 antibodies or anti-
FLAG antibodies and anti-actin antibodies for the loading control. (D) Quantification of relative C9orf72 level (Mean +
SEM; one-way ANOVA with Fisher's LSD test, **** p < 0.0001; N = 3 experiments). (E) Quantification of relative
SMCRS8 level (Mean + SEM; one-way ANOVA with Fisher's LSD test, * p £ 0.05, ** p £0.01; N = 3 experiments). (F)
HEK?293 cells were transfected with an empty vector (EV) control, or co-transfected with Myc-C9orf72/EV, SMCR8-
Myc/DDK/EV or Myc-C9orf72/SMCR8-Myc/DDK. White asterisks represent aspecific bands. (G) Quantification of
relative C9orf72 level (Mean + SEM; one-way ANOVA with Fisher's LSD test, ** p < 0.01; N = 3 experiments). (H)
Quantification of relative SMCR8 level (Mean + SEM; one-way ANOVA with Fisher's LSD test, ** p < 0.01; N =3
experiments).
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3.4. C9orf72 is degraded via the proteasome

Determining the degradative pathway for C9orf72 allows for the exploration into possible
regulators of the pathway. In doing so, this opens potential therapeutic avenues to
explore in relation to C9ALS/FTD haploinsufficiency. To establish an assay for monitoring
protein degradation over time, we set up a cycloheximide (CHX) chase assay. The CHX
chase assay is an established method for the determination of protein half-life - the time
taken for the protein level to reach half of its original level (Zhou, 2004). The assay is
based on inhibiting the global translation of proteins using CHX which allows the decay

of a given protein to be monitored over time.

To begin to investigate the degradation and turnover of C9orf72, HEK293 cells were
transfected with Myc-C9orf72. Following this, transfected cells were either left untreated
or treated with CHX and harvested 0, 2, 4, 8, 16 and 24 hrs post-treatment. Samples
were analysed via SDS-PAGE and immunoblot for Myc-C9orf72 levels. In cells that were
transfected with Myc-C9orf72 and untreated, levels of C9orf72 remained relatively stable
over the 24 hr time period (Figure 3.3A). In contrast, in cells that were treated with
cycloheximide, there was a steady decrease in Myc-C9orf72 of the 24 hrs (Figure 3.3A).
A marked decrease in Myc-C9orf72 was seen after 4 hrs and its levels were almost
completely gone by 16 hrs. As a positive control for CHX treatment, levels of cyclin D1
were also analysed. Cyclin D1 is a regulator of cyclin dependent kinases and is a well
characterised and common marker of cycloheximide treatment as it has a short half-life
between 30 and 70 mins (Chen et al., 2015; Diehl et al., 1995; Hao et al., 2011). For
CHX treated cells, cyclin D1 levels steadily decreased over the 24 hr period and a
marked decreased was seen after 2 hrs (Figure 3.3A) indicating that the assay worked

and the treatment was effective.

Protein degradation follows an exponential decay as described by the decay equation At
= Ace”™ where At is the protein level at time t, Aoiis the protein level at time zero, t is the
time and A is the decay constant (Belle et al., 2006). It follows that the half-life,
tu2 = In(Ao/At)/A. To determine the half-life, we calculated the relative amount of protein
at each time point across three independent experiments and the resulting averages
were plotted on a graph. Using the % In of these values, a straight line graph was plotted
and the half-life calculated. The half-life of Myc-C9orf72 was calculated as above and

was approximately 3.2 hrs.
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The two main pathways that are involved in the degradation of proteins are the UPS and
autophagy. The 26S proteasome is comprised of two subunits — the 20S core and the
19S regulatory units. The 19S recognises and binds ubiquitinated proteins destined for
degradation and directs them to the 20S core for degradation. MG132 is a peptide
aldehyde that inhibits the proteolytic activity of the 26S proteasome by binding to the
active site of the B-subunits of the 20S core (Guo and Peng, 2013). In contrast,
bafilomycin is an inhibitor of autophagy. Bafilomycin acts by inhibiting the fusion between
lysosomes and autophagosomes and their subsequent acidification, thereby preventing
degradation of material engulfed in the autophagosome (Yamamoto et al., 1998; Yuan
et al., 2015). Therefore, to test whether either pathway was involved, cells were co-
treated with CHX and MG132 (CHX/MG132) or CHX and bafilomycin (CHX/bafilomycin)
and harvested 0, 2, 4, 8, 16 and 24 hrs post-treatment as above. For CHX/Bafilomycin,
cyclin D1 levels steadily decreased over the 24 hr time period and was barely detectable
at 24 hrs (Figure 3.3C). In contrast, in CHX/MG132 cells, the levels of cyclin D1 remained
steadier from 2 — 24 hrs and was still visible by 24 hrs (Figure 3.3B). As a positive control
for bafilomycin treatment, levels of LC3 were determined. During the autophagic process,
LC3-l is lipidated to form LC3-Il, which is conjugated to the membrane of the
autophagosome. As bafilomycin prevents degradation by inhibiting the fusion between
autophagosome and lysosomes, increased LC3-1l levels can act as a marker of
autophagy inhibition. The level of LC3-Il increased over time in CHX/Bafilomycin treated

cells indicating that the treatment was effective, and autophagy was inhibited.

Inhibition of autophagy did not affect the degradation of Myc-C9orf72 which resulted in a
half-life of approximately 3.9 hrs which is comparable to cells treated with CHX (Figure
3.3D). In contrast, CHX/MG132 treatment significantly increased Myc-C9orf72 levels
compared to CHX treated cells (Figure 3.3D). This suggests C9orf72 is unable to be

degraded and points towards the degradation mechanism being the proteasome.

Next, we wanted to determine whether the findings for the overexpressed C9orf72 half-
life and degradation pathway were replicated endogenously. To do this, HEK293 cells
were treated with CHX and harvested 0, 2, 4, 8, 16 and 24 hrs post-treatment. Samples
were analysed via SDS-PAGE and immunoblot. As before, cyclin D1 was used as a
positive control for cycloheximide. As a positive control for detection, C9orf720 cells
were run alongside treated cells. Similar to overexpressed C9orf72 (Figure 3.3A), levels

of endogenous C9orf72 remained steady over the 24 hr period in untreated cells (Figure
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3.3E, F). As expected, during this period levels of cyclin D1 also as remained steady.
CHX treatment caused a steady decrease in cyclin D1 levels and was markedly
decreased 2 hrs, confirming CHX treatment was effective. Unexpectedly, endogenous
levels of C9orf72 remained steady over 24 hrs (Figure 3.3E, F). As the level of cyclin D1
was undetectable by 2 hrs in CHX treated cells, this demonstrates the CHX treatment
was effective. This suggests that endogenous C9orf72 is stable over the observed 24 hr

period.
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Figure 3.3: C90rf72 is degraded via the ubiquitin proteasome system

(A) HEK293 cells were transfected with Myc-C9orf72 and either untreated or treated with cycloheximide (CHX). Cells
were harvested 0, 2, 4, 8, 16 or 24 hrs post-treatment and analysed via SDS-PAGE and immunoblot for levels of Myc-
C9orf72 using anti Myc antibodies, actin using anti-actin antibodies or cyclin D1 using anti-cyclin D1 antibodies. (B)
HEK293 cells were transfected with Myc-C9orf72 and treated with CHX and MG132 (CHX/MG132). Cells were
harvested 0, 2, 4, 8, 16 or 24 hrs post-treatment and analysed via SDS-PAGE and immunoblot for levels of Myc-
C9orf72 using anti Myc antibodies, actin using anti-actin antibodies or cyclin D1 using anti-cyclin D1 antibodies. (C)
HEK293 cells were transfected with Myc-C9orf72 and treated with CHX and bafilomycin (CHX/Bafilomycin). Cells were
harvested 0, 2, 4, 8, 16 or 24 hrs post-treatment and analysed via SDS-PAGE and immunoblot for levels of Myc-
C9orf72 using anti Myc antibodies, actin using anti-actin antibodies, cyclin D1 using anti-cyclin D1 antibodies or LC3
using anti-LC3 antibodies. (D) Quantification of the relative levels of Myc-C9orf72 following treatment (Mean + SEM;
two-way ANOVA with Fisher's LSD test, ** p < 0.01, **** p <0.0001; N = 3 experiments). (E) HEK293 cells were either
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left untreated or treated with CHX and harvested 0, 2, 4, 8, 16 or 24 hrs post-treatment. Cells were analysed via SDS-
PAGE and immunoblot for levels of C9orf72 using anti-C9orf72 antibodies, actin using anti-actin antibodies or cyclin
D1 using anti-cyclin D1 antibodies. (D) Quantification of the relative levels of C9orf72 following treatment (Mean £
SEM; two-way ANOVA with Fisher’s LSD test, ns = non-significant; N = 3 experiments).
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3.5. Overexpressed SMCRS levels increase upon proteasome inhibition
and co-expression of C9orf72 and SMCR8 stabilises half-life.

We have shown that C9orf72 is degraded via the proteasome and endogenous C9orf72
is stable over a 24 hr period. The above data also indicated that endogenous C9orf72
levels can be altered by varying the expression of SMCR8. As C9orf72 and SMCRS8 are
known to form a complex we hypothesised that the stability of endogenous C9orf72 is
due to interaction with SMCRS8. Therefore, we investigated whether co-expression of
C9orf72 and SMCRS altered the half-life of the proteins.

To investigate the degradation of SMCR8, SMCR8-Myc/DDK was transfected in HEK293
cells and treated with CHX. As the half-life of Myc-C9orf72 was determined to be 3.2 hrs,
cells were harvested 0, 2, 4 and 8 hrs post-treatment. Samples were then analysed via
SDS-PAGE and immunoblot for the levels of SMCR8. As before, levels of cyclin D1 were
analysed as a positive control for CHX treatment. The levels of cyclin D1 decreased
steadily over the 8 hr period of CHX treatment, confirming the treatment was effective.
In the same sample, the level of SMCR8-Myc/DDK decreased steadily over time (Figure
3.4A). Calculation of the half-life was performed as before and resulted in a half-life of
approximately 5.8 hrs. To determine the degradation pathway, cells were treated with
CHX/MG132 or CHX/bafilomycin and harvested 0O, 2, 4 and 8 hrs post-treatment. As
before, cyclin D1 and LC3 levels were analysed as a positive control for CHX treatment
and autophagy inhibition respectively. In CHX/bafilomycin treated cells, the levels of
cyclin D1 decreased over time with a marked reduction at 2 hrs, confirming treatment
was effective. Additionally, the levels of LC3-II increased from O — 2 hrs and remained
steady confirming autophagy was inhibited. In these cells, SMCR8 levels decreased over
the 8 hr period in a similar manner to CHX treated cells and resulted in a half-life of 4.0
hrs (Figure 3.4B, D). In contrast, in CHX/MG132 treated cells, SMCR8 levels remained
steady over the 8 hr period, resulting in a half-life of 14.7 hrs (Figure 3.4C, D). Despite
this, quantification revealed no significant difference in SMCRS8 levels between treated

samples.

To determine whether co-expression of SMCR8 and C9orf72 altered half-life, Myc-
C9orf72 and SMCR8-Myc/DDK were co-expressed, treated with CHX and harvested 0,
2, 4 and 8 hrs post-treatment. Samples were analysed via SDS-PAGE and immunoblot
for levels of C9orf72 and SMCRS8. Levels of cyclin D1 decreased steadily over the 8 hr
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period, with a perceptible decrease after 2 hrs, confirming the treatment was effective
(Figure 3.4A). In contrast to when expressed alone, co-expression of SMCR8-Myc/DDK
and Myc-C9orf72 resulted in steady levels of both proteins over the 8 hr period. (Figure
3.4A, E). Consequently, the half-life of SMCRS significantly increased from 5.8 hrs when
expressed alone to 10.2 hrs when co-expressed. Similarly, when compared to the
previously calculated half-life, the half-life of Myc-C9orf72 increased from 3.2 to 14.4 hrs
when expressed alone or in a complex respectively. Taken together, this data suggests
that co-expression of C9orf72 and SMCR8 increases half-life through possible

stabilisation of the C9orf72-SMCRS8 protein complex.
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Figure 3.4: Co-expression of C9orf72 and SMCRS stabilises C9orf72 and SMCR8

(A) HEK293 cells were transfected with SMCR8-Myc/DDK or co-transfected with Myc-C9orf72 and SMCR8-Myc/DDK.
Cells were treated with cycloheximide and harvested 0, 2, 4 or 8 hrs post-treatment. Lysates were analysed via SDS-
PAGE and immunoblot for levels of SMCR8-Myc/DDK using anti-FLAG antibodies, Myc-C9orf72 using anti-Myc
antibodies, actin using anti-actin antibodies or cyclin D1 using anti-cyclin antibodies. White asterisks represent
aspecific bands. (B) HEK293 cells were transfected with SMCR8-Myc/DDK and treated with CHX and bafilomycin
(CHX/Bafilomycin). Cells were harvested 0, 2, 4 and 8 hrs post-treatment and analysed via SDS-PAGE and
immunoblot for levels of SMCR8-Myc/DDK using anti-FLAG antibodies, actin using anti-actin antibodies, cyclin D1
using anti-cyclin D1 antibodies or LC3 using anti-LC3 antibodies. White asterisks represent aspecific bands. (C)
HEK?293 cells were transfected with SMCR8-Myc/DDK and treated with CHX and MG132 (CHX/MG132). Cells were
harvested 0, 2, 4 and 8 hrs post-treatment and analysed via SDS-PAGE and immunoblot for levels of SMCR8-

Myc/DDK using anti-FLAG antibodies, actin using anti-actin antibodies or cyclin D1 using anti-cyclin D1 antibodies.
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(D) Quantification of the relative levels of SMCR8-MycDDK following treatment (Mean + SEM; two-way ANOVA with
Fisher's LSD test, ns = non-significant; N = 3 experiments). (E) Quantification of the relative level of SMCR8 following
single expression (SMCR8) or co-expression with Myc-C9orf72 (C9orf72/SMCR8) (Mean + SEM; two-way ANOVA
with Fisher's LSD test, *** p < 0.001, **** p < 0.0001; N = 3 experiments).
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3.6. C9orf72 is ubiquitinated

The ubiquitination of proteins is a prerequisite to proteasomal degradation. In this
process, the 8 kDa protein ubiquitin is attached to a lysine residue of the substrate
protein. As ubiquitin has seven internal lysine amino acids, these lysine residues can be
conjugated to another ubiquitin to form a polyubiquitin chain which acts as a signal for
proteasomal degradation (Sun and Chen, 2004).. To further characterise proteasomal
degradation of CO9orf72, we first established an essay for detecting C9orf72

ubiquitination.

A co-immunoprecipitation assay was used to detect C9orf72 ubiquitination. To determine
whether endogenous C9orf72 ubiquitination could be detected via this assay, HA-
Ubiquitin was expressed in HEK293 and C9orf72K° cells. Endogenous C9orf72 was
immunoprecipitated and both whole cell lysate and immune pellets analysed via SDS-
PAGE and immunoblot for endogenous C9orf72 and HA-Ubiquitin. Endogenous C9orf72
was enriched in HEK293 cells, and no C9orf72 was detected in C90rf72X° immune
pellets, as expected (Figure 3.5A). In HEK293 cells expressing HA-Ubiquitin, a smear
indicative of a ubiquitin chain is present that is reduced in C9orf72K° cells (Figure 3.5A).
This suggest that endogenous C9orf72 is ubiquitinated. As the smear does not appear
in HEK293 cells without HA-Ubiquitin, this suggests the smear is HA-Ubiquitin specific.
Overall, this demonstrates endogenous C9orf72 ubiquitination can be detected via this

assay.

As any C9orf72 mutants made would be a product of exogenous expression, we wanted
to determine whether exogenous C9orf72 ubiquitination could also be detected via this
assay. To do so, HEK293 cells were co-transfected with Myc-C9orf72 and either EV or
HA-Ubiquitin. To increase ubiquitination signal, degradation via the proteasome was
blocked using MG132 for some samples. Lysates were enriched for Myc-C9orf72 using
an anti-Myc antibody and the resulting immune pellet subjected to SDS-PAGE and
immunoblot for Myc-C9orf72 and HA-Ubiquitin. Myc-C9orf72 was enriched in all
C9orf72-containing immune pellets (Figure 3.5B). Interestingly, whole cell lysate
expression of Myc-C9orf72 was more pronounced in the sample containing co-
expression of Myc-C9orf72 and HA-ubiquitin compared to co-expression of Myc-C9orf72
and EV (Figure 3.5B). A smear indicative of a ubiquitin chain is observed in co-expressed
Myc-C9orf72 and HA-Ubiquitin samples, that intensifies upon MG132 treatment. This
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indicates C9orf72 is polyubiquitinated. Conversely, in the sample co-transfected with
Myc-C9orf72 and EV no smear was observed demonstrating that the smear in the Myc-
C9orf72/HA-Ubiquitin sample is specific to ubiquitin. This indicates that C9orf72

ubiquitination can be detected via a co-immunoprecipitation assay.

Bioinformatic analysis was used to determine the most probable sites of ubiquitination
and C9orf72 mutants were made. The amino acid sequence of C9orf72 was input into
UbPred (http://www.ubpred.org), a ubiquitination predictor site. The output from this
prediction is a confidence score which indicates a low, medium or high confidence and

corresponds to the sensitivity and specificity indicated below.

