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Abstract

Background: ALS is a neurodegenerative disorder characterised by the death of motor
neurons (MNs) in the brain stem and spinal cord. The most common genetic mutation
associated with the development of ALS is a hexanucleotide repeat expansion (HRE) in the
C9orf72 gene. Previous data from our laboratory has revealed that induced astrocytes
(IAstrocytes) from C9orf72 ALS patients exhibit a significant downregulation in the purine
metabolism enzyme adenosine deaminase (ADA), that deaminates adenosine to form
inosine, leading to increased sensitivity to adenosine-mediated toxicity. Inosine
supplementation to bypass the defect was beneficial bioenergetically in iAstrocytes and
decreased iAstrocyte-mediated MN toxicity in co-cultures. Our data raised questions as to
what other effects the C9orf72 HRE has on purine metabolism, why and how ADA is
downregulated, and led us to hypothesise that restoring ADA levels would be beneficial for
C9orf72 iAstrocytes.

Results: ADA activity and inosine levels were reduced in C9orf72 iAstrocytes. We also
observed a downregulation of the purine enzymes ecto-5-nucleotidase (CD73) and
hypoxanthine-guanine phosphoribosyltransferase (HGPRT). ADA and CD73 downregulation
were both recapitulated in C9orf72 HRE gain-of-function models. ADA gene therapy increased
ADA activity and inosine output and restored ADA expression. p62 and NQO-1 were
unaffected by ADA gene therapy. ADA gene therapy also did not alter CD73 or HGPRT levels

and had no effect on adenosine-mediated toxicity or increase ATP levels.

Conclusions: These data demonstrate that the C9orf72 HRE induces several aberrations in
purine metabolism, which may in part be caused by gain-of-function mechanisms. HGPRT
upregulation may be induced via a separate mechanism currently under investigation. ADA
gene therapy can restore ADA expression and function, but further study is required to more

robustly characterise the effect of ADA gene therapy on ALS iAstrocytes.
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1. Introduction

1.1 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterised by the
death of upper motor neurons (MNs) in the motor cortex and lower MNs in the brain stem and
spinal cord (R. H. Brown & Al-Chalabi, 2017). Typically, onset occurs between the ages of 55
and 75, causing muscle weakening and wastage, eventual paralysis, and death within 5 years,
generally caused by respiratory failure. Estimates of prevalence vary depending on region (C.
A. Brown et al., 2021), but a recent study indicated that the global prevalence of ALS is 4.42
per 100,000 (L. Xu et al., 2020), whilst the cumulative lifetime risk is 1 in 436 for women and
1 in 347 for men in a European population (Ryan et al., 2019). The prevalence of ALS
increased by 22% from 2005 to 2015 (Vos et al., 2017), and conservative estimates predict
that the global incidence of ALS could have risen almost 70% by 2040, due to the increasing
number of individuals in sub-populations most at risk of acquiring ALS in developing nations
(Arthur et al., 2016). There are no cures for ALS and currently only two commercially available
products exist for its treatment; riluzole, a glutamate antagonist that extends life expectancy
by, on average, 3 months (Bensimon et al., 1994) and edaravone, an antioxidant that reduces
the decline in ALSFRS-R score in a subset of patients (K. Abe et al., 2017). The rising
prevalence of ALS, and its increasing burden on healthcare services has brought about a need

to find efficacious therapies.

The difficulties in developing viable ALS therapies arise, at least partially, from the
complexities in disease aetiology, with the only common hallmark being cytosolic TAR DNA
binding protein (TDP-43) aggregation, that is present in 95% of cases (Neumann et al., 2006).
Two classifications of ALS exist, familial ALS (fALS), which accounts for approximately 10%
of cases and sporadic ALS (SALS), which accounts for the remaining 90%. fALS is defined by
having at least one first- (or sometimes second-) degree family member previously diagnosed
with ALS (Mulder et al., 1986). Over 50 genes have been linked with the development of ALS
(Mejzini et al., 2019), with common genes including superoxide dismutase 1 (SOD1) (Rosen
et al., 1993), fused in sarcoma (FUS) (Vance et al., 2009) and TAR DNA binding protein
(TARDBP43) (Sreedharan et al., 2008). However, the most common genetic mutation
associated with ALS is a G4C, hexanucleotide repeat expansion (HRE) in the first intron of the
chromosome 9, open reading frame 72 (C9orf72) gene, that codes for the C9orf72 protein and
accounts for 33.7% of fALS and 5.1% of SALS cases in European populations (Majounie et
al., 2012; Mejzini et al., 2019), though it is far rarer in Asian populations (2.3% fALS, 0.3%
SALS) (Mejzini et al., 2019; Zou et al., 2017). Mechanistically, the C9orf72 HRE may contribute

to MN degeneration via both a toxic gain-of-function and loss-of-function (Zhu et al., 2020).