Score Score range Sensitivity Specificity
High confidence 0.84<s<1.00 0.197 0.989
Medium confidence 0.69=<s<0.84 0.346 0.950
Low confidence 0.62<s<0.69 0.464 0.903

The C9orf72 proteins contains 26 lysine residues and the lysine residues at position 14
and 388 were the most probable candidates. Mutation of these lysine residues to arginine
allowed assessment of whether this lysine residue is required for ubiquitination. HEK293
cells were co-transfected with Myc-C9orf72, the K14R mutant or the 388R mutant and
either EV or HA-Ubiquitin. Some samples were treated with MG132 to increase the
ubiquitination signal. Lysates were enriched for Myc-C9orf72 using an anti-Myc antibody
and the resulting immune pellet analysed via SDS-PAGE and immunoblot for Myc-
C9orf72 and HA-Ubiquitin. Similar to Myc-C9orf72, the expression levels of the K14R
mutant in the whole cell lysate is greater when co-expressed with HA-Ubiquitin compared
to EV (Figure 3.5B). Myc-C9orf72 and the K14R mutant was enriched in all C9orf72
containing samples. A ubiquitination smear for Myc-C9orf72 K14R is observed that
intensifies upon MG132 treatment (Figure 3.5B). A higher molecular weight, ubiquitin-
positive band is observed in the Myc-C9orf72 K14R and HA-Ubiquitin sample with and
without MG132 that is also present in the wild type. As both Myc-C9orf72 and the K14R
mutant have similar levels of ubiquitination, this strongly suggests K14 is not the sole site

for C9orf72 ubiquitination.

In the case of the 388R mutant, once again expression levels of the mutant in the whole

cell lysate are greater when co-expressed with HA-Ubiquitin compared to EV (Figure
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3.5C). A ubiquitination smear for both Myc-C9orf72 and the 388R mutant is observed
that intensifies upon MG132 treatment. Higher molecular weight, Myc-positive bands,
indicative of ubiquitinated C9orf72 is observed for Myc-C9orf72 and the K388R mutant
in the immune pellet samples (Figure 3.5C). Interestingly, these higher molecular weight
bands do not increase upon MG132 treatment, although in both untreated and MG132
treated samples, the higher molecular weight bands are slightly decreased for the 388R
mutant. As both Myc-C9orf72 and the K388R mutant have similar levels of ubiquitination,

this strongly suggests K388 is also not the sole site for C9orf72 ubiquitination.
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Figure 3.5:C90rf72 is ubiquitinated but K14 and K388 are not the sole ubiquitination sites
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(A) HEK293 cells were either untransfected or transfected with HA-Ubiquitin. Cells were immunoprecipitated using
anti-C9orf72 antibodies and whole cell lysate and immune pellets probed via SDS-PAGE and immunoblot for levels of
C9orf72 using anti-C9orf72 antibodies or HA-Ubiquitin using anti-HA antibodies. Whole cell lysate was also probed for
GAPDH as a loading control using anti-GAPDH antibodies. (B) HEK293 cells were transfected with Myc-C9orf72, Myc-
C90rf72 K14R or co-transfected with Myc-C9orf72/HA-Ubiquitin or Myc-C9orf72 K14R/HA-Ubiquitin. Some samples
were treated with MG132. Cells were immunoprecipitated using anti-Myc antibodies and whole cell lysate probed via
SDS-PAGE and immunoblot for C9orf72 levels using anti-Myc antibodies or HA-Ubiquitin using anti-HA antibodies.
GAPDH was used as a loading control for whole cell lysate. (C) HEK293 cells were transfected with Myc-C9orf72,
Myc-C9orf72 K388R or co-transfected with Myc-C9orf72/HA-Ubiquitin or Myc-C9orf72 K388R/HA-Ubiquitin. Some
samples were treated with MG132. Cells were immunoprecipitated using anti-Myc antibodies and whole cell lysate
probed via SDS-PAGE and immunoblot for C9orf72 levels using anti-Myc antibodies or HA-Ubiquitin using anti-HA
antibodies. Actin was used as a loading control for whole cell lysate.
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3.7. Discussion

This chapter investigated the turnover of the C9orf72 protein and in line with the
hypothesis identified the degradation pathway of C9orf72. It was found that C9orf72 is
degraded via the proteasome. Interestingly, under basal conditions C9orf72 is stabilised
by SMCR8 as evidenced by the increase in half-life following co-expression of C9orf72
and SMCRS.

The antibodies from ATLAS, ProteinTech and Santa Cruz were able to detect
overexpressed C9orf72 but only the ProteinTech and Santa Cruz antibodies could detect
endogenous C9orf72. In addition, the Genetex antibody could detect endogenous
C9orf72 but was not tested for overexpressed detection. This is similar to the findings by
Laflamme et. al that demonstrated when analysed by immunoblot, the Santa Cruz
antibody was unable to detect endogenous C9orf72 in human lysate samples (Laflamme
et al., 2019). In contrast, whilst in our experiments the ProteinTech antibody appeared to
give less aspecific bands compared to the Genetex, Laflamme et. al showed the reverse.
This is possible due to differences in immunoblot procedure — an overnight transfer to
nitrocellulose, followed by blocking for 1 hr at RT in 5% milk and 1 hr at RT antibody
incubation in 5% milk in our case compared to blocking in 5% milk followed by 4 °C
overnight antibody incubation in TBST in the case of Laflamme et. al. Alternatively, the
differences seen between these antibodies could arise from potential differences in

antibody lot numbers.

We utilized the cycloheximide chase assay to investigate the degradation of
overexpressed C9orf72 and used proteasome and autophagy inhibitors (the two main
degradative pathways) to confirm the degradative pathway. Myc-C9orf72 steadily
degraded over a 24 hr period following CHX addition and had a calculated half-life of 3.2
hrs. Inhibition using CHX/MG132 but not CHX/bafilomycin restored Myc-C9orf72 levels
to that of untreated cells, suggesting the UPS is the degradation pathway. One study
suggests the degradation mechanism for exogenous C9orf72 is cell type-dependent
(Manner et al., 2019). Manner et. al shows exogenous C9orf72 levels decrease upon
autophagy activation in N2a cells. When autophagy activation is coupled with UPS
inhibition C9orf72 levels are restored. This suggests exogenous C9orf72 is degraded via
the proteasome. However, the same study shows autophagy induction combined with
autophagy inhibition restores exogenous C9orf72 levels in primary neurons, but not in
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N2A cells. Due to the lack of densitometry analysis in the study, visual comparison of
LC3-Il levels upon autophagy inhibition in N2A and primary neurons, revealed an
increase in LC3-Il levels as expected in N2A cells but appeared unchanged in primary
neurons. Therefore, it is uncertain whether the change in exogenous C9orf72 protein

levels in these conditions is due to autophagy inhibition.

The recent availability of commercial antibodies for endogenous C9orf72 allowed for
exploration of turnover at the endogenous level. For disease models and potential
therapeutics, endogenous results are more relevant. To our surprise, we found in
contrast to exogenous C9orf72, treatment with CHX over a 24 hr period did not alter the
level of endogenous C9orf72. C9orf72, SMCR8 and WDR41 are known to form a
complex (Sellier et al., 2016; Yang et al., 2016). Therefore, a possible explanation for the
apparent lack of degradation could emerge from investigation into whether complex
formation stabilises proteins. WDR41 forms a complex with C9orf72 and SMCR8 and
mediates the localisation of C9orf72-SMCR8 complex to lysosomes and recent cryo-EM
structure of the C9orf72-SMCR8-WDR41 complex revealed WDRA41 interacts with the C-
terminal of SMCRS8, with no direct contact with C9orf72 (Amick et al., 2018; Tang et al.,
2020). Therefore, WRD41 was not expressed alongside SMCR8. Indeed, co-expression
of SMCR8-Myc/DDK and Myc-C9orf72 significantly increased their levels compared to
expression of either protein alone, suggesting that co-expression of C9orf72 and SMCR8
can increase stability. This was tested endogenously in a related approach. Reduced
SMCRS8 levels via siRNA knockdown resulted in significantly reduced endogenous
C9orf72 levels that could be restored by exogenous SMCR8 expression. We also noted
that SMCRS8 levels in the CRISPR-generated HEK293 C90rf72X0 stable cell line was
reduced compared to wild type. This strengthens the idea of complex stabilisation and is
in line with literature. In brain lysates and mouse embryonic fibroblasts (MEF) samples,
knockdown of SMCRS8 resulted in significantly reduced endogenous C9orf72 protein
levels, but unchanged C9orf72 mRNA levels (Lan et al., 2019). Additionally, Lan et al.
showed knockdown of endogenous C9orf72 levels markedly reduced SMCRS8 levels.
Interestingly, in the same study SMCR8 and C9orf72 levels were reduced to a lesser
extent upon WDR41 knockdown suggesting WDR41 stabilises the C9orf72-SMCR8
heterodimer. As WDR41 has no direct contact with C9orf72 (Tang et al., 2020), this is
likely through SMCRS8. It must be noted that WDR41 knockdown efficiency was not

assessed in these experiments. Further evidence is provided by the levels of SMCRS8 in
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C9orf72 KO and C9orf72 in SMCR8 KO cell lines which are reduced compared to
controls and the level of SMCR8 in C9orf72 KO mice are reduced compared to wild type
(Amick et al., 2016; Ugolino et al., 2016).

The turnover of SMCR8 and C9orf72-SMCR8 was investigated to determine whether
stability of the complex translated to altered turnover. Treatment of SMCR8-Myc/DDK
with CHX resulted in a steady decrease in exogenous SMCRS8 levels that was
significantly stabilised upon co-expression with Myc-C9orf72. Similarly, co-expression
significantly increased the half-life of Myc-C9orf72. This is in agreement with literature,
whereby co-expression of overexpressed C9orf72 and SMCRS stabilises C9orf72 levels
(Ugolino et al.,, 2016). In contrast to CHX/MG132 treatment of Myc-C9orf72,
guantification of SMCRS levels upon CHX/MG132 treatment of SMCR8-Myc/DDK alone
revealed the increase in SMCR8-Myc/DDK levels was non-significant despite an
increase in half-life from 5.8 hrs to 14.7 hrs upon CHX and CHX/MG132 treatment
respectively This is likely due to the large standard error of the mean. Further
investigation to reduce the error and confirm the degradation pathway of SMCR8 is
warranted given SMCR8 interacts with multiple components of the ubiquitin proteasome
system and is itself poly-ubiquitinated (Goodier et al., 2020). One possible explanation
for the increase in half-life upon complexation arises from the possibility that degradation
of the constituent proteins only occurs when the complex is broken, although this would
need to be investigated. This is in line with the observation that the stability of individual
subunits of a complex increases upon complexation and free subunits are often rapidly
degraded (Goldberg, 2003; Yanagitani et al., 2017).

Despite the ease of use of the CHX assay, it is not without drawbacks. One such
drawback stems from the mechanism of action of CHX. Under these conditions,
determination of protein half-life is performed when global protein translation is arrested.
Therefore, calculated half-lives may not mirror protein synthesis and degradation rates
under normal conditions (Zhou, 2004). Moreover, under CHX conditions, the synthesis
of enzymes such as ubiquitin ligases is prevented, and their overall stability may be
affected. This could result in abnormal, longer half-lives. To overcome these issues, a
pulse-chase assay may be more appropriate. In a non-radioactive approach, during de
novo protein synthesis, L-azidohomoalanine (L-AHA) can be incorporated in place of

methionine in cells grown in methionine-free medium (Chai et al., 2016; Wang et al.,
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2017b; Zhang et al., 2014a). Following a reaction between a fluorescently labelled alkyne
and the azide of L-AHA, fluorescently labelled proteins can be detected by immunoblot.

Immunoprecipitation of Myc-C9orf72 revealed a distinct smear of proteins
immunoreactive with HA antibody that increased upon proteasome inhibition, suggesting
exogenous C9orf72 is ubiquitinated. A similar protein smear was observed with the Myc
antibody, which is further evidence of ubiquitination. However, because of the
experimental setup, the immunoblots for Myc and HA are different. Therefore, we are
assuming bands at similar molecular weights represent the same protein. Repetition of
the experiment using fluorescent secondary antibodies would allow for multi-colour
detection and further confirmation the bands present correspond to the same protein.
Endogenous C9orf72 immunoprecipitation also resulted in a smear of protein
immunoreactive for HA further suggesting that C9orf72 is ubiquitinated.

Bioinformatics analysis of the C9orf72 sequence was used to determine the most likely
ubiquitination sites for C9orf72. We mutated the top hits to investigate whether these
sites influenced ubiquitination of C9orf72. Due to time limitations, only K14 and K388
were investigated. Mutation of either K14 or K388 lysine residues to arginine did not alter
the ubiquitination status for C9orf72, suggesting these sites alone are not the single
ubiquitination site. Studies have shown that ubiquitination of certain proteins relies upon
multiple ubiquitination sites (Chen et al., 2014a; Rodriguez et al., 2000). For example,
p53, a protein involved in the initiation of the DNA damage response, requires
ubiquitination of six lysine residues for Mdm2-mediated ubiquitination and subsequent
degradation (Rodriguez et al., 2000). Mdm2 functions as a ubiquitin ligase and mutation
of K370, 372, 373, 381, 382 and 386 in p53 abrogated ubiquitination. Furthermore,
multiple ubiquitination sites have been identified in SMCR8 by mass spectrometry and
MG132 treatment caused the accumulation of higher molecular weight SMCRS8 proteins,
suggesting SMCR8 may be degraded via the proteasome (Goodier et al., 2020).
Therefore, it is possible C9orf72 requires ubiquitination at multiple points to act as a
signal for proteasomal degradation. To test this theory, mutation of all lysine residues in
C9orf72 to arginine would conclusively determine whether C9orf72 is ubiquitinated. In a
more refined approach, bioinformatics analysis using multiple ubiquitination prediction
software could unveil lysine residues with high probability as ubiquitination sites.
Simultaneous mutation of the top hits and subsequent co-immunoprecipitation assays

could reveal whether C9orf72 is ubiquitinated at multiple lysine residues. Further

96



Investigating protein turnover of C9orf72

refinement would allow for the exact residues to be determined. Once determined, in a
related approach the turnover of the C9orf72 mutant could be assessed. Alternatively,
mass spectrometry could be utilised to identify ubiquitination sites, with further validation
from co-immunoprecipitation assays of the identified mutants. This multiple hit strategy

would fully characterise C9orf72 ubiquitination.
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4. Investigating regulation of the C9orf72-SMCR8 complex

4.1. Introduction

One mechanism thought to contribute to COALS/FTD is haploinsufficiency whereby
patients have reduced C9orf72 mRNA levels (DeJesus-Hernandez et al., 2011). Given
COALS/FTD patients are haploinsufficient, identification of key regulators of C9orf72
turnover could highlight potential therapeutic targets. Targeting the turnover of the
remaining C9orf72 protein to decrease its degradation rate and thereby increase
remaining C9orf72 levels represents a potential method for rescuing C9orf72
haploinsufficiency and could be of benefit to C9ALS/FTD patients.

In Chapter 3, we found that C9orf72 is degraded via the ubiquitin proteasome system.
In the ubiquitin proteasome system, substrate proteins are targeted for degradation via
the 26S proteasome. This is achieved by two consecutive steps — ubiquitination and
proteolytic degradation and involves many key enzymes. In the first of these steps
substrate proteins are covalently modified with a ubiquitin molecule. The attachment of
ubiquitin to the substrate protein involves E1, E2 and E3 enzymes (Kwon and
Ciechanover, 2017). El-activating enzymes activate the ubiquitin molecule, a process
requiring ATP. Following this, the activated ubiquitin is transferred to an E2-conjugating
enzyme. Finally, an E3-ligating enzyme facilitates the transfer of ubiquitin to the substrate
protein. As such, substrate specificity is mediated by E3 ligases. The attachment of
further ubiquitin moieties through the lysine linkage in ubiquitin results in a polyubiquitin
chain. This polyubiquitin chain acts as a signal for degradation and subsequently,

polyubiquitinated proteins are degraded via the 26S proteasome.

Ubiquitination is a reversible process, and the removal of ubiquitin moieties is performed
by deubiquitinating enzymes (DUBs). There are five main classes of DUBs; four are
cysteine proteases, which include ubiquitin specific proteases (USPs), and the fifth class
are metalloproteases (Farshi et al., 2015; de la Vega et al., 2011; Leznicki and Kulathu,
2017). In cleaving ubiquitin and/or disassembling polyubiquitin chains from target
proteins, DUBs can regulate protein turnover by removing degradation signals (Farshi et

al., 2015). Hence, DUBs represent key regulators of the UPS pathway.
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Therefore, in this chapter, we attempted to identify key enzymes involved in the turnover
of the C9orf72-SMCR8 complex. We explored whether changes in these enzymes

influenced levels of C9orf72.
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4.2. USP8

The enzyme ubiquitin specific peptidase 8 (USP8) is a multi-domain protein containing
microtubule interacting and transport (MIT), Rhodanese and ubiquitin specific protease
domains. As such, USP8 is a multi-functional protein and has been shown to have roles
in deubiquitination, endosomal trafficking and mitophagy (Alexopoulou et al., 2016;
Durcan et al., 2014; Peng et al., 2020; Smith et al., 2016; Zhou et al., 2013a).

Previous work in the De Vos laboratory had identified USP8 as a potential interacting
partner of C9orf72 via a yeast two-hybrid (Y2H). The Y2H system utilises the activation
of a reporter gene as a readout of protein-protein interaction. The transcription factor
Gal4 comprises of a DNA binding domain that binds to an upstream activation sequence
and an activation domain that recruits transcription machinery for the transcription of the
reporter gene. In the Y2H system, the binding domain is fused with the first target protein
sequence — termed bait - and the activation domain is fused with the second target
protein sequence — termed prey. Interaction between the bait and prey brings the binding
domain and the activation domain in close enough proximity to allow the recruitment of
the transcription machinery and consequently transcription of the reporter gene (Figure
4.1, Lin and Lai, 2017).The screen consisted of C9orf72L (aa 1- 481) or C90orf72S (aa 1
— 222) cloned into the pGBKT7 vector as bait and a human brain cDNA library as prey
and was performed by Protein Interaction Screening of the Genomics and Proteomics
Core Facilities, German Cancer Research Centre in Heidelberg, Germany. Synapsin I
was isolated 37 times and Coilin was isolated 5 times when C9orf72L was used as bait
and formed the basis of Dr Rebecca Cohen’s and Dr Yolanda Gibson’s PhD theses
respectively within our laboratory. A number of mitochondrial proteins were isolated with
C9orf72L and C9orf72S as bait and formed the basis of Dr Emma Smith’s PhD thesis

within our laboratory. USP8 was isolated 2 times when C9orf72S was used as bait.

Therefore, we hypothesised that the C9orf72 might be a substrate of USP8, whereby
USPS8 is able to remove polyubiquitin chains and hence regulate C9orf72 levels. This
would pinpoint USP8 as a potential therapeutic target for COALS/FTD. Hence, we

investigated a possible role for USP8 in the deubiquitination of C9orf72.
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Figure 4.1: Summary of yeast-2-hybrid system.

Bait protein (blue) is fused to the binding domain (BD, red) of the Gal4 transcription factor. The prey (yellow) is fused
to the activation domain (AD, green). Interaction between the bait and the prey protein results in recruitment of
transcription machinery and subsequent transcription of the reporter gene.

4.2.1. C9orf72 interacts with USP8

In order to confirm the interaction between USP8 and C9orf72, a co-immunoprecipitation
assay was utilised. Lysate from HEK293 cells were immunoprecipitated using an
antibody against endogenous USP8. Whole cell lysate and the immune pellet were
subjected to SDS-PAGE and immunoblot for C9orf72 and USP8. As a control, C9orf72K°
cells were used. USP8 was readily detected in the input lysate and enriched in both
HEK293 and C9orf72X° immunoprecipitated samples (Figure 4.2A). Endogenous
C9orf72 co-immunoprecipitated with USP8 in the HEK293 immunoprecipitated sample,
suggesting C9orf72 and USP8 interact (Figure 4.2A).

In a complementary approach, the reverse immunoprecipitation was performed. Lysate
from HEK293 cells were immunoprecipitated using an antibody against endogenous
C9orf72. Whole cell lysate and the immune pellet were subjected to SDS-PAGE and
immunoblot for C9orf72 and USP8. C9orf72 was enriched in the HEK293 sample and
USP8 co-immunoprecipitated with C9orf72 (Figure 4.2B). As no USP8 band was present
in the C90rf72X° samples, this demonstrates the interaction is specific to C9orf72.
Therefore, C9orf72 and USP8 interact by co-immunoprecipitation.
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Figure 4.2: C9orf72 and USP8 interact by co-immunoprecipitation.

(A) Whole cell lysates of HEK293 or C9orf72K° were subjected to immunoprecipitation with anti-USP8 antibodies.
Immune pellets were probed for USP8 with anti-USP8 antibodies and C9orf72 with anti-C9orf72 antibodies on
immunoblot. (B) Whole cell lysates of HEK293 or C90rf72X° were subjected to immunoprecipitation with anti-C9orf72
antibodies. Immune pellets were probed for USP8 with anti-USP8 antibodies and C9orf72 with anti-C9orf72 antibodies.
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4.2.2. USP8 does not regulate C9orf72 levels

Figure 4.2 shows that C9orf72 and USP8 interact, suggesting that C9orf72 might be a
substrate and hence its levels regulated by USP8. Next, we wanted to determine whether
expression of USP8 alters the levels of C9orf72. If C90rf72 is indeed a substrate of USP8,
then exogenous expression of USP8 should result in an increase in deubiquitination and
consequently an increase in C9orf72 level due to proteasomal degradation being
prevented. HEK293 cells were co-transfected with Myc-C9orf72 and either EGFP or
EGFP-USP8. Baseline levels of C9orf72 were determined by co-transfection of Myc-
C9orf72 and EV. To determine whether any possible change in C9orf72 levels were due
to the catalytic activity of USP8, a catalytically inactive form of USP8 was used as a
control. Mutation of the catalytic cysteine to an arginine gave the catalytically inactive
mutant (EGFP-USP8C78A Troilo et al., 2014). Samples were analysed via SDS-PAGE
and immunoblot. Co-transfection of EGFP and Myc-C9orf72 did not increase Myc-
C9orf72 levels compared to baseline (Figure 4.3A, B). In contrast, a significant increase
in Myc-C9orf72 levels was observed upon EGFP-USP8 expression (Figure 4.3A, B).
However, a similar increase was observed with the catalytically inactive mutant EGFP-
USP8C¢786A mutant, indicating that the observed increase was not due to deubiquitination
(Figure 4.3B).

We also determined if USP8 affected endogenous C9orf72 levels. EGFP-USP8 and the
catalytically inactive mutant was expressed alongside EGFP in HEK293 cells.
Endogenous levels of C9orf72 in HEK293 cells were used as a baseline and C9orf72X0
cells were used to confirm endogenous C9orf72 detection. Whole cell lysate was
analysed via SDS-PAGE and immunoblot for C9orf72 and EGFP-USPS8 levels. Like Myc-
C9orf72, endogenous C9orf72 levels did not increase above baseline upon expression
of EGFP, but in contrast expression of both EGFP-USP8 and the C786A mutant also did

not increase endogenous C9orf72 levels (Figure 4.3C, D).

In a complementary approach, we tested whether knockdown of USP8 levels affected
endogenous C9orf72 levels, reasoning that if C9orf72 is a substrate of USP8, C9orf72
levels should decrease upon knockdown of USP8 compared to control. To do so, non-
targeting and USP8-specific SIRNA was expressed in HEK293 cells for 4 days. Whole
cell lysate was analysed via SDS-PAGE and immunoblot for endogenous C9orf72 and

USP8. Endogenous USP8 levels were markedly decreased in USP8 siRNA treated cells
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compared to controls (Figure 4.3E, G). Knockdown of USP8 did not change endogenous
C9orf72 levels (Figure 4.3E, F). Taken together these data suggest that USP8 is not a
C9orf72 DUB.
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Figure 4.3: C90rf72 levels are not regulated by USP8.
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(A) HEK293 cells were co-transfected with Myc-C9orf72 alongside either EGFP, EGFP-USP8 and the catalytically
inactive mutant EGFP-USP8C78A, Samples were subjected to SDS-PAGE and immunoblot for Myc-C9orf72 with anti-
Myc antibodies, EGFP, EGFP-USP8 and EGFP-USP8C78" ysing anti-GFP antibodies and anti-GAPDH antibodies as
a loading control. (B) Quantification of the relative level of Myc-C9orf72 is shown (Mean + SEM; one-way ANOVA with

Fisher's LSD test, ** p<0.01, *** p =0.001, ns = non-significant; N = 3 experiments). (C) HEK293 cells were transfected
with EGFP, EGFP-USP8 and EGFP-USP8C78A Samples were subjected to SDS-PAGE and immunoblot for C9orf72
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with anti-C9orf72 antibodies, EGFP and EGFP-tagged constructs with anti-GFP antibodies and GAPDH antibodies as
aloading control. Black asterisks (*) denote aspecific bands. (D) Quantification of the relative level of C9orf72 is shown
(Mean + SEM; one-way ANOVA with Fisher’'s LSD test, ns = non-significant; N = 3 experiments). (E) HEK293 cells
were treated with non-targeting control (NTC) or USP8-specific SIRNA (siUSP8). Samples were subjected to SDS-
PAGE and immunoblot for USP8 with anti-USP8 antibodies, C9orf72 with anti-C9orf72 antibodies and GAPDH as a
loading control. Black asterisks denote aspecific bands. (F) Quantification of the relative level of C9orf72 is shown
(Mean = SEM; unpaired two-tailed t-test, ns = non-significant; N = 3 experiments). (G) Knockdown of USP8 was

confirmed using densitometry analysis (Mean + SEM; unpaired two-tailed t-test, ** p <0.01; N = 3 experiments).
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4.3. Investigating regulation of C9orf72-SMCRS8 levels by KLHL9 and
KLHL13

E3 ligases are responsible for the final step in the ubiquitination process. They catalyse
the addition of ubiquitin to the lysine residue of a substrate protein and in doing so the
target protein can have different functional consequences depending on the ubiquitin
linkage type. For example, K48 ubiquitin chains are a well-known proteasomal
degradation signal (Jacobson et al., 2009; Zheng et al., 2016). There are three classes
of E3 ligases — HECT, RING and RBR. The E3 Cullin ligase complex belongs to the
RING family of E3 ligases and consists of a Cullin scaffold, a KLHL substrate adaptor
and RING finger protein. A mass spectrometry screen identified the Kelch-like protein
KLHL13 as a potential interactor of SMCR8 (Jung et al., 2017a). KLHLs have a general
structure consisting of a BTB domain, a BACK domain and a varying number of Kelch
repeats. Few roles have been identified for KLHL13. One role is as a substrate-specific
adaptor, forming a complex with KLHL9 and Cul3 to mediate ubiquitination and
subsequent proteasomal degradation of insulin receptor substrate 1 and Aurora B (a
component of the chromosomal passenger complex) (Frendo-Cumbo et al.,, 2019;
Sumara et al., 2007). Similarly, KLHL9 has few identified roles, with most investigations
focusing on the Cul3-KLHL9-KLHL13 complex and ubiquitination (Frendo-Cumbo et al.,
2019; Sumara et al., 2007). KLHL9 has been identified as an inhibitor of tumour growth
and Chen et. al, determined in their case this was a result of KLHL9 regulating
ubiquitination for the transcription factors C/EBP and C/EBP& (Chen et al., 2014b; Lee
et al., 2015a). In both studies the involvement of KLHL13 has not been ruled out and so
it is still undetermined whether KLHL9 acts independently in those cases. KLHL13 has
also been identified as a driver of tumorigenesis in lung cancer and it was determined

KLHL13'’s tumorigenesis function was independent of KLHL9 (Xiang et al., 2021).

We have shown that C9orf72 is a substrate of the proteasome and C9orf72 and SMCR8
complex formation stabilises their protein levels. As a substrate of the proteasome,
specific E3 ligases are required for C9orf72 ubiquitination. Given KLHL13 was identified
in a mass spectrometry screen with SMCR8 and KLHL13 has been shown to act as a
regulator of ubiquitination when in complex with Cul3 and KLHL9, we decided to explore
whether manipulation of KLHL9 and KLHL13 changes C9orf72 or SMCRS protein levels.
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4.3.1. Designing RT-gPCR primers for the detection of KLHL9 and KLHL13

To establish a KLHL knockdown model, we first needed to optimise a method for
detection of the knockdown efficiency. Due to the poor specificity of commercial
antibodies, we decided to quantify KLHL expression via RT-gPCR. Therefore, we needed
to design RT-gPCR primers that could specifically detect KLHL9 and KLHL13. Ensembl
(https://www.ensembl.org/index.html) was used to retrieve the DNA sequence of the
coding exons for both KLHL9 and KLHL13. The KLHL13 transcript consisted of 7 coding
exons and primers were designed to span the exon 2 — exon 3 boundary which flanks a
large intron (Figure 4.4A). This reduced the risk of any false positives arising from
amplification of genomic DNA as the short extension time is insufficient for the longer
genomic target, but not the short cDNA sequence (Figure 4.4B). As the KLHL9 transcript
consisted of only one exon, primers could not be designed to span an exon — exon

junction and so were designed within the single exon (Figure 4.4A).
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Figure 4.4:Design of RT-gPCR primers for KLHL13 and KLHL9.

(A). Top: KLHL13 transcript consists of 6 introns (red) and 7 coding exons (blue). Exons 2 and 3 are marked. RT-
gPCR primers were designed to span the exon 2 — exon 3 junction. Bottom: KLHL9 transcript consists of a single
coding exon. (B). RT-gPCR primers designed across an exon-exon boundary that flanks a large intron. Amplification
of contaminating genomic DNA that contains the intron cannot be amplified as the short extension time is insufficient
for the long genomic target. Amplification of the cDNA is possible due to the shorter length of the cDNA sequence.
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4.3.2. Optimisation of sSIRNA-mediated knockdown of KLHL9 and KLHL13

To determine whether the designed RT-qPCR primers were able to specifically amplify
their target, RNA was extracted from HelLa cells, reverse transcribed into cDNA and the
cDNA subjected to RT-gPCR. HeLa cells were chosen as they contain higher basal
levels of KLHL9 and KLHL13 compared to HEK293 cells (Danielsson et al., 2013; Thul
et al., 2017). Primer concentration of 1 uM, 500 nM, 250 nM or 125 nM were tested. The
KLHL13 primers were able to successfully amplify KLHL13 at all primer concentrations
(Figure 4.5A, B). A single melt peak for each of the concentrations was produced,
demonstrating the amplified cDNA belongs to a single PCR product, KLHL13.
Furthermore, the range of concentrations resulted in similar Ct values as indicated by the
amplification plots. Successful amplification for KLHL9 was also achieved across the
range of concentrations, with no evidence of primer dimer formation (Figure 4.5C, D).
This demonstrates that both the KLHL9 and KLHL13 RT-qPCR primers are able to
successfully and specifically amplify endogenous KLHL9 and KLHL13. For all
subsequent experiments, KLHL9 siRNA #1 and KLHL13 siRNA #1 was used at a primer
concentration of 125 nM.

Next, we wanted to determine whether we could successfully knockdown KLHL9 and
KLHL13. Two siRNA oligonucleotide sequences specific for KLHL9 and KLHL13 were
obtained (Sumara et al., 2007). The two sequences of siRNA were expressed in HeLa
cells for 4 days (individually or pooled together) alongside a non-targeting NTC siRNA.
For KLHL9-specific siRNA, the levels of endogenous KLHL9 mRNA greatly reduced
upon expression of the first individual sequence compared to controls (Figure 4.5E). The
second KLHL9-specific siRNA reduced levels by approximately 25% compared to
controls. Therefore, pooling of the sequences did not result in a further reduction of
MRNA beyond that of the first sequence. Quantification revealed both the individual
sequences and the pooled sequence reduced KLHL9 mRNA levels to statistically
significant lower levels (Figure 4.5E). For KLHL13, a marked reduction in endogenous
KLHL13 mRNA was observed for both the first and second individual sequence
compared to control (Figure 4.5F). Pooling of the sequences resulted in a reduction in
MRNA levels to that between the first and second sequence. Quantification revealed the

decrease in mMRNA for both the individual sequence and pooled sequences were
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significant compared to controls (Figure 4.5F). Therefore, the KLHL9- and KLHL13-
specific SIRNA can reduce endogenous mRNA levels.
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Figure 4.5 Optimisation of KLHL9 and KLHL13 siRNA.

(A-D). Optimisation of a range of concentration for RT-qPCR primers. cDNA was produced from RNA extracted from
Hela cells and subjected to RT-qPCR. (A) KLHL13 melt peak for RT-gPCR using a range of KLHL13 RT-qPCR primer
concentrations. (B). KLHL13 amplification plot for RT-gPCR using a range of KLHL13 RT-qPCR primer concentrations.
(C) KLHL9 melt peak for RT-gPCR using a range of KLHL9 RT-gPCR primer concentrations. (D). KLHL9 amplification
plot for RT-gPCR using a range of KLHL9 RT-gPCR primer concentrations. (F) HeLa cells were transfected with non-
targeting control (NTC) siRNA, and either single or pooled KLHL9-specific siRNAs. Knockdown of KLHL9 was
confirmed by RT-gPCR with values normalised to GAPDH housekeeping gene (Mean + SEM; one-way ANOVA with
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Fisher's LSD test ** p < 0.01 **** p < 0.0001; N = 3 experiments). (G) HeLa cells were transfected with non-targeting
control (NTC) siRNA, and either single or pooled KLHL13-specific sSiRNAs. Knockdown of KLHL13 was confirmed by
RT-gPCR with values normalised to GAPDH housekeeping gene (Mean + SEM; one-way ANOVA with Fisher's LSD
test, **** p < 0.0001; N = 3 experiments).
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4.3.3. Knockdown of KLHL13 increases C9orf72 and SMCRS levels

We established KLHL9 and KLHL13 siRNA can reduce endogenous mRNA levels.
KLHL13 was identified as an interacting partner of SMCR8 via mass spectrometry and
acts as in an E3 ligase complex with KLHL9 and Cul3, regulating ubiquitination of
substrate proteins. We determined in Chapter 3, C9orf72 is a substrate of the
proteasome. Therefore, we wanted to establish whether altering KLHL9 and KLHL13

levels affected C9orf72 levels.

To do so, non-targeting, KLHL9- and KLHL13-specific SiRNA were expressed in HelLa
cells for 4 days. 24 hrs prior to harvesting cells were transfected with either Myc-C9orf72
or SMCR8-Myc/DDK. Samples were subjected to SDS-PAGE and immunoblot for Myc-
C9orf72 and SMCR8-Myc/DDK levels. Knockdown of KLHL9 and KLHL13 was confirmed
using RT-gPCR. The level of KLHL9 and KLHL13 mRNA was significantly reduced
across all samples (Figure 4.6C, F). For SMCR8-Myc/DDK, reduction of KLHL9 resulted
in no change in SMCR8 levels (Figure 4.6A, B). Conversely, reduction of KLHL13
resulted in a significant increase in SMCR8-Myc/DDK levels. Similarly, in the case of
Myc-C9orf72 a reduction in KLHL13, but not KLHL9, resulted in a significant increase in
C9orf72 levels (Figure 4.6D, E).