1.2 C9orf72 mechanisms of toxicity

Reduction in the brain and cervical spinal cord expression of the C9orf72 protein has been
observed in ALS patients (DeJesus-Hernandez et al., 2011; Gijselinck et al., 2012) and in
induced pluripotent stem cell (iPSC) disease models (Donnelly et al., 2013; Y. Shi et al., 2018).
This may contribute to a loss-of-function of the C9orf72 protein, that forms a complex with
Smith-Magenis chromosome region 8 and tryptophan-aspartic acid repeat-containing protein
(Amick et al., 2016; Sellier et al., 2016; Sullivan et al., 2016), coordinating Rabla-dependent
trafficking of ULK1 to the phagophore to initiate autophagy (Webster et al., 2016). C9orf72
has also been implicated in energetic output, as it was shown to translocate from the cytosol
to the inner mitochondrial membrane to stabilise and prevent degradation of TIMMDC1, which
is required for the assembly of complex | (T. Wang et al., 2021). Additionally, C9orf72 function
has been linked to several cellular processes including vesicle trafficking, lysosome
homeostasis, and mMTORC1 signalling (Pang & Hu, 2021). Pathogenically, haploinsufficiency
of C9orf72 in vitro has been shown to induce impairments in vesicle trafficking, complex |
function and autophagy, along with reduced lysosomal expression, leading to the
accumulation of TDP-43, p62 and glutamate receptor aggregates, inducing
neurodegeneration via excitotoxicity (Sellier et al., 2016; Y. Shi et al., 2018; T. Wang et al.,
2021). C9orf72 haploinsufficiency has also been shown to exacerbate motor dysfunction in a
gain-of-function C9orf72 mouse model (Shao et al., 2019), whilst C9orf72 ablation alone
induces motor deficit and neurodegeneration in C. elegans and zebrafish (Ciura et al., 2013;
Therrien et al., 2013).

C9orf72’s toxic gain-of-function arises from the bidirectional transcription and translation of
the HRE, leading to the generation of sense and antisense RNA foci and dipeptide repeat
(DPR) proteins, that have been shown to accumulate in the brains of patients (DeJesus-
Hernandez et al., 2017; Gendron et al., 2013; Zu et al., 2013).

1.2.2.1 RNA foci

RNA foci arise from transcription of the C9orf72 HRE and have been reported in many cell
models since the initial discoveries implicating the C9orf72 HRE in the pathogenesis of ALS
(DeJesus-Hernandez et al., 2011). They are present throughout the central nervous system
(CNS), though are less prevalent in glia (Mizielinska et al. 2013). RNA foci can be found in the

nucleoplasm, lining the nuclear membrane or nucleolus, and less frequently in the cytoplasm

2



(Cooper-Knock et al., 2014; Donnelly et al., 2013; Mizielinska et al., 2013, 2017; Vatsavayai
etal., 2016, 2018). RNA foci are thought to induce toxicity by impairing RNA binding, disrupting
RNA splicing, transport and translation, and may also be linked to the mislocalisation of TDP-
43 outside of the nucleus (Aladesuyi Arogundade et al., 2019; Cooper-Knock et al., 2015; Y.
B. Lee et al., 2013; K. Mori et al., 2013; Reddy et al., 2013; Z. Xu et al., 2013). However, the
exact pathological mechanisms of RNA foci are unknown (Vatsavayai et al., 2018). In other
diseases in which RNA foci are a pathological feature, such as myotonic dystrophy, there is
strong evidence that foci sequester RNA-binding proteins, preventing binding and inducing
splicing irregularities (Fardaei et al., 2001; Jiang et al., 2004; Mankodi et al., 2001; Miller et
al., 2000). This is likely the case for C9orf72 RNA foci as they have been shown to co-localise
and sequester multiple RNA binding proteins (Cooper-Knock et al., 2014, 2015; Y. B. Lee et
al., 2013; Sareen et al., 2013). In vitro, RNA foci can form secondary structures, such as
hairpins and quadruplexes, that have been hypothesised to enhance sequestration and
subsequent loss-of-function in RNA-binding proteins (Conlon et al., 2016; Fratta et al., 2012;
Kovanda et al., 2015; Reddy et al., 2013; Vatsavayai et al., 2018; Zamiri et al., 2015).
However, co-localisation is a relatively low-frequency event, and often does not induce
abnormal protein distribution; the presence of repeat-containing secondary structures is as yet
undocumented clinically, undermining protein sequestration as the mechanism underlying
RNA-mediated toxicity (Vatsavayai et al., 2018). Furthermore, conflicting studies have
observed positive and negative correlations with the frequency of RNA foci and age-of-onset
(DeJesus-Hernandez et al., 2017; Mizielinska et al., 2013), and a recent study found no
correlation between RNA foci aggregation and cognitive decline (Mehta et al., 2020)
suggesting a weak relationship between RNA foci and the clinical pathology of C9orf72 ALS.