We also tested whether a reduction in KLHL9 and KLHL13 changed endogenous levels
of C9orf72 and SMCR8. Non-targeting, KLHL9- and KLHL13-specific siRNA were
expressed in Hela cells for 4 days. C9orf72 and SMCR8 levels were analysed by SDS-
PAGE and immunoblot. Knockdown of KLHL9 and KLHL13 was confirmed via RT-gPCR
and revealed KLHL9 and KLHL13 levels were significantly reduced (Figure 4.6J).
Knockdown of KLHL9 did not alter C9orf72 levels whereas knockdown of KLHL13
resulted in an increase in C9orf72 levels (Figure 4.6G, H). SMCRS8 levels appeared to
increase upon knockdown of KLHL13. Nevertheless, densitometry analysis revealed the
increase is not significant, possibly due to the large variation and low number of repeats
(n = 2) (Figure 4.6G, ). Taken together, this demonstrates that altering KLHL13 levels
can alter the levels of C9orf72 and SMCR8 and positions C9orf72 and SMCR8 as
possible substrates of KLHL13.
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Figure 4.6: Knockdown of KLHL13 increases C9orf72 and SMCR8 levels.

(A) HelLa cells were treated with non-targeting control (NTC), KLHL9- or KLHL13-specific siRNA. Cells were
transfected with SMCR8-Myc/DDK and subjected to SDS-PAGE and immunoblots for SMCR8-Myc/DDK with M2 anti-
FLAG antibodies and anti-GAPDH antibodies as a loading control. (B) Quantification of relative SMCR8 levels (Mean
+ SEM; one-way ANOVA with Fisher's LSD test, **** p < 0.0001, ns = non-significant; N = 3 experiments). (C)
Knockdown of KLHL9 and KLHL13 was confirmed via RT-gPCR (Mean + SEM; one-way ANOVA with Fisher's LSD
test, *** p < 0.0001; N = 3 experiments). (D) HeLa cells were treated with non-targeting control (NTC), KLHL9- or
KLHL13-specific siRNA. Cells were transfected with Myc-C9orf72 and subjected to SDS-PAGE and immunoblots for
Myc-C9orf72 with 9B11 anti-Myc antibodies and anti-GAPDH antibodies as a loading control. White asterisks denote
aspecific bands. (E) Quantification of relative C9orf72 levels (Mean + SEM; one-way ANOVA with Fisher's LSD test,
** p £0.01, ns = non-significant; N = 3 experiments). (F) Knockdown of KLHL9 and KLHL13 was confirmed via RT-
gPCR (Mean + SEM; one-way ANOVA with Fisher’s LSD test, **** p < 0.0001; N = 3 experiments). (G) HeLa cells
were treated with non-targeting control (NTC), KLHL9- or KLHL13-specific SiRNA. Cells were subjected to SDS-PAGE
and immunoblots for SMCRS8 with anti-SMCRS8 antibodies, C9orf72 with anti-C9orf72 antibodies and anti-GAPDH
antibodies as a loading control. White asterisks denote aspecific bands. (H) Quantification of relative C9orf72 levels
(Mean = SEM; one-way ANOVA with Fisher's LSD test, * p < 0.05, ns = non-significant; N = 3 experiments). (I)
Quantification of relative SMCRS8 levels (Mean + SEM; one-way ANOVA with Fisher's LSD test, ns = non-significant;
N = 2 experiments). (J) Knockdown of KLHL9 and KLHL13 was confirmed via RT-gPCR (Mean + SEM; one-way
ANOVA with Fisher's LSD test, *** p <0.001 **** p < 0.0001; N = 3 experiments).
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4.3.4. Knockdown of KLHL13 affects C9orf72 and SMCRS8 turnover

We established reducing KLHL13 levels increase C9orf72 and SMCRS8 levels. The
increase in C9orf72 and SMCRS8 levels upon knockdown of KLHL13 suggests that
C9orf72 and SMCRS8 are substrates of KLHL13, consistent with C9orf72 being a
substrate of the proteasome. Hence, we wanted to determine whether the increase in
protein levels was due to an altered rate of turnover. To do this, we utilised the
cycloheximide chase assay. Non-targeting, KLHL9- and KLHL13-specific SIRNA were
expressed in Hela cells for 4 days. Myc-C9orf72 and SMCR8-Myc/DDK were expressed
24 hrs prior to harvesting. Samples were treated with CHX and harvested 0, 2, 4 and 8
hrs post treatment then subjected to SDS-PAGE and immunoblot for Myc-C9orf72 and
SMCR8-Myc/DDK levels. Knockdown of KLHL9 and KLHL13 was confirmed using RT-
gPCR. KLHL9 and KLHL13 levels were significantly reduced compared to controls
across all samples (Figure 4.7C, F). In the case of Myc-C9orf72, reducing KLHL13 levels
increased the level of Myc-C9orf72 at 0 hrs (Figure 4.6A). Moreover, the half-life of
C9orf72 increased (Figure 4.7B). However, knockdown of KLHL9 did not alter the
turnover rate of C9orf72 and therefore, there was no difference in the half-life for C9orf72
(Figure 4.7B). Similarly, for SMCR8-Myc/DDK, the rate of turnover and subsequently the
half-life was not altered by a reduction in KLHL9 levels (Figure 4.7E). However,
knockdown of KLHL13 increased the half-life of SMCR8-Myc/DDK. Taken together, this
suggests that KLHL13 may be involved in the ubiquitination and subsequent degradation
of C9orf72 and SMCRS.
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Figure 4.7: Knockdown of KLHL13 alters C9orf72 and SMCR8 turnover.

(A) HelLa cells were treated with non-targeting control (NTC), KLHL9- or KLHL13-specific SiRNA and transfected with
Myc-C9orf72. Cells were treated with cycloheximide (CHX) for the indicated times and subjected to SDS-PAGE and
immunoblot for Myc-C9orf72 with anti-Myc antibodies, anti-Cyclin D1 antibodies and anti-actin antibodies as a loading
control. White asterisks denote aspecific bands. (B) Comparison of Myc-C9orf72 half-life upon NTC, KLHL9 or KLHL13
siRNA treatment. (Mean + SEM, RM one-way ANOVA with Fisher’s LSD test, ns = non-significant; N = 2 experiments).
(C) Knockdown of KLHL9 and KLHL13 was confirmed via RT-gPCR (Mean + SEM; one-way ANOVA with Fisher’s
LSD test, *** p <0.001; N = 2 experiments). (D) HelLa cells were treated with non-targeting control (NTC), KLHL9- or
KLHL13-specific siRNA and transfected with SMCR8-Myc/DDK. Cells were treated with cycloheximide (CHX) for the
indicated times and subjected to SDS-PAGE and immunoblot for SMCR8-Myc/DDK with anti-FLAG antibodies, anti-
Cyclin D1 antibodies and anti-actin antibodies as a loading control. White asterisks denote aspecific bands. (E)
Comparison of SMCR8-Myc/DDK half-life upon NTC, KLHL9 or KLHL13 siRNA treatment. (Mean + SEM, RM one-
way ANOVA with Fisher’s LSD test, ns = non-significant, * p < 0.05; N = 2 experiments). (F) Knockdown of KLHL9 and
KLHL13 was confirmed via RT-gPCR (Mean * SEM; one-way ANOVA with Fisher’'s LSD test, **** p < 0.0001; N = 2

experiments).
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4.4. Inhibition of Cullin using MLN4924 prevents SMCRS8 turnover

Kelch proteins form a complex with Cul3 and mediate the ubiquitination of substrate
proteins by bringing the substrate into close proximity to the RING domain of Cul3,
allowing transfer of ubiquitin from the RING domain to the substrate. We determined that
C9orf72 and SMCR8 are possible substrates of KLHL13 with knockdown of KLHL13
increasing C9orf72 and SMCRS levels and half-life. Therefore, we wanted to determine
whether inhibition of Cul3 altered the levels of C9orf72 and SMCRS, reasoning that if
ubiquitination is prevented C9orf72 or SMCRS8 protein levels may be altered. To inhibit
ubiquitination a NEDDS8 inhibitor, MLN4924 was utilised. MLN4924 is a AMP mimetic that
inhibits activation of Cullin ligases by binding to the active site of the NEDD8 E1-
activating enzyme thereby preventing NEDDylation (Brownell et al., 2010; Soucy et al.,
2009).

HeLa C9orf72KC cells were transfected with either Myc-C9orf72 or SMCR8-Myc/DDK.
Transfected cells were then left untreated, treated with CHX alone or pre-treated with
MLN4924 for 30 mins prior to the addition of CHX. Following a 4 hr incubation period,
lysates were prepared and subjected to SDS-PAGE and immunoblot for C9orf72 and
SMCRS8 levels. Addition of CHX appeared to decrease the level of Myc-C9orf72, although
this was not significant (Figure 4.8A, B). Furthermore, there was no difference in C9orf72
levels between CHX and CHX + MLN4924 treatments (Figure 4.8B). In contrast, CHX
treatment significantly decreased the level of SMCR8 and this could be rescued by CHX
+ MLN4924 treatment (Figure 4.8C, D). There was a significant decrease in SMCR8
levels between untreated and CHX + MLN4924 treated cells. This suggests that
MLN4924 treatment may partially rescue SMCR8 levels by preventing the ubiquitination

and subsequent proteasomal degradation of SMCRS.
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Figure 4.8: Inhibition of Cullin prevents SMCRS, but not C9orf72 turnover.

(A) HeLa C90rf72X© cells were transfected with Myc-C9orf72 and left untreated or were treated with CHX alone or
CHX in combination with MLN4924 (cells were pre-treated with MLN4924 30 mins prior to addition of CHX). After 4 hr
incubation, cell lysates were prepared and subjected to SDS-PAGE an immunoblot for Myc-C9orf72 levels using anti-
Myc antibodies. Anti-tubulin antibodies were used as a loading control (B) Quantification of relative C9orf72 levels
(Mean = SEM; One-way ANOVA with Fisher's LSD, ns = non-significant; N = 3 experiments). (C) HeLa C9orf72K0
cells were transfected with SMCR8-Myc/DDK and left untreated or were treated with CHX alone or CHX in combination
with MLN4924 (cells were pre-treated with MLN4924 30 mins prior to addition of CHX). After 4 hr incubation, cell
lysates were prepared and subjected to SDS-PAGE an immunoblot for SMCR8-Myc/DDK levels using anti-Myc
antibodies. Anti-tubulin antibodies were used as a loading control (D) Quantification of relative SMCRS levels (Mean
+ SEM; One-way ANOVA with Fisher’'s LSD, * p < 0.05, ** p = 0.01; N = 5 experiments).
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4.5, Discussion

This chapter sought to identify key enzymes involved in the regulation of C9orf72 protein
turnover and determine whether altering the enzymes levels influenced C9orf72 levels.
In line with the hypothesis, KLHL13 was identified as a regulator of C9orf72 and SMCRS8

levels.

Given USP8 was identified in a Y2H screen as a potential interactor of C9orf72, we first
sough to confirm the interaction. We found that in HEK293 cells, immunoprecipitation of
endogenous USP8 resulted in co-immunoprecipitation of C9orf72. Following
confirmation of the C9orf72-USP8 interaction, we next sought to determine the functional
relevance of this interaction. Of most interest to us was the DUB capabilities of USP8.
We therefore set out to determine whether altering expression of USP8 influenced
C9orf72 levels. We found that expression of USP8 increased both exogenous and
endogenous C9orf72 protein levels. However, the catalytically inactive mutant also
increased C9orf72 levels. This suggests the increase in C9orf72 levels is not due to the
DUB activity of USP8. USP8 is a multi-domain protein that is known to have multiple
functions. For example, it has been shown to regulate mitophagy, is involved in
endosomal trafficking and the stabilisation of a multitude of proteins (Alexopoulou et al.,
2016; Durcan et al., 2014; Macdonald et al., 2014; Peng et al., 2020; Wu et al., 2004;
Zhou et al., 2013a). Given this, it is likely that the C9orf72-USP8 interaction is due USP8
functioning in one of its other capacities. A possible role for C9orf72 in regulating USP8
trafficking is discussed in Chapter 6.5. Interestingly, co-expression of C9orf72 and
EGFP-USP8 (or EGFP-USP8C784) increased the level of Myc-C9orf72 compared to
expression of Myc-C9orf72 alone. This is similar to the increase in C9orf72 levels
observed when HA-Ubiquitin is co-expressed with C9orf72 (Figure 3.5) or SMCRS is co-
expressed with C9orf72 (Figure 3.2) and hints at possible stabilisation of C9orf72 by
USP8. However, unlike SMCR8 knockdown reducing C9orf72 levels, no decrease in

C90rf72 levels is observed upon USP8 knockdown.

Additionally, we found that a reduction in USP8 did not alter C9orf72 levels. Indeed, if
USP8 was functioning as a DUB, we would expect a reduction in USP8 levels to result

in a reduction in C9orf72 levels due to the inability to remove the polyubiquitin chain from
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C9orf72 that targets it for proteasomal degradation. Therefore, our findings from transient
knockdown of USP8 further the idea of USP8 having a different function in this instance.
As we have established an assay for identifying C9orf72 ubiquitination (Chapter 3.6), it
would be interesting to explore whether reduction of USP8 using siRNA influences the
ubiquitination status of C9orf72 as this would provide further evidence of whether USP8
deubiquitinated C9orf72.

Within this chapter, we explored a role for the Kelch-like proteins KLHL9 and KLHL13 in
the regulation of C9orf72 and SMCRS levels. Using HeLa cells due to their higher basal
levels of KLHL9 and KLHL13, we tested siRNA against the two ligases. Due to a lack of
specific antibodies, we verified knockdown using RT-gPCR. We found that the siRNA
against both KLHL9 and KLHL13 successfully reduced mRNA levels. Pooling together
of the individual mRNA sequences did not result in a greater reduction. Thus, the single
sequences were sufficient to reduce KLHL9 and KLHL13 levels. Following this we sought
to determine whether C9orf72 and SMCR8 levels could be influenced by KLHL9 or
KLHL13. We determined knockdown of KLHL9 did not change SMCR8-Myc/DDK levels.
However, a marked increase in SMCR8-Myc/DDK was observed upon knockdown of
KLHL13. Similarly, knockdown of KLHL9 had no effect on Myc-C9orf72 levels. In
contrast, knockdown of KLHL13 greatly increased the level of Myc-C9orf72. Results for
endogenous C9orf72 mimicked that of overexpressed in that knockdown of KLHL13, but
not KLHL9 resulted in an increase in C9orf72 levels. In the case of endogenous SMCRS,
overall no change was observed from knockdown of either ligase. However, it must be
noted that there is only an n = 2 for these experiments and the general trend is an
increase in SMCR8 upon KLHL13 knockdown samples compared to controls. Figure 4.9
depicts the individual experimental points and demonstrates the large variation.
Therefore, although the data suggests an increase in SMCR8 no solid conclusions can
be drawn about the effect of KLHL13 knockdown on endogenous SMCR8 without
repetition of the experiments to reduce the variation. The results from these experiments
suggest that C9orf72 and SMCR8 may be a substrate of KLHL13 whereby KLHL13 may
be involved in the turnover of the C9orf72-SMCR8 complex. This is consistent with the
identification of KLHL13 in a mass spectrometry screen with SMCR8 and the functional
role of KLHL13.
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Figure 4.9: Large variation in SMCR8 levels upon knockdown of KLHL13.

Quantification of relative SMCRS levels (Mean + SEM with individual experimental points shown (black dots); one-way

ANOVA with Fisher's LSD test, ns = non-significant; N = 2 experiments).

Following this, we went on to determine the effect of KLHL9 and KLHL13 knockdown on
Myc-C9orf72 and SMCR8-Myc/DDK turnover and established that knockdown of KLHL9
did not significantly alter the rate of Myc-C9orf72 or SMCR8-Myc/DDK degradation over
an 8 hr period. In contrast, loss of KLHL13 altered the rate of degradation for both
C9orf72 and SMCRS8 over an 8 hr period. This further suggests that KLHL13 can act as
a substrate specific adaptor for C9orf72 and SMCR8 and possibly mediate ubiquitination
of the proteins. Interestingly, the degradation of both C9orf72 and SMCR8 appeared to
be slowed but not completely abolished by knockdown of KLHL13, suggesting that
C9orf72 and SMCRS is still able to be degraded. One possible explanation for this may
be that other substrate adaptors that form a complex with Cul3 are able to ubiquitinate
C9orf72 and SMCR8. Cul3 ligases associate with BTB domain containing proteins, with
the best known protein being BTB-BACK Kelch domain proteins, of which the KLHL
subfamily contain (Canning et al., 2013). Members of the Cullin family do not directly
interact with substrate proteins but instead interact through the substrate specific BTB
adaptors. Cul3 has been shown to interact with multiple KLHL proteins (Dhanoa et al.,
2013; Furukawa et al., 2003). Therefore, it is possible that KLHL13 may be the primary
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substrate adaptor of C9orf72 and SMCRS8, and upon knockdown of KLHL13 other KLHL
proteins assume responsibility. Similarly, it is possible that multiple ubiquitin ligases are
responsible for ubiquitination of either C9orf72 or SMCR8. This may in part explain the
increase in C9orf72 and SMCR8 levels upon knockdown of KLHL13 and why C9orf72
and SMCR8 levels start higher, and their turnover is slowed but not completely
prevented. There are many cases in literature of substrates being ubiquitinated by
multiple E3 ligases. For example, the ubiquitination and subsequent degradation of the
tumour suppressor p53 is performed primarily by Mdm2 but also by Pirh2, MDMX and
COP1 (Wang et al., 2011). The identification by mass spectrometry of other E3 ligases
that interact with the C9orf72 or SMCR8 proteome in human and mouse gives credence
to this idea (Goodier et al., 2020; Zhang et al., 2018b). C degrons are destabilising
sequences at the C-terminus of proteins that can be recognised by receptors of Cullin
ligases for proteasomal degradation (Koren et al., 2018; Lin et al., 2018) The Cul2 E3
ligase forms a complex with the substrate recognition subunit FEM1B which recognises
specific, exposed C degrons and bioinformatics revealed a C degron of SMCR8 (aa 1 —
787) is recognised by Cul2-FEM1B (Chen et al., 2021; Zhao et al., 2021). Although the
functional consequences of this isoform of SMCR8 remains to be determined, this
suggests that Cul2-FEM1B may potentially be involved in the proteasomal degradation
of this isoform of SMCR8.

Our findings that inhibition of Cullin ligases using MLN4924 partially rescues SMCR8
levels following CHX treatment potentially gives more credibility to this idea and suggests
that perhaps other E3 ligases are involved. MLN4924 is an inhibitor of NAE and as such
inhibits activation of all Cullin ligases. This would suggest that if other Kelch proteins
were able to ubiquitinate SMCRS, their inhibition by MLN4924 would prevent
ubiquitination of C9orf72 or SMCRS if they were substrates of other Kelch proteins. As
stated previously, the identification of other non-Cullin E3 ligases by mass spectrometry
hints at a possible role for other ligases in the ubiquitination of C9orf72 and SMCRS.
MLN4924 treatment has been shown to induce autophagy in cancer cell lines (Lv et al.,
2018; Zhao et al., 2012b). It will need to be determined whether this is specific to cancer
cell lines, but it may be possible that the lack of difference in C9orf72 levels between
CHX and CHX/MLN4924 treated cells is due to C9orf72 being shunted to autophagy.
Treatment of cells with CHX/MLN4924/bafilomycin could shed some light on this. If
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C9orf72 was being degraded via autophagy, inhibition of autophagy using bafilomycin
should result in an increase in C9orf72 levels.

To determine whether KLHL13 influences the ubiquitination status of C9orf72 and
SMCRS, a ubiquitination assay could be employed. If KLHL13 was a bona fide substrate
adaptor for C9orf72 and SMCRS, there should be a reduction in C9orf72 and SMCR8
ubiquitination upon knockdown of KLHL13. Furthermore, microarray or nanostring
analysis could be employed to detect any regulation changes in E3 ligase or Kelch genes
upon knockdown of KLHL13 which may give an indication as to whether other Kelch
ligases are upregulated to ubiquitinate C9orf72 or SMCRS8 in response to KLHL13
knockdown. As this approach would not determine whether any identified upregulated
enzymes ubiquitinate C9orf72 or SMCR8 under basal conditions, this would have to be

confirmed.

The interaction between KLHL13 and C9orf72 or SMCR8 has not been studied here.
Therefore, it remains to be determined whether C9orf72, SMCRS8 or both proteins interact
directly with KLHL13. Results from mass spectrometry analysis of SMCR8 would
suggests KLHL13 interacts directly with SMCR8, however, it is still possible C9orf72
interacts. As a substrate adaptor for the Cul3 ligase, it is generally assumed that any
effect on protein levels from KLHL13 is due to KLHL13 acting directly on the substrate
itself. However, as we and others have shown, C9orf72 and SMCRS levels are highly co-
dependent and a protein level decrease in one decreases the protein level of the other.
Therefore, a C9orf72/KLHL13 and SMCR8/KLHL13 co-immunoprecipitation assay may
elucidate which of these proteins has a direct interaction with KLHL13 and whether the
increase in C9orf72 is because of a direct or indirect effect of KLHL13.
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5. Investigating SUMOylation of the C9orf72-SMCR8 complex

5.1. Introduction

In this chapter, SUMOylation of the C9orf72-SMCR8 complex was investigated.
SUMOylation is a post-translational modification involving the protein small ubiquitin-
related modifier (SUMO). In this process, SUMO is covalently attached to a substrate
protein through lysine linkages and involves three consecutive steps requiring E1-
activating, E2-conjugating and E3-ligating enzymes. Much like ubiquitination,

SUMOylation is a reversible process which requires deSUMOylating enzymes.

SUMOylation has been shown to be involved in many biological processes including
nuclear transport, regulation of cell cycle, DNA repair, protein localisation, stability and
protein/protein interactions (Kerscher et al., 2006; Maraschi et al., 2021; Moreno-Ofiate
et al., 2020; Pelisch et al., 2014; Waltersa et al., 2021). A SUMOylated protein can
interact with another protein in a non-covalent manner through SUMO interacting motifs
(SIMs) in the interacting protein (Hecker et al., 2006; Kerscher et al., 2006).
Bioinformatics revealed C9orf72 and SMCRS8 contain both SIMs and SUMOylation
consensus sites, suggesting the possibility of either protein being SUMOylated or
possibly interacting with SUMOylated proteins through their SIMs. Therefore, we wanted
to investigate a possible role for SUMOylation in the interaction between C9orf72 and
SMCRS.
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5.2. Bioinformatics reveals C9orf72 has a SUMO-interacting motif and
possible SUMOylation sites

As previously stated (see 1.7.3.3), the interaction between SUMO and SIM is non-
covalent and SUMOylated proteins can interact with SIM-containing proteins. SIMs
consist of a hydrophobic amino acid sequence with the general consensus sequence V-
I/V-I/VI-V and are often flanked by negatively charged amino acids (Gareau and Lima,
2010; Song et al., 2004).

The covalent attachment of SUMO to residues in the substrate protein is through an
acceptor lysine in the substrate. This acceptor lysine often falls within a SUMOylation
consensus motif, with the general sequence W-K-x-D/E (where W is a hydrophobic
residue, K the SUMO acceptor lysine, x is any amino acid and D/E is aspartic/glutamic
acid). The E2-conjugating enzyme Ubc9 can recognise and bind to this motif, thereby

stabilising the Ubc9-substrate interaction .(Sampson et al., 2001; Yang et al., 2006)

GPS-SUMO is a SUMOylation prediction software that utilises group-based prediction
alongside Particle Swarm Optimisation to predict possible SIMs and SUMOylation sites
(Zhao et al., 2014). The output from this prediction includes the position and predicted
peptide of the SUMOylation or SIM site, the predicted score and its corresponding cut off
value. To determine whether any putative SIMs or SUMOylation sequences were present
in C9orf72, the C9orf72 protein sequence was input into GPS-SUMO and the threshold
for detection set to high. A high threshold corresponds to a specificity/accuracy of
99.72%/99.36% and 98.00%/96.35% for SIM and SUMOylation consensus respectively
Bioinformatics analysis revealed the C9orf72 sequence contains a SIM (Table
5.1,highlighted in red). In addition to the SIM, three lysine SUMOylation consensus
sequences were identified at positions 14, 48 and 273, with K273 being the most
probable SUMOylation site (Table 5.1, highlighted in blue). Therefore, it is possible
C9orf72 is SUMOylated or may interact with SUMOylated proteins via its SIM, V-I-1-V.

Table 5.1:Bioinformatic analysis results identifying possible SUMOylation consensus sequence and SUMO interaction
motifs for C9orf72

. ) Cut P-
Position Peptide ‘ Score off value ‘ Type
14 ‘ PPSPAVAKTEIALSG ‘ 3.712 ‘ 3.24 ‘ 0.038 ’ SUMOylation
consensus
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5.3. Bioinformatics revealed SMCR8 has a SUMO-interacting motif and
possible SUMOylation sites

Since proteins with a SIM can interact with SUMOylated proteins, and as C9orf72 forms
a complex with SMCR8, we wanted to determine whether the sequence for SMCR8
contains possible SUMOylation sites. Therefore, the sequence for SMCR8 was input into
GPS-SUMO with a high threshold (specificity/accuracy of 99.72%/99.36% and
98.00%/96.35% for SIM and SUMOylation consensus respectively). Bioinformatic
analysis for SMCR8 revealed a singular SUMOylation consensus sequence (Table 5.2,
highlighted in blue). Interestingly, two SIMs were also identified (Table 5.2, highlighted in
red). Thus, both C9orf72 and SMCR8 contain possible SIMs and SUMOylation

consensus sequences.

Table 5.2: Bioinformatic analysis results identifying possible SUMOylation consensus sequence and SUMO interacting
motifs for SMCR8

N . Cut P-
Position Peptide Score Type
off | value
SUMOylation
428 SVESVLIKMEQELGD 22.829 | 3.24 | 0.002
consensus
472 — SUMO interaction
SISSGESIEVLGTEKSTSV | 48.293 | 35.23 | 0.026 .
476 motif
809 - SUMO interaction
RYSRYTSILDLDNKTLRCP | 36.54 | 35.23 | 0.16
813 motif
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5.4. Investigating the role of the C9orf72 SUMO-interacting motif in its
interaction with SMCR8

5.4.1. C9orf72 SIM mutant expresses in HEK293 cells

Bioinformatics identified amino acids 92 — 96 of C9orf72 as a possible SIM. To begin to
determine whether the SIM plays a role in the C9orf72-SMCRS interaction, a mutant was
generated by site-directed mutagenesis in which the VIIV SIM sequence was mutated to
AAAA (Figure 5.1A). To determine whether mutation of the SIM motif affected the
expression of C9orf72, HEK293 cells were transfected with Myc-C9orf72 or the Myc-
C9orf72 SIM mutant. The lysate was separated and probed via SDS-PAGE and
immunoblot. Both Myc-C9orf72 and the SIM mutant expressed to similar levels in cells,
demonstrating that mutation of the SIM did not affect the expression of the C9orf72
mutant (Figure 5.1B, C).
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Figure 5.1: Location of SUMO interacting motif in C9orf72 and expression of C9orf72 and C9orf72 SIM mutant in
HEK293 cells

(A) Partial DNA/amino acid sequence for C9orf72 with location of SUMO interacting motif (SIM, red). Site-directed
mutagenesis to produce SIM mutant with the change of amino acids shown (bold). The number represent the amino
acid number before and after sequence (B) Cell lysates of HEK293 cells transfected with an empty vector (EV), Myc-
C9orf72 or Myc-C9orf72 SIM mutant were subjected to SDS-PAGE and immunoblot for Myc-C9orf72 using 9B11
antibodies and anti-GAPDH for a loading control. (C) Relative C9orf72 levels (Mean + SEM, one-way ANOVA with
Fisher's LSD test, ns = non-significant; N = 3 experiments).
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5.4.2. Mutation of the C9orf72 SIM does not affect binding to SMCR8

As described in the introduction, SUMO/SIM interactions have been shown to regulate
complex formation (Liu et al., 2011; Matmati et al., 2018; Widagdo et al., 2012). It is
possible for two proteins to interact non-covalently if one protein is SUMOylated and the
other protein contains a SIM (Zheng et al., 2019). C9orf72 and SMCR8 form a complex
and we determined SMCR8 and C9orf72 stabilise each other. Therefore, we
hypothesised the C9orf72 SIM may play a role in C9orf72-SMCR8 complex formation
and stability. If this was true, we would expect the C9orf72 SIM mutant to possibly affect
the binding of C9orf72 to SMCR8 or the stability of the C9orf72-SMCR8 complex.

To determine whether the SIM in C9orf72 affects its binding to SMCRS or stability of the
C9o0rf72-SMCR8 complex, HEK293 cells were transfected with Myc-C9orf72, Myc-
C9orf72 SIM mutant, or co-transfected with Myc-C9orf72/SMCR8-Myc/DDK or Myc-
C9orf72 SIM/SMCR8-Myc/DDK. Samples were subjected to SDS-PAGE and
immunoblot for Myc-C9orf72 and SMCR8-Myc/DDK levels. Myc-C9orf72 and Myc-
C9orf72 SIM expressed to a similar level. Co-expression of Myc-C9orf72 and SMCR8-
Myc/DDK greatly increased the levels of both C9orf72 and SMCR8 (Figure 5.2A, B),
consistent with stabilisation of the proteins and mimics what we had seen previously (see
Figure 3.2). Co-expression of Myc-C9orf72 SIM and SMCR8-Myc/DDK also increased
the levels of Myc-C9orf72 and SMCR8-Myc/DDK but to a lesser extent (Figure 5.2A, B).
This suggests that the C9orf72 SIM mutant is still able to bind to SMCRS, but the stability

of the complex may be affected.

To determine if the binding of C9orf72 to SMCR8 was affected we performed a co-
immunoprecipitation assay. HEK293 cells were transfected with Myc-C9orf72, Myc-
C9orf72 SIM, SMCR8-Myc/DDK or co transfected with SMCR8-Myc/DDK and either wild
type Myc-C9orf72 or the SIM mutant. Cells were immunoprecipitated using anti-FLAG
agarose beads and whole cell lysate SMCR8 -Myc/DDK levels were enriched in all
SMCR8-Myc/DDK containing samples (Figure 5.2C). The ratio between C9orf72 and
SMCRS8 was not affected suggesting that the SIM is not involved in binding but does play
a role in the stabilisation of the complex

We established co-expression of C9orf72 and SMCR8 resulted in an increase in the half-
life of C9orf72 compared to when expressed alone (Figure 3.4). Therefore, in a
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complementary approach, the turnover of Myc-C9orf72 SIM-SMCR8 complex was
investigated, reasoning if the C9orf72 SIM is involved in stabilisation of the complex, the
mutant may be unable to stabilise and hence the half-life may be altered. HEK293 cells
transfected with SMCR8-Myc/DDK and either Myc-C9orf72 and Myc-C9orf72 SIM
mutant were treated with cycloheximide and harvested 0, 4 or 8 hrs post-treatment.
Samples were analysed via SDS-PAGE and immunoblot for C9orf72 and SMCRS8. The
cycloheximide treatment was effective across all samples as evidenced by the decrease
in Cyclin D1 over the 8 hrs period (Figure 5.2D). SMCR8-Myc/DDK levels decreased
over the 8 hr period, with a calculated half-life of 4.4 hrs (Figure 5.2D). Co-expression of
C9orf72 and SMCR8 increased the half-life increased to 16.6 hrs whereas co-expression
of the SIM mutant with SMCRS yielded a half-life of 8.5 hrs. This result is consistent with
the data shown in Figure 3.4 and indicates that mutation of the SIM in C9orf72 may result
in a decrease in stabilisation of the C9orf72-SMCR8 complex. Unfortunately, the
experiment could only be performed once, due to COVID-19 limitations.
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Figure 5.2: Mutation of C9orf72 SIM destabilises the C9orf72-SMCR8 complex.

(A) HEK293 cells were transfected with Myc-C9orf72, Myc-C9orf72 SIM (SUMO interacting motif) mutant, or co-
transfected with SMCR8-Myc/DDK and either Myc-C9orf72 or Myc-C9orf72 SIM. Lysates were subjected to SDS-
PAGE and immunoblot for Myc-C9orf72 and the SIM mutant using anti-Myc antibodies, or SMCR8-Myc/DDK using
anti-FLAG antibodies. (B) Quantification of relative SMCR8 levels (Mean + SEM, one-way ANOVA with Fisher's LSD
test, ** p £ 0.01, ns = non-significant; N = 4 experiments). (C) HEK293 cells were transfected with Myc-C9orf72, Myc-
C9orf72 SIM, SMCR8-Myc/DDK or co-transfected with SMCR8-Myc/DDK/Myc-C9orf72 or SMCR8-Myc/DDK/Myc-
C9orf72 SIM. Cells were immunoprecipitated using anti-FLAG agarose beads and whole cell lysates and immune
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pellets subjected to SDS-PAGE and immunoblot for Myc-C9orf72 or SMCR8-Myc/DDK levels using anti-Myc
antibodies. (D). SMCR8-Myc/DDK was expressed alone or co-expressed with either Myc-C9orf72 or Myc-C9orf72 SIM
in HEK293 cells. Cells were treated with cycloheximide (CHX) for 0, 4 or 8 hrs and the lysate subjected to SDS PAGE
and immunoblot for Myc-C9orf72, SMCR8-Myc/DDK, Cyclin D1 and endogenous actin using anti-Myc, anti-FLAG M2,
anti-Cyclin D1 and anti-actin antibodies, respectively. White asterisks denote aspecific bands (E) Relative levels of
SMCR8-Myc/DDK over the 8 hr CHX treatment time. (N = 1 experiment).
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5.5. Investigating the role of K90 modification in the interaction between
C9orf72 and SMCRS.

The above data indicate that the C9orf72 SIM is involved in stabilisation of the C9orf72-
SMCR8 complex. In addition to SUMOylation of consensus sequence sites,
SUMOylation of non-consensus sites can also occur. The non-consensus SUMOylation
of some proteins occurs in a SIM-dependent manner (Blomster et al., 2010; Zhu et al.,
2008). It has been shown that lysine residues adjacent to SIM can be SUMOylation sites
themselves (Blomster et al., 2010). K90 in C90rf72 is adjacent to the SIM so we therefore
decided to investigate a possible role for K90 in stabilisation of C9orf72-SMCRS,
reasoning that the SIM may influence the stability of the C9orf72-SMCR8 complex and
this may involve SUMOylation of nearby residues.

5.5.1. C9orf72 K9OR mutant expresses in HEK293 cells

To determine whether the SIM adjacent K90 residue is involved in the C9orf72-SMCR8
interaction, a mutant was generated in which the lysine at position 90 was mutated to an
arginine by site-directed mutagenesis (K90R) to prevent possible SUMOylation. To
establish whether mutation of this lysine residue affected the expression of C9orf72,
HEK293 cells were transfected with Myc-C9orf72 or the Myc-C9orf72 K9OR mutant.
Lysates from these cells were separated and analysed via SDS-PAGE and immunoblot
for levels of C9orf72. Both Myc-C9orf72 and the K90OR mutant expressed to similar levels
(Figure 5.3A, B) demonstrating mutation of the lysine residue had no effect on expression

levels.
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Figure 5.3: C9orf72 K90R mutant expresses in HEK293 cells.