1.2.2.2 Dipeptide repeat proteins

Translation of the HRE via repeat-associated non-AUG translation, facilitated by translocation
of the HRE from the nucleus to the cytoplasm by the nuclear exporter, SRSF1 (Cooper-Knock
et al., 2014; Hautbergue et al., 2017), gives rise to five sense and antisense DPRs: Glycine-
Arginine (poly-GR), Glycine-Alanine (poly-GA) Proline-Arginine (poly-PR), Proline-Alanine
(poly-PA) and Glycine-Proline (poly-GP). These DPRs have been observed in p62 positive,
TDP-43 negative inclusions in the brains and, to a lesser extent, spinal cords of those with
C9orf72 ALS (Al-Sarraj et al., 2011; Cooper-Knock et al., 2012; Gomez-Deza et al., 2015;
Hsiung et al., 2012; Mahoney et al., 2012; Schipper et al., 2016; Troakes et al., 2012) and
have been shown to predate even TDP-43 aberrations in C9orf72 ALS pathology (Baborie et
al., 2015; Vatsavayai et al., 2016). Each of these DPRs has a relatively unique profile.

Poly-PA and poly-GP are uncharged, have a flexible coil structure and they do not form

aggregates and therefore interact with fewer proteins (Freibaum & Taylor, 2017; K. H. Lee et
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al., 2016). This points towards these non-arginine containing DPRs as being less toxic, which
is consistent with findings from Drosophila models (Freibaum et al., 2015; K. H. Lee et al.,
2016; Mizielinska et al., 2014; Wen et al., 2014), though poly-GP was shown to be toxic in the
presence of a proteasome inhibitor (Yamakawa et al., 2015) and may be useful as a biomarker
distinguishing C9orf72 ALS from other neurodegenerative disorders, as it is stable in the CSF
during disease course (Gendron et al., 2017; Lehmer et al., 2017).

Poly-GA is also uncharged but has a compact aggregate structure, forming cytoplasmic
amyloidogenic fibrils, thought to share properties with the amyloid-beta plaques associated
with Alzheimer’s disease (Brasseur et al., 2020; Chang et al., 2016; Edbauer & Haass, 2016;
May et al., 2014). It has been shown to induce apoptosis and endoplasmic reticulum stress,
inhibit proteasomes and dendritic branching in vivo, and is thought to sequester proteins
involved in protein trafficking and the proteasome (Bozi¢ et al., 2022; Khosravi et al., 2020; F.
Liu et al., 2022; May et al., 2014; Schludi et al., 2015; Y. J. Zhang et al., 2014). This is
mimicked in mice models expressing poly-GA, which exhibit motor and cognitive impairment
(Chew et al., 2015; Khosravi et al., 2020). Despite this, poly-GA causes little toxicity when
compared to the arginine-containing DPRs, poly-GR and poly-PR.

Poly-GR and poly-PR are highly charged and polar with a flexible coil structure (Freibaum &
Taylor, 2017). They induce strong levels of toxicity both in vivo and in vitro when compared to
all other DPRs (Freibaum et al., 2015; K. H. Lee et al., 2016; Mizielinska et al., 2014; Tao et
al., 2015; Wen et al., 2014). The cause of this toxicity arises from the disruption of multiple
cellular processes including nucleolar function, nucleocytoplasmic trafficking, stress granule
formation and mitochondrial function amongst others (Boeynaems et al., 2017; Choi et al.,
2019a; Kanekura et al., 2016; Kwon et al., 2014; K. H. Lee et al., 2016; Lin et al., 2016; Lopez-
Gonzalez et al., 2016; K. Y. Shi et al., 2017; Tao et al., 2015; Wen et al., 2014; White et al.,
2019; Y. J. Zhang et al., 2018). Interaction with low complexity sequence domains (LCDs) in
RNA binding proteins has been hypothesised as the mechanism by which these DPRs induce
widescale functional changes. Amongst multiple cellular processes, LCDs are key in the
formation and function of membrane-less organelles including the nucleolus, nuclear pore
complex and stress granules (Brangwynne et al., 2015) significantly disrupting their function
and structural dynamics, in particular liquid-liquid phase separation (LLPS) (Boeynaems et al.,
2017; K. H. Lee et al., 2016; Lin et al., 2016; Molliex et al., 2015; White et al., 2019; Y. J.
Zhang et al., 2018). In possible confirmation of these interactions, both DPRs have been
shown to localise to the nucleolus (Kwon et al., 2014; K. H. Lee et al., 2016; Wen et al., 2014),
which can interfere with RNA synthesis, ribosome biogenesis, translation and
nucleocytoplasmic trafficking (Kanekura et al., 2016; Kwon et al., 2014; K. H. Lee et al., 2016;