(A) Cell lysates of HEK293 cells transfected with an empty vector (EV), Myc-C9orf72 or Myc-C9orf72 K90R (lysine to
arginine mutation at position 90) mutant were subjected to SDS-PAGE and immunoblot for Myc-C9orf72 using 9B11
antibodies and anti-GAPDH for a loading control. (B) Relative levels of C9orf72 levels (Mean + SEM, one-way ANOVA
with Fisher's LSD test, ns = non-significant; N = 3 experiments).
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5.5.2. C90rf72 K90 regulates C9orf72-SMCRS stability

We showed that the C9orf72 SIM may be involved in the stabilisation of C9orf72-SMCR8
and often proteins that undergo non-consensus SUMOylation in some cases have
nearby lysine residues. To begin to investigate if K90 might affect the C9orf72 SIM, we
determined whether the K90 residue is important for the stabilisation of the C9orf72-

SMCR8 complex, in a similar way as the SIM (see Figure 5.2A)

HEK293 cells were transfected with SMCR8-Myc/DDK, Myc-C9orf72 and Myc-C9orf72
K90R. As a control for the K90 mutation, a mutant of the nearby K83 residue was also
made (Myc-C9orf72 K83R), reasoning that if the effect of the K90 residue is specific to
K90, then the K83 mutant would not demonstrate this effect. Alongside the single
transfection, SMCR8-Myc/DDK was co-transfected with either Myc-C9orf72, Myc-
C9orf72 K9OR or Myc-C9orf72 K83R. Lysates were separated by SDS-PAGE and
immunoblot. Consistent with our previous results, co-expression of Myc-C9orf72 and
SMCR8-Myc/DDK significantly increased the levels of both proteins compared to
expression of either protein alone (Figure 5.4A, B). Similarly, co-expression of Myc-
C9orf72 K83R and SMCR8-Myc/DDK resulted in a significant increase in C9orf72 and
SMCRS levels. Co-expression of Myc-C9orf72 K90R and SMCR8-Myc/DDK resulted in
a significant decrease in SMCR8 levels when compared to co-expression of either
C90rf72/SMCR8 or C9orf72 K83R/SMCR8 (Figure 5.4B).Taken together, the data
suggests that the K90 lysine residue may be involved the stabilisation of C9orf72 and
SMCRS.
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Figure 5.4: C9orf72 K90 residue regulates the stability of the C90rf72-SMCR8 complex.

(A) SMCR8-Myc/DDK, Myc-C9orf72, Myc-C9orf72 K83R, or Myc-C9orf72 K90R was transfected in HEK293 cells.
SMCR8-Myc/DDK was also co-transfected with either Myc-C9orf72, Myc-C9orf72 K83R or Myc-C9orf72 K90R.
Lysates were subjected to SDS-PAGE and immunoblot for levels of SMCR8-Myc/DDK or Myc-C9orf72 using anti-Myc
antibody. (B) Quantification of the relative SMCR8-Myc/DDK levels (Mean + SEM, one-way ANOVA with Fisher's LSD
test, **** p < 0.0001; N = 3 experiments).

139



Investigating SUMOylation of the C9orf72-SMCR8 complex

5.6. Investigating SUMOylation of C9orf72 and SMCRS8

5.6.1. Expression of SUMO and SUMO AGG mutant in HEK293 cells

Thus far, we have shown the C9orf72 SIM and K90 lysine residue affects the stabilisation
of the C9orf72-SMCR8 complex. Given both C9orf72 and SMCR8 contain SUMOylation
consensus sequences, it is possible that either, or both proteins are SUMOylated. This
is also consistent with the data above that suggests the mutation of the SIM and K90
lysine residue may reduce the stability of C9orf72-SMCRS8, indicating the possibility of
SUMOylation playing a role.

As described in the introduction there are three paralogues of SUMO in mammals —
SUMO1, SUMO2 and SUMO3. As SUMO2 and SUMO3 share 96% homology they are
often referred to as SUMOZ2/3 (Hecker et al., 2006). We obtained YFP-tagged SUMO1
and SUMOZ2/3 constructs from Dr Chun Guo (University of Sheffield) in addition to their
respective C-terminal di-glycine truncated mutants (AGG). The C-terminal di-glycine
needs to be exposed for SUMOylation to occur and therefore the truncated mutant
without this C-terminal GG residue (AGG) is unable to be SUMOylated. We decided to
investigate whether C9orf72 or SMCR8 is SUMOylated. To do this, we utilised an

immunoprecipitation assay.

We first confirmed expression of YFP-SUMO1, YFP-SUMO1 AGG, YFP-SUMO2/3 and
YFP-SUMO2/3 AGG in HEK293 cells. Wild type and AGG YFP-SUMO1 and YFP-
SUMO2/3 were expressed in HEK293 cells. Lysates were separated and analysed via
SDS-PAGE and immunoblot. YFP-SUMO1 and YFP-SUMO1 AGG constructs expressed
in HEK293 cells (Figure 5.5A). Similarly, YFP-SUMO2/3 and YFP-SUMOZ2/3 AGG
construct expressed in HEK293 cells (Figure 5.5B). This demonstrates that truncation
did not prevent expression of SUMO1 or SUMO2/3.
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Figure 5.5: SUMO1, SUMO2/3 and their AGG mutants express in HEK293 cells.

(A) Cell lysates of HEK293 cells transfected with an empty vector (EV), YFP, YFP-SUMO1 and the non-SUMOylating
YFP-SUMO1 AGG (glycine-glycine) mutant were subjected to SDS-PAGE and immunoblot for YFP-tagged constructs
using anti-GFP antibody and anti-tubulin as a loading control. (B) Cell lysates of HEK293 cells transfected with an
empty vector (EV), YFP, YFP-SUMO2/3 and the non-SUMOylating YFP-SUMO2/3 AGG mutant were subjected to
SDS-PAGE and immunobilot for YFP-tagged constructs using anti-GFP antibody and anti-tubulin as a loading control.
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5.6.2. C9orf72 and SMCR8 may be modified by SUMOylation

Following confirmation that YFP-SUMO1, YFP-SUMO2/3 and the respective AGG
mutants express in HEK293 cells, we wanted to determine whether C9orf72 is
SUMOylated. To do this, an immunoprecipitation assay was used. Myc-C9orf72 was co-
transfected with wild type or AGG mutants of YFP-SUMOL1 or YFP-SUMOZ2/3 alongside
an untagged Ubc9 construct (the SUMO EZ2-conjugating enzyme) to enhance
SUMOylation. C9orf72 was immunoprecipitated and the whole cell lysate and immune
pellets probed via SDS-PAGE and immunoblot for Myc-C9orf72 and YFP to detect
SUMO. Myc-C9orf72 was enriched in all Myc-C9orf72 containing samples. SUMO is an
11 kDa protein, so together with the YFP tag would be expected to yield a protein of
approximately 36 kDa. Therefore, covalently bound SUMO would be expected to
increase the molecular weight of the target protein by approximately 36 kDa. As SUMO
is able to form polySUMO chains, increments of 36 kDa would be expected in such a
case. In addition to Myc-C9orf72 at 50 kDa, a band just above 100 kDa that is
immunoreactive for Myc antibody is present in the YFP-SUMO1 and YFP-SUMO2/3
expressing samples (Figure 5.6A). However, the same signal was found in the AGG co-
transfected samples demonstrating that this band is not due to a specific SUMOylation
event (Figure 5.6A). A band at approximately 250 kDa that is immunoreactive for YFP is
present in YFP-SUMO1 and SUMO2/3 co-transfected with Myc-C9orf72 but not in the
corresponding AGG samples, indicating a specific SUMOylation event. Since this band
was not immunoreactive to the Myc antibody, it is likely not to be C9orf72 but may be a
SUMOylated protein that interacts with C9orf72.

Next, we wanted to determine whether SMCR8 may be SUMOylated. Therefore,
SMCR8-Myc/DDK was co-transfected with untagged Ubc9 alongside either YFP, YFP-
SUMO1, YFP-SUMO2/3 or the AGG mutants. SMCR8-Myc/DDK was
immunoprecipitated using anti-FLAG agarose beads and the whole cell lysate and
immune pellets probed via SDS-PAGE and immunoblot for SMCR8 and YFP. SMCR8
was enriched in all SMCR8-Myc/DDK containing samples (Figure 5.6B). Aside from the
band at 150 kDa representative of unmodified SMCR8-Myc/DDK, no other FLAG
immunoreactive bands were present, suggesting that SMCRS8 is not SUMOylated. Two
bands above 250 kDa immunoreactive for YFP are present in YFP-SUMOL1, YFP-
SUMOZ2/3 but not in the AGG samples after immunoprecipitation of SMCR8-Myc/DDK.
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Hence as was the case for C9orf72, SMCR8 may interact with SUMOylated proteins but
is not itself SUMOylated.
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Figure 5.6:C90rf72 and SMCR8 may interact with SUMOylated proteins.

(A). HEK293 cells co-transfected with Myc-C9orf72 along with either YFP-SUMO1, YFP-SUMO2/3 or their AGG
(glycine — glycine) non-SUMOQylating mutants were immunoprecipitated using anti-Myc antibodies. Whole cell lysate
and immune pellets were separated by SDS-PAGE and immunoblot for YFP-tagged constructs using anti-GFP
antibody and anti-Myc antibody. (B). HEK293 cells co-transfected with SMCR8-Myc/DDK along with either YFP-
SUMO1, YFP-SUMOZ2/3 or their AGG non-SUMOylating mutants were immunoprecipitated using anti-FLAG agarose
beads. Whole cell lysate and immune pellets were separated by SDS-PAGE and immunoblot for YFP-tagged

constructs using anti-GFP antibody and anti-FLAG antibody.
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5.7. Discussion

C9orf72 is known to form a complex with SMCRS8 (Sellier et al., 2016; Yang et al., 2016),
and this chapter focused on investigating a possible role for SUMOylation in the
regulation of this complex. Initially in this chapter, bioinformatic analysis was performed
on the C9orf72 and SMCR8 protein sequence to determine whether the sequence
contained any potential SIMs or SUMOylation consensus sequences. We found three
C9orf72 SUMOylation consensus sequences - K14, K48 and K273 (Table 5.1) and one
SMCR8 SUMOylation consensus sequence - K428 (Table 5.2). These SUMOylation
consensus sequences follow the general structure W-K-x-D/E, where W is an aliphatic
amino acid and x is any amino acid. It has been shown that SUMO-Ubc9, the E2
conjugating enzyme, can recognise SUMOylation consensus sequences with this
general structure and directly conjugate the lysine residue within it (Bernier-Villamor et
al., 2002; Sampson et al., 2001; Zheng et al., 2019). Interestingly, K14 was also identified
as the most probable site for ubiquitination and evidence exists for proteins being
ubiquitinated and SUMOylated at the same site, so it is possible this is the case for
C9orf72. However, we tested whether this mutation affected the ubiquitination status of
C9orf72 (Figure 3.3) and found no difference in ubiquitination between the mutant and
wild type C9orf72. Due to COVID-19 time restrictions we were unable to test whether the
C9orf72 K14R mutant or the other lysine mutants we generated by site-directed
mutagenesis are SUMOylated.

The expression of a C9orf72 SIM mutant was tested in HEK293 cells, and it was
determined mutation of the C9orf72 SIM did not affect its expression. The identified SIM
in C9orf72 follows the general structure V-I/V-1/V-V which has been shown to bind all
SUMO paralogues (Song et al., 2004). We tested whether the SIM was necessary for
binding to SMCRS8 and found that mutation of the SIM to produce a non-functional SIM
did not affect the binding of C9orf72 to SMCR8 but reduced the stabilisation of the
C9o0rf72-SMCR8 complex. We mutated the potential SUMO site in SMCRS8 using site-
directed mutagenesis, however, due to the limitations imposed by COVID-19, we were

unable to perform any experiments with this mutant.

Evidence exists for non-consensus SUMOylation — the SIM in these substrates can bind
to SUMO-Ubc9, thereby promoting their own conjugation and subsequent SUMOylation
(Meulmeester et al., 2008; Zhao et al., 2020; Zhu et al., 2008). Multiple proteins have
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been identified that matched non-consensus SUMOylation and in a proportion of these
identified proteins, the lysine SUMOylation site was SIM adjacent (Blomster et al., 2010).
In C9orf72, the lysine nearest to its identified SIM is lysine 90. Therefore, a mutant was
generated in which this lysine was mutated to an alanine — K90R. We tested the
expression of this mutant in HEK293 cells and found no difference in expression. The
effect of both the C9orf72 SIM and C9orf72 K9OR mutants on the stabilisation of C9orf72-
SMCRS8 was investigated and it was found that while both mutants cause a less stable
C9orf72-SMCR8 complex, the binding of C9orf72 to SMCR8 appeared to remain
unaffected. In the case of K90, we also tested the effect of KB3R mutation as a control.
Upon co-expression of C9orf72 K83R with SMCR8 or C9orf72 K90R with SMCRS, the
level of SMCR8 was greatly reduced for K90R whereas the level of SMCR8 for K83 co-
expression was similar to that of wild type C9orf72. This suggests that the destabilising
effect is specific to the K9OR residue. Additionally, the effect of C9orf72 SIM on the
turnover of the C9orf72-SMCR8 complex was investigated. We found that the C9orf72
SIM-SMCR8 complex resulted in a decreased half-life compared to the C9orf72-SMCR8
complex further suggesting a decrease in stabilisation. However, given this experiment
was only performed once, due to COVID-19 time limitations, the experiment would need
to be repeated again before any firm conclusions can be drawn. Testing whether the
C9orf72 K90OR mutant altered turnover of the C9orf72-SMCR8 complex was also not

possible in the time frame.

The co-immunoprecipitation of C9orf72-SMCR8 and C9orf72 SIM-SMCRS8 indicated that
the SIM did not affect binding of C9orf72 to SMCR8. However, interpretation of the co-
immunoprecipitation is somewhat hindered by the different levels of C9orf72 and SMCR8
as a result of differences in stabilisation. We set up a GST-pulldown assay to overcome
this issue as it would allow standardisation of the levels of C9orf72. However, although
we were able to make to GST-C9orf72 and GST-C9orf72 SIM mutants, we were unable

to perform the experiments due to time limitations imposed by COVID-19.

Finally, C9orf72 and SMCR8 SUMOylation was explored. Firstly, we decided to test
whether the YFP-SUMO1, YFP-SUMOZ2/3 and their AGG mutant express in HEK293.
We found both the wild type and the mutant expressed in HEK293 cells, thereby
confirming truncation did not affect the expression of either SUMO1 or SUMO2/3.
Following this, we wanted to determine whether C9orf72 or SMCR8 is SUMOylated. Co-
expression of Myc-C9orf72 alongside YFP-SUMO1, YFP-SUMOZ2/3, the AGG mutants
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followed by immunoprecipitation of C9orf72 resulted in an enrichment of C9orf72 in all
Myc-C9orf72 containing samples. Additionally, large molecular weight (~250 kDa) bands
appeared in YFP-SUMO1 and SUMO2/3 samples that was immunoreactive for YFP,
suggesting the presence of SUMOylated bands. However, these bands were not visible
when probed with Myc antibody, suggesting C9orf72 is not SUMOylated but interacts
with a SUMOylated protein. Similarly, for SMCR8-Myc/DDK, co-expression followed by
immunoprecipitation yielded an enrichment in all SMCR8-Myc/DDK containing samples.
Bands present at approximately 250 kDa suggests the presence of SUMOylated
proteins. Like with C9orf72, as these proteins were not immunoreactive with the FLAG
antibody, it suggests SMCR8 is not SUMOylated by interacts with a SUMOylated protein.
In contrast to our results, a mass spectrometry screen for SUMOylated proteins identified
the K428 residue in SMCR8 as a SUMO site and SUMO3 was identified in a mass
spectrometry screen for C9orf72 interacting proteins (Goodier et al., 2020; Hendriks et
al., 2018). It is possible SUMOylated SMCR8 and C9orf72 account for a relatively low
proportion of either all SMCR8 or C9orf72 in cells, and therefore was below the detection
limit for the immunoblot assay we utilised. To overcome this, an in vitro binding assay

approach could be used.
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6. Discussion

6.1. Summary

A GGGGCC hexanucleotide repeat expansion in the first intron of the C9orf72 gene is
the most common cause of familial ALS and FTD (DeJesus-Hernandez et al., 2011;
Renton et al., 2011). Three major pathogenic mechanisms are thought to be the cause
of COALS/FTD. The first of these, haploinsufficiency is caused by the repeat expansion
resulting in a downregulation of gene expression and therefore is a LOF mechanism
(Belzil et al., 2013; Gijselinck et al., 2016; Jackson et al., 2020). The second and third
mechanisms are GOF mechanisms that give rise to RNA foci and DPRs. RNA foci are
the result of the high GC content of the expansion forming abnormal, stable DNA and
RNA secondary structures that accumulate and sequester RNA binding proteins whereas
DPRs arise from RAN translation of the repeat expansion in all three reading frames to
give toxic, aggregate prone proteins that accumulate (Ash et al., 2013; Fratta et al., 2012;
Kumar et al., 2017; Mori et al., 2013c; Reddy et al., 2013; Zu et al., 2013). Many roles
for C9orf72 have been identified to date, including a GEF or GAP that regulates the
initiation of autophagy and Rab-mediated trafficking (when in complex with SMCR8 and
WDRA41) in addition to roles in immune system regulation and at the synapse (Amick et
al., 2016; Atanasio et al., 2016; Burberry et al., 2016; Lall et al., 2021; Lan et al., 2019;
O 'Rourke et al., 2016; Sellier et al., 2016; Starr and Sattler, 2018; Su et al., 2020;
Sullivan et al., 2016; Tang et al., 2020; Yang et al., 2016). It has been postulated that
haploinsufficiency is a disease modifier, aggravating the effects of RNA and DPR toxicity
(Abo-Rady et al., 2020; Boivin et al., 2020; Zhu et al., 2020). Given this, it follows that
restoring C9orf72 levels may be a beneficial strategy for CO9ALS/FTD patients as it would
relieve some of the toxic effects by rescuing autophagy and subsequently increasing
clearing of DPRs. Indeed, patient-derived iMNs in which the repeat expansion reduced
C9orf72 expression and induced neurodegeneration through excitotoxicity and impaired
clearance of DPRs exhibited improved neuronal survival by rescuing C9orf72 levels (Shi
et al., 2018). Therefore, the focus of my PhD was to investigate the stability and turnover
of the C9orf72-SMCR8 complex.

The focus of the first chapter was to identify the degradation pathway for C9orf72. We
first optimised antibodies for the detection of endogenous C9orf72, as the specificity of
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previous commercially available antibodies were questionable. The ATLAS, ProteinTech
and Genetex C9orf72 antibodies, but not the Santa Cruz were able to specifically detect
endogenous C9orf72 (Figure 3.1). Characterisation of the HEK293 C90rf72%° cell line
developed in-house, knockdown of SMCR8 expression in HEK293 cells and co-
expression of C9orf72 and SMCRS8 revealed C9orf72 and SMCRS8 are co-stabilised
whereby a reduction in protein levels of one reduced the protein levels of the other
(Figure 3.2). The degradation pathway of C9orf72 was determined to be the ubiquitin
protease system, with exogenous C9orf72 having a half-life of approximately 3.2 hrs and
interestingly, we found that endogenous C9orf72 is stable over a 24 hr period (Figure
3.3). We found this was possibly due to the C9orf72-SMCR8 complex imparting a
stabilisation effect, as the half-life of C9orf72 and SMCR8 increased when co-expressed
(Figure 3.4). We determined that both exogenous and endogenous C9orf72 is
ubiquitinated and the K14 and K388 ubiquitination sites identified by bioinformatics are
not the sole sites of ubiquitination (Figure 3.5). Overall, this chapter demonstrated that
C9orf72 is ubiquitinated and turned over by the proteasome and C9orf72-SMCR8

complex formation stabilises this turnover.

The second chapter sought to identify the ubiquitin ligase involved in UPS degradation
and investigate the involvement of USP8 in C9orf72 turnover. Prior to the project starting,
a Y2H identified the deubiquitinating enzyme USP8 as an interacting partner of C9orf72
which highlighted C9orf72 as a potential substrate of USP8. We found endogenous
C9orf72 and USP8 interacted (Figure 4.2), however, when we tested whether USP8 or
a catalytically inactive USP8 mutant altered C9orf72 levels, we found no difference in
C9orf72 levels upon expression of USP8 or the catalytically inactive mutant (Figure 4.3).
This demonstrated C9orf72 is not a substrate of USP8. Within this chapter, we also
investigated a role for the Kelch-like protein KLHL13 (identified in a mass spectrometry
screen for SMCRS8 interacting proteins) as a substrate specific adaptor for C9orf72 or
SMCRS8. KLHL13 forms a complex with KLHL9 and the E3 ligase Cul3 to regulate the
ubiquitination of proteins. We found knockdown of KLHL13, but not KLHL9 increased the
levels of C9orf72 and SMCRS (Figure 4.6) and altered their turnover (Figure 4.7). Finally,
we found inhibition of Cullin ligases using MLN4924 prevents SMCR8 but not C9orf72

turnover (Figure 4.8).

The final chapter focused on exploring a possible role for SUMOylation the regulation of
the C9orf72-SMCR8 complex. Using bioinformatics, we determined that both C9orf72
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and SMCR8 contain SUMOylation consensus sequences and SIMs (Table 5.1and Table
5.2). Using a C9orf72 SIM mutant we determined there was a decrease in stabilisation
for C9orf72 SIM-SMCR8 compared to C9orf72-SMCRS8, but no difference in binding
(Figure 5.2). However, the half-life of SMCR8 decreased when co-expressed with
C9orf72 SIM compared to when co-expressed with C9orf72 (Figure 5.2). Given several
proteins were identified in which the non-consensus SUMO lysine acceptor site had a
nearby SIM, we mutated the nearby lysine residue in C9orf72 (K90) and determined that
the mutant affected the stabilisation but not the binding of C9orf72-SMCR8 (Figure 5.4).
Finally, we investigated whether C9orf72 and SMCR8 are SUMOylated and determined
both C9orf72 and SMCRS interact with SUMOylated proteins but are not SUMOylated

themselves (Figure 5.6).

6.2. C9orf72 and SMCRS levels are highly co-dependent

The levels of C9orf72 and SMCRS are highly co-dependent. We and others have shown
that the stability of C9orf72 and SMCR8 are highly co-dependent and the level of one
can be regulated by regulating the level of the other (Figure 3.2, Amick et al., 2016; Lan
et al., 2019; Ugolino et al., 2016). The reason for this co-dependency is unknown,
although it appears that formation of the C9orf72-SMCR8 complex is protective against
proteasomal degradation as we determined endogenous C9orf72 is stable over a 24 hr
period, presumably due to SMCR8 complex formation. This is further suggested by the
observation that upon co-expression of the complex, the half-life of both C9orf72 and
SMCRS8 increases (Figure 3.3 and Figure 3.4 ). Cryo-EM structure of the C9orf72-
SMCRS8 complex revealed it is structurally very similar to the FNIP2-FLCN, a GAP of
RAG on lysosomes (Norpel et al., 2021; Su et al., 2020; Tang et al., 2020; Tsun et al.,
2013). Indeed the C9orf72-SMCR8 complex was shown to function as a GAP for Rab8a,
in contrast to the previously identified role as a GEF for this Rab (Sellier et al., 2016;
Tang et al., 2020). Akin to our results showing that C9orf72 and SMCR8 complex
formation stabilise the proteins, complexation of FNIP2 and FLCN has been shown to
mutually stabilise each other (Clausen et al., 2020). What's more, Clausen et. al,
demonstrated that complex formation between FNIP2 and FLCN protects FNIP2 from
proteasomal degradation. Given the structural similarities between the C9orf72-SMCR8
and FNIP2-FLCN complexes, this could suggest that C9orf72 complex formation with
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SMCR8 may be protective against ubiquitination. The rapid turnover of C9orf72 and
SMCR8 when they are not in a complex could therefore arise to prevent the unwanted
accumulation of excess subunits of the C9orf72-SMCR8 complex. The co-translational
folding of proteins serves to protect a protein from non-specific interactions and in doing
so allows assembly of native partners (Natan et al., 2017). Co-translational assembly is
beneficial for protein complexes where a protein is unstable unless bound to a partner
and also protect proteins from non-specific interactions as the exposed interfaces of
unassembled protein complex subunits increase the propensity for aggregation (Duncan
and Mata, 2011; Natan et al., 2017). It is possible that the co-translational folding and/or
assembly of C9orf72 and SMCR8 occurs to stabilise the protein complex and would

potentially be an interesting avenue to explore.

6.3. C9orf72 is a degraded via the ubiquitin proteasome system

The data reported in this thesis points towards C9orf72 being a substrate of the ubiquitin
proteasome system. This is supported by our data showing that a reduction in the Kelch-
like protein KLHL13 increases C9orf72 and SMCR8 levels and slows their turnover
(Figure 4.6 and Figure 4.7). This is in contrast to other reports in literature that state that
C9orf72 levels increase upon inhibition of either the proteasome or autophagy and
suggests C9orf72 undergoes both proteasome-mediated degradation and autophagic
degradation in a cell-dependent manner (Manner et al., 2019; Ugolino et al., 2016). Our
data fails to recapitulate the findings of these reports, with the levels of C9orf72 in
CHX/Bafilomycin treated cells mimicking almost exactly the levels of C9orf72 in CHX
treated cells (Figure 3.3). Supplementary to the main findings in the report, Ugolino et.
al, demonstrate the levels of C9orf72 increase upon proteasome inhibition and to a lesser
extent upon autophagy inhibition. However, the authors do not confirm whether
autophagy is inhibited through the use of classic autophagy markers e.g. p62/LC3 and it
appears no repetition of the results have been performed so it is possible the increase in
C9orf72 is an artefact. We tested the turnover of C9orf72 only in non-neuronal cells and
so have not determined whether the turnover pathway is the same in a neuronal cell line.
As COALS/FTD is a neurodegenerative disease, confirming the turnover pathway in a
neuronal cell line would impart greater confidence in the potential of KLHL13 as a
therapeutic target.
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Inhibition of Cul3 prevented the turnover of SMCRS8, but not C9orf72 (Figure 4.8).
However, there was still a significant decrease in SMCRS8 levels between CHX and
CHX/MLN4924 treated cells. This could be due to the relatively short treatment time (4.5
hrs) of the Cul3 inhibitor or could possibly suggest that other ligases are still able to
ubiquitinate SMCRS8. As there was no difference in C9orf72 levels between CHX and
CHX/MLN4924 treated cells, this also suggests that C9orf72 is still able to be
ubiquitinated. The identification of multiple other E3 ligases that interact with both
C9orf72 and SMCR8 suggests that other ligases may be able to ubiquitinate C9orf72
(Goodier et al., 2020; Zhang et al., 2018b). Multiple E3 ligases have been shown to
ubiquitinate p53 (Wang et al., 2011). If multiple E3 ligases are responsible for C9orf72
or SMCR8 ubiquitination, targeting the primary ubiquitination ligase would potentially be
the best course of action in therapeutic terms. This is because there are many targets
for substrate adaptors/E3 ligases and so a multiple hit therapeutic strategy may increase
the number of off-target effects compared to targeting a single substrate adaptor/E3

ligase.

We determined that C9orf72 is ubiquitinated although the K14 and K388 residues are
not the sole site for ubiquitination. As ubiquitinated proteins are substrates for both
autophagy and the UPS, the identification of ubiquitinated C9orf72 alone does not
confirm the degradation pathway for C9orf72. Unfortunately, due to time limitations, we
could not test the ubiquitination status of the other lysine mutants predicted by
bioinformatics. As described in Chapter 1.7.2 there are multiple modes of ubiquitination:
mono-, multi-mono-, and polyubiquitination. Multi-monoubiquitination has been shown to
also produce a proteasomal degron (Kwon and Ciechanover, 2017) and therefore it is
possible that C9orf72 requires multi-monoubiquitination to be degraded. The
identification of C9orf72 ubiquitination sites by mass spectrometry could determine
whether C9orf72 is ubiquitinated at multiple residues and may provide insight into
potential DUB candidates as some DUBs deubiquitinate at specific lysine linkages
(Leznicki and Kulathu, 2017).

In any case, as C9ALS/FTD patients have reduced C9orf72 levels, therapies to increase
C9orf72 levels may be of benefit. As C9orf72 and SMCR8 levels are highly co-
dependent, two beneficial strategies may exist — directly targeting C9orf72 turnover to
increase its levels or indirectly stabilising C9orf72 levels by stabilising SMCR8 levels.

The former strategy is reliant upon the identification of the specific DUB or E3 ligase for
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C9orf72 and exploration of the merits of either strategy is discussed further below. The
effectiveness of any proposed treatments should be tested on their ability to stabilise
C9orf72 levels. Moreover, the haploinsufficient nature of C9ALS/FTD should be

mimicked to determine the validity of any treatments.

6.4. Targeting proteasomal turnover as a therapeutic strategy for
CO9ALS/FTD

6.4.1. Targeting the E3 ligase

KLHL proteins are substrate adaptors and as such do not function as ubiquitinating E3-
ligase enzymes on their own, but instead when in complex with Cul3. Therefore, there is
potential to target Cul3 or the Kelch-like ligase in a therapeutic strategy. Indeed, targeting
Cul3 has been explored as an attractive therapeutic target in cancer therapy (Li et al.,
2021; Xiang et al., 2021). The most common strategy involves targeting NEDDylation of
Cul3. As discussed previously, NEDDylation is a three-step process that results in the
addition of NEDD8 onto a lysine residue in the substrate protein (Ohh et al., 2002; Wu et
al., 2005). Members of the Cullin family are known substrates of NEDDylation which
activates Cullin, stimulating ubiquitination and subsequent degradation of proteins.
Consequently, targeting NEDDylation has been explored as an anticancer therapy. The
initiation of the NEDDylation processes is performed by NAE and as such inhibitors of
NAE represent therapeutic targets. Moreover, the mechanism of action for NAE inhibitors
have several points to potentially target. Firstly, as the activating step is ATP-dependent,
the use of ATP-competitive inhibitors is possible. Doing so would prevent ATP from
binding to the adenylation site of NAE and is the mechanism of action for several FDA-
approved small molecule kinase inhibitors, including Crizotinib, an anaplastic lymphoma
kinase inhibitor for the treatment of lung cancer (Costa et al., 2015; Wu et al., 2015). In
addition, preventing the El-activating-E2 conjugating enzyme interaction and thus
preventing the transfer of NEDDS is another possible strategy. PYR-41 is an inhibitor
that works by targeting the active site cysteine in the E1-conjugating enzyme (Yang et
al., 2007). Subsequently, the E1-NEDDS thioester is unable to form and Cullin activation
is prevented. The formation of a NEDD8-AMP mimetic that prevents the subsequent

steps of NEDDylation represents the final strategy for NAE inhibitors. An example of this
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is the compound MLN4924 (Brownell et al., 2010; Soucy et al., 2009). Interestingly,
MLN4924 has been shown to induce autophagy in several human cancer cell lines (Lv
et al., 2018; Zhao et al., 2012b). Zhao et. al, demonstrated that treatment with MLN4924
over a 24 hr period resulted in an inhibition of both mTOR activity and mTOR
autophosphorylation, and the effect was more pronounced with greater concentrations
of MLN4924 (Zhao et al., 2012b). Furthermore, they demonstrated mTOR inactivity was
as a result of the accumulation of an mTOR inhibitor DEPTOR. This finding is supported
by Lv et.al, who demonstrated that phosphorylated mTOR and phosphorylated AKT
levels decreased over time following MLN4924 treatment (Lv et al., 2018). Moreover, the
Cul3-KLHL38 complex ubiquitinates BECN1 (a component of the PI3K complex that
regulates the formation of autophagosomes in autophagy) and consequently inhibits
autophagy (Li et al.,, 2021). MLN4924 treatment would inactivate Cul3-KLHL38,
subsequently inducing autophagy. Inducing autophagy seems like an attractive
proposition given the autophagy defects present in COALS/FTD patients and the
synergistic effect of haploinsufficiency and DPR toxicity. Indeed, the survival of C9orf72
patient-derived iMNs is increased by treatment with the Src/c-Abl inhibitor bosutinib
which increases autophagy and neuronal death as a result of DPR toxicity is prevented
by autophagy activation (Boivin et al., 2020; Imamura et al., 2017). However, although
inducing autophagy could potentially increase motor neuron survival in patients by
relieving some of the toxicity induced by DPRs, simply inducing autophagy does not
address the issues arising from reduced C9orf72 protein levels such as vesicle trafficking
defects. Moreover, as MLN4924 prevents global NEDDylation, all Cullin ligases are
affected, leading to the accumulation of their substrates and cytotoxic effects (Sun et al.,
2020b; Yu et al., 2020). Therefore, MLN4924 and targeting NEDDylation in general may
not represent the most effective strategy for increasing C9orf72 levels. Moreover, Cul3
provides the backbone for all Kelch-like protein binding, so targeting Cul3 is likely to have

negative downstream effects.

Instead, targeting the specific Kelch-like protein may represent a more direct strategy.
Our data identified for the first time KLHL13 can influence C9orf72 and SMCRS levels.
The identified cellular roles of KLHL13 are limited; it has recently been identified as a
driver of tumorigenesis in lung cancer (Xiang et al., 2021). The authors showed altering
KLHL13 levels alters cell proliferation in a Cul3-dependent manner, where a reduction in

KLHL13 inhibits cell proliferation. Additionally, KLHL13 has been shown to function in a
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complex with KLHL9 and Cul3 to mediate the degradation of Insulin Receptor Substrate
1, whereby knockdown of Cul3 or KLHL13 significantly increased the levels of Insulin
Receptor Substrate 1 (Frendo-Cumbo et al., 2019). Finally, the Cul3-KLHL9-KLHL13
complex has been shown to ubiquitinate Aurora B, a component of the chromosomal
passenger complex, in a Cul3 complex-dependent manner both in vivo and in vitro
(Sumara et al., 2007). The ubiquitinating ability of the KLHL13-containing complex
highlights the therapeutic potential of targeting KLHL13 and the pivotal role Kelch-like
ligases play in determining substrate specificity. The N-terminus of Cul3 interacts with
the 3-box (a conserved domain located between the BTB and BACK domains) of Kelch-
like proteins (Canning et al., 2013; Zhuang et al., 2009). Furthermore, the Kelch domain
which is C-terminally located is required for substrate recognition (Canning et al., 2013).
In terms of therapy, targeting the Kelch-like-substrate interaction may offer a better
strategy. This is due to the 3-box motif forming a hydrophobic groove rendering it difficult
to access by small molecules, whereas the open pocket formed by the Kelch domain
provides adequate space for substrate binding and possible small molecule inhibition
(Canning et al., 2013). As our data did not discern whether the effects of knockdown of
KLHL13 on C9orf72 levels is as a direct result of loss of KLHL13 or as a consequence
of loss of KLHL13 increasing SMCR8 levels, we would first need to establish this before
validating targeting Kelch-like as a reliable therapeutic strategy. Nevertheless,
knockdown of KLHL13 represents a potential therapeutic strategy for increasing or

stabilising C9orf72 levels.

6.4.2. Targeting the deubiquitinating enzyme

The regulation of C9orf72 levels by the deubiquitinating enzyme USP8 was investigated.
For both exogenous and endogenous C9orf72, expression of USP8 and the catalytically
inactive mutant increased C9orf72 levels demonstrating in this capacity USP8 does not
function as a DUB. Therefore, the findings in this thesis demonstrate that targeting USP8
would not represent a viable option and the C9orf72 specific DUB remains to be
determined. In any case, targeting DUBs may not signify the best course of action. The
therapeutic potential of DUBs have been extensively reviewed, particularly in relation to
cancer therapies (D ’arcy et al., 2014; Farshi et al., 2015; Harrigan et al., 2018; He et al.,
2016; Poondla et al., 2019; Schauer et al., 2020). However, focus is primarily on inhibitors

155



Discussion

of DUBs and small molecules to target the active site of DUBs. Activation of possible
DUBs will be necessary to impart a potential therapeutic effect on C9orf72. This would
involve finding a protein or designing a molecule that can either increase the catalytic
turnover of the DUB or increase its substrate affinity. The ease of finding a specific
inhibitor over a specific activator showcases targeting Kelch-like proteins is potentially

more realistic.

6.4.3. Targeting SMCRS8 turnover as a therapeutic strategy for C9ALS/FTD

COALS/FTD patients have reduced C9orf72 mRNA levels so given the interaction of
C9orf72 and SMCR8 is necessary for the stability of SMCRS, it is logical to assume
SMCRS levels are reduced. Indeed, SMCRS levels were found to be downregulated in
CO9ALS/FTD mouse models (with no change in mRNA levels) and patient tissue (Liang
et al., 2019). This poses the question whether targeting SMCR8 turnover may be a viable
strategy for COALS/FTD treatments to stabilise SMCR8 and consequently C9orf72

levels.

As mentioned above, FNIP2-FLCN complex formation prevents FNIP2 from proteasomal
degradation, which suggests that SMCR8 stabilisation and subsequently C9orf72
stabilisation may represent a viable therapeutic strategy given the structural similarities
of FNIP2-FLCN and C9orf72-SMCR8. We showed that MLN4924 treatment can partially
prevent the turnover of SMCRS8 (Figure 4.8). To determine whether targeting the turnover
of SMCR8 in this manner would potentially be beneficial to CO9ALS/FTD patients, SiRNA-
mediated knockdown of C9orf72 in cells that overexpress SMCRS8 followed by
CHX/MLN4924 treatment would demonstrate whether preventing SMR8 turnover is able

to stabilise C9orf72 levels.

6.4.4. Antisense oligonucleotides as an alternative therapeutic strategy

An alternative therapeutic approach is the use of antisense oligonucleotides (ASOSs)
drugs to specifically knock down the C9orf72 hexanucleotide expansion. Indeed,
intraventricular bolus injection of repeat RNA-targeting ASOs into mice containing the

repeat expansion resulted in a reduction in repeat-containing C9orf72 RNA in the cortex

156



Discussion

and spinal cord of the mice (Jiang et al., 2016). Importantly, there was no difference in
the protein encoding exon 1B-containing C9orf72 RNA level which demonstrates the
potential for specifically reducing the expansion but not the protein encoding RNA.
Moreover, the accompanying reduction in RNA foci and DPR aggregates lead to an
improvement in behaviour and cognitive abilities of these mice.Further evidence of the
potential benefit of oligonucleotides in the treatment of ALS/FTD comes from a study that
showed in mice stereopure oligonucleotides selectively reduced repeat-containing
transcript levels, RNA foci and DPR proteins without disrupting protein expression (Liu
etal., 2021). Furthermore, in the same study Liu et, al demonstrated the oligonucleotides
protect repeat-containing motor neurons from glutamate-induced toxicity. An
IONIS/Biogen collaborative phase | clinical trial for ASOs in adults with C9orf72 ALS has
taken place (NCT number NCT03626012) to assess the safety and pharmacokinetics of
the drug BIIBO78. Given the drug is delivered by repeat injection into the CSF of patients,
one potential drawback of these ASOs could arise if the drug is limited to the spinal cord
as global therapeutic delivery to the CNS or other tissues may be required given the role
of non-neuronal cells in ALS/FTD. To overcome this, the use of adeno-associated viral

vectors may be beneficial to target neuronal and non-neuronal cells (Martier et al., 2019).

6.5. The C9orf72-USP8 interaction

We determined that C9orf72 and USP8 interact via co-immunoprecipitation although
C9orf72 is not a substrate for USP8 (Figure 4.2 and Figure 4.3). This suggests that the
interaction between C9orf72 and USP8 has a different functional consequence and so
exploring this interaction may offer an insight into additional roles of C9orf72. USP8 has
been shown to regulate endosomal trafficking and sorting and mitochondrial quality
control (Berlin et al., 2010; Durcan et al., 2014; Macdonald et al., 2014; Zhou et al.,
2013a). Knockdown of USP8 results in the redistribution of cation-independent
mannose-6 phosphate receptor (ci-M6PR) (Macdonald et al., 2014). During lysosome
biogenesis, lysosomal proteins are trafficked in mannose-6 phosphate receptor (M6PR)
positive vesicles from the trans-Golgi network to early and late endosomes for eventual
incorporation into lysosomes. Once the cargo is released, M6PR is recycled back to the
trans-Golgi network. Expression of full length USP8, but not a catalytically inactive or
truncated version lacking the MIT domain, rescues the distribution of ci-M6PR. This
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suggests that both catalytic function and endosomal localisation (provided by the MIT
domain) of USP8 is necessary for the transport of ci-M6PR.

The recycling of M6PR from the endosome to the trans-Golgi network has multiple
routes. Rab7L1 has been shown to regulate the retrograde trafficking of M6PRs to the
trans-Golgi network (Wang et al., 2014). Dysfunction of the trans-Golgi network has been
shown to inhibit autophagy and lysosomal degradation pathways (Eskelinen and Saftig,
2009). C90rf72 has been shown to interact with Rab7L1(Aoki et al., 2017). Interestingly,
abnormal M6PR localisation was observed in COALS/FTD patient-derived fibroblasts. In
COALS/FTD fibroblasts M6PR was diffusely localised in the cytoplasm compared to
around the nucleus in controls. Expression of C9orf72 reversed the defective vesicle
trafficking and dysfunctional trans-Golgi network phenotype. Since M6PR mediates
trafficking of lysosomal proteins from the Golgi to the lysosome during lysosome
biogenesis, dysfunction of the Rab7L1/M6PR pathway may also explain the lysosomal
phenotypes observed in C9FTD/ALS. Collectively, this suggests perhaps C9orf72 and

USP8 regulate trans-Golgi/endosome trafficking of lysosomes.

Additionally, transport of B subunit of Shiga toxin (STxB) from the plasma membrane to
the Golgi was significantly reduced in C9orf72 depleted cells, suggesting endocytosis
was inhibited (Farg et al., 2014). Therefore, C9orf72 has been proposed to regulate this
endocytic pathway. Levels of the ESCRT-0 (endosomal sorting complexes required for
transport) components Hrs (hepatocyte growth factor receptor tyrosine kinase substrate)
and STAM (signal transducing adapter molecule) are regulated by USP8 (Ali et al., 2013;
Row et al., 2006). Knockdown of USP8 significantly reduced both Hrs and STAM levels.
Given Hrs is necessary for retromer-dependent STxB transport, it is possible loss of
USP8 affects this pathway, although both retromer-dependent and independent
pathways have been shown to result in similar Golgi dysfunction phenotypes (Macdonald
et al., 2014). Nonetheless, it would be interesting to explore whether loss of C9orf72 and

USP8 act together to affect endosomal trafficking.

6.6. A role for SUMOQylation in C9orf72-SMCR8 complex stability?

Bioinformatic analysis in Chapter 5 identified SIMs and SUMOylation consensus sites in
both C9orf72 and SMCR8. We determined that the SIM motif and K90 residue in C9orf72
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reduced the stability but not the binding of the C90rf72-SMCR8 complex (Figure 5.2 and
Figure 5.4). Separate SUMOQOylation immunoprecipitation assays for C9orf72 and SMCR8
identified both C9orf72 and SMCR8 interact with unidentified SUMOylated proteins but
the results suggested they are not SUMOylated themselves (Figure 5.6). The K428 lysine
residue of SMCR8 was identified in a mass spectrometry screen for endogenous
SUMOZ2/3 sites (Hendriks et al., 2018). This contrasts with our results which failed to
identify SUMOylated SMCRS8. As discussed previously, this could be due to the amount
of SUMOylated C9orf72 or SMCRS8 being below the detection limit of western blotting.
Utilising an in vitro binding assay should overcome this potential issue as it allows
investigation of SUMOylation of solely C9orf72 or SMCR8. However, the potential
drawback is if C9orf72 or SMCR8 require PTMs prior to SUMOylation, an in vitro
approach will be unable to determine this. The K428 SUMO site in SMCR8 is located in
its cDENN domain. Recent cryo-EM has revealed that the C9orf72-SMCRS8 interaction is
mediated by interactions of their respective cDENN domains (Su et al., 2020; Tang et
al., 2020). A cryo-EM map identified the interacting residues that contribute to the uDENN
— UDENN and cDENN — cDENN interaction in C9orf72-SMCR8 and neither the C9orf72
SIM, C9orf72 K90 or SMCR8 K428 residues were identified (Norpel et al., 2021)
suggesting that these residue are not critical for the interaction. This is in line with our
results that demonstrate that the C9orf72 SIM and K90 residue did not affect the binding
of C9orf72 and SMCR8. Our results did suggest that the C9orf72 SIM and K90 residue
affects the stability of the C9orf72-SMCR8 complex although why the SIM and K90
residue decreases stability of the complex has yet to be determined. Speculatively, the
binding of SUMOylated C9orf72 and SUMOylated SMCR8 may make the complex more
stable but SUMOylation of the proteins may not be a necessity for binding. If this was the
case, the C9orf72 SIM could mediate its own SUMOylation by enhancing the interaction
between C9orf72 and Ubc9-SUMO. The SUMO site identified in SMCR8 conforms to
SUMOylation consensus motif and so presumably occurs in this fashion. This hypothesis
may help explain the reduced stability of the C9orf72 SIM and K90 residue. It would be
interesting to see whether the stability of SMCR8 K428R-C9orf72 complex differs from
the stability of C9orf72-SMCRS8 (as we see with C9orf72 SIM and K90R) as this would
give an indication as to whether SUMOylation of SMCRS8 stabilises the C9orf72-SMCR8
complex. Indeed, the transcriptional regulator protein GTF2IRD1 is SUMOylated and this
PTM modulated its interaction with its binding partners, ZMYM5 and the E3 ligase
PIASxB (Widagdo et al., 2012). ZMYMS5 binds to GTF2IRD1 near its SUMO site. What's
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more, SUMOylation positively modulates GTF2IRD1 ubiquitination; addition of SUMO
increases GFT2IRD1 ubiquitination but not the ubiquitination status of its non-SUMO
conjugatable mutant. In addition, ZMYMS5 preferentially binds to SUMOylated
GTF2IRD1.

The identified K428 SUMO site in SMCR8 was only identified under proteasomal
inhibition but not heat stress or control conditions (Hendriks et al., 2018). This suggests
that SUMOylated SMCRS8 is possibly degraded via the proteasome and hints at a
possible cross talk between the SUMO and ubiquitin pathways. The SUMOylation of
proteins has been shown to act as a signal for proteasomal degradation. RING finger
protein 4 (RNF4) is the mammalian orthologue of Rfp1/Rfp2 (Ring finger protein) in yeast.
The RING-like domain in Rfpl and Rfp 2 binds SIx5/SIx8, a RING finger ubiquitin ligase
to form a heterodimeric STUbL (SUMO-targeted ubiquitin ligase). Moreover, Rfp contain
SIMs that are necessary for SUMO binding. In contrast, RNF4 contains both the SIM
and ubiquitin ligase activity necessary for STUbLs (Prudden et al., 2007; Sun et al.,
2007). STUbLs mediate the ubiquitination of either SUMO chains of target proteins or
the target protein itself (Lallemand-Breitenbach et al., 2008; Prudden et al., 2007; Tatham
et al., 2008). RNF4 is recruited to SUMOylated proteins and interacts with SUMO via its
N-terminal SIM (Prudden et al., 2007; Sun et al., 2007; Xie et al., 2007). Moreover, RNF4
has been shown to ubiquitinate PML (promyelocytic leukaemia), resulting in its arsenic-
induced proteasomal degradation (Lallemand-Breitenbach et al., 2008; Tatham et al.,
2008). In the absence of RNF4, PML accumulates in the nucleus and arsenic fails to
induce the degradation of PML or SUMOylated PML. This highlights the ability of
SUMOylated proteins to acts as signals for ubiquitin proteasome degradation. Taken
together, it would be interesting to explore whether SUMOylation of SMCRS is required
for its interaction with C9orf72 or degradation as this may represent a possible avenue
to explore for treatment. The interaction of C9orf72 with RNF4 or SMCR8 with RNF4
could be explored via co-immunoprecipitation assays. Intriguingly, when the C9orf72 and
SMCR8 protein interactome was investigated by mass spectrometry, SUMO3 was
identified in the C9orf72, but not SMCRS8 interactome (Goodier et al., 2020) which raises
the question of whether C9orf72 is SUMOylated.

6.7. Future directions
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Further experimentation will be required to determine the functional consequences of
possible C9orf72 or SMCR8 SUMOylation. SUMOylation of proteins is known to regulate
many process such as trafficking, protein partner interactions and stability (Chang and
Yeh, 2020; Widagdo et al., 2012). Mutation of the C9orf72 SIM and K90 residue
appeared to affect the stabilisation of the C9orf72-SMCR8 complex, which suggests that
SUMOylation may influence complex stability. Using co-expression assays, the effect of
C9orf72 SUMO mutants identified by bioinformatics (K14, K48 and K273) on the
stabilisation of the complex can occur by expressing the different C9orf72 SUMO
mutants with SMCRS8. Similar experiments can be performed with the SMCR8 SUMO
mutants which will give an indication as to whether SUMOylation of C9orf72, SMCR8 or
neither protein influences complex stability. Proteasomal inhibition, but not heat stress
or control conditions identified the K428 SMCR8 SUMO site by mass spectrometry.
Therefore, determining whether SUMOylation of SMCRS8 on the K428 is a prerequisite
for SMCR8 degradation can be established with cycloheximide chase assays utilised in

this thesis.

Within our experiments, we determined C9orf72 is not a substrate of USP8 and
hypothesise the functional consequences of the interaction may relate to C9orf72
regulating USP8 trafficking. Despite the fact finding an inhibitor of E3 ligases may be
clinically more realistic than finding an activator of DUBSs, identifying the DUB for either
C9orf72 or SMCRS still represents a viable course of action. Multiple DUBs have been
identified in the C9orf72 and SMCRS8 protein interactome via mass spectrometry
(Goodier et al., 2020; Zhang et al., 2018b) and so in the first instance, the effect of
knockdown of the frequently identified DUBs on C9orf72 or SMCRS8 levels should be
determined. If a specific DUB for C9orf72 or SMCR8 is not identified from this, a high-
throughput screen for possible DUBs for C9orf72 can be carried out using a single-guide
RNA screening system (Doench et al., 2016; Sanson et al., 2018).

The work in this thesis investigated the degradation pathway for C9orf72 and SMCR8
and determined that C9orf72 is degraded via the ubiquitin proteasome system.
Furthermore, KLHL13 was implicated as the potential Kelch-like protein involved in E3
ubiquitination. However, future work will endeavour to determine whether knockdown of
KLHL13 increases C9orf72 levels as a direct result of reducing C9orf72 ubiquitination or
as an indirect result of increasing SMCR8 levels. This could be achieved by knockdown
of both KLHL13 and SMCR8 and determining whether C9orf72 levels are increased.
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Knockdown of SMCRS8 in known to result in a reduction of C9orf72, possibly as a result
of decreased complex stability and subsequent proteasomal degradation. Therefore, an
increase in C9orf72 levels would impart confidence that KLHL13 acts directly on C9orf72
and would establish KLHL13 as a bona fide target for treatment. Similarly, knockdown of
KLHL13 on a C9orf72 deficient background using C9orf72X° cells would determine
whether KLHL13 acts directly on SMCRS to increase its levels. Within this thesis, we
determined that MLN4924 is able to prevent the turnover of SMCRS8. Future work to

determine whether this is able to lead to a stabilisation of C9orf72 should be investigated.

As KLHL13 forms a complex with Cul3, determining whether knockdown of Cul3 is also
able to increase C9orf72 and SMCRS8 levels would provide evidence that the Cul3-
KLHL13 complex is able to ubiquitinate C9orf72. However, the translational potential of
the finding that knockdown of KLHL13 can increase C9orf72 and SMCRS levels will need
to be assessed. Our current findings were observed in non-neuronal HeLa cells, which
do not recapitulate the C9ALS/FTD phenotype. Therefore, although we hypothesise that
reducing KLHL13 levels may be beneficial for patients, these findings will need to be
confirmed through the use of patient-derived iPSC cell lines. Reducing C9orf72
expression using siRNA recapitulates the p62 pathology seen in COALS/FTD patients.
Furthermore, reduced autophagy is seen in patient-derived iPSCs and reduced C9orf72
levels exacerbate DPR pathology. Therefore, determining whether increasing C9orf72 or
SMCRS levels through reducing KLHL13 (and possibly Cul3) expression can resolve or
reduce the COALS/FTD associated pathologies would provide further evidence of the
therapeutic potential of targeting KLHL13. This could be done in multiple COALS/FTD
models - (A) HeLa or HEK293 cells that express DPRs but in which C9orf72 expression
is reduced using siRNA, (B) CO9ALS/FTD patient-derived iPSCs and (C) cortical neurons
transduced with C9orf72-targeting microRNA that express DPRs. Following this, a high
throughput drug screen could be utilised to identify any potential inhibitors of KLHL13 as
novel drug targets for the treatment of COALS/FTD.
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