Tao et al., 2015), with nucleocytoplasmic trafficking impairment most likely driven by direct
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interactions with nuclear pore and trafficking components (K. H. Lee et al., 2016; Lin et al.,
2016; K. Y. Shi et al., 2017). Both cytoplasmic poly-PR and poly-GR have been shown to
induce spontaneous stress granule formation and also delay their disassembly to induce a
chronic stress like state in cells (Boeynaems et al., 2017; Y. J. Zhang et al., 2018). In addition,
their effect on LLPS has been hypothesised to contribute to the fibrillisation of TDP-43 stress
granules (Freibaum & Taylor, 2017; Molliex et al., 2015). Cytoplasmic poly-GR has also been
shown to interact with ribosomal subunits, inhibiting canonical and non-canonical translation
(Y. J. Zhang et al., 2018), as well as localising to the mitochondria, binding mitochondrial
ribosomes and inducing DNA damage and oxidative stress, leading to mitochondrial
dysfunction in iPSC-derived MNs (Lopez-Gonzalez et al., 2016). Expression of poly-GR in a
mouse model of ALS that demonstrated synaptic dysfunction, behavioural abnormalities, DNA
damage, microgliosis and neurodegeneration similarly showed that poly-GR can induce
mitochondrial dysfunction by binding directly to complex V component ATP5A1, provoking

ubiquitination and degradation (Choi et al., 2019b).

There is significant evidence that the C9orf72 HRE causes widescale disruption in the CNS
and its prevalence as a causative factor in ALS make it a strong target for therapeutic
intervention. It’s links to the disruption of energy generation in ALS provide a specific area to

target in the search for these interventions.

1.3 Metabolism in ALS

Reviews highlight compromised metabolism as an untapped area of potential for the treatment
of ALS (Dupuis et al., 2011; Vandoorne et al., 2018). To maintain energy homeostasis and
therefore overall health, a balance between energy expenditure and uptake is required
(Vandoorne et al., 2018). ALS patients lack this balance. Energy uptake is often lowered in
ALS patients and malnutrition is a common feature, in part due to dysphagia (Onesti et al.,
2017) or loss of appetite (Holm et al., 2013). The malnutrition phenotype is associated with
hypermetabolism, in which the body’s basal metabolic rate becomes abnormally increased
(Bouteloup et al., 2009). This is observed in up to 41% of ALS patients and correlates with an
increased rate of functional decline and shortened survival (Steyn et al.,, 2018) and
investigation has shown that resting metabolic rate and nutritional status correlate with disease
duration and survival (Desport et al., 1999, 2005). Conversely, hyperlipidaemia is observed in
up to 52% of ALS patients and can increase survival by up to 12 months (Dupuis et al., 2008;
Kostic Dedic et al., 2012). In vitro, ALS patient derived-cells show distinct metabolic profiles
compared to controls (Allen et al., 2014, 2015, 2019a, 2019b; Gerou et al., 2021; Valbuena et
al., 2016, 2017; Veyrat-Durebex et al., 2016) and C9orf72 ALS has been demonstrated to



induce significant dysfunction in both glycolytic and mitochondrial energy generation. Neurons
have the highest energy requirements in the human brain (Howarth et al., 2012) and are highly
susceptible to alterations in energy metabolism (Vandoorne et al., 2018). This means that

aberrations in energy generating pathways could have a significant impact on disease course.

Mitochondrial dysfunction is a characteristic feature of ALS (Bowling et al., 1993) in which they
undergo both morphological and functional changes. Dense clusters of mitochondria are found
in patient’s spinal cords and mitochondrial swelling has been observed in MNs (Sasaki &
Iwata, 1996; Siklés et al., 1996). Levels of mitochondrial DNA, the activity of complexes I+ll,
I+11l and IV and the activity of mitochondrial enzyme, citrate synthase are downregulated in
patient spinal cords and the prefrontal cortex (Alvarez-Mora et al., 2022; Wiedemann et al.,
2002). Functional and morphological changes have also been observed in several C9orf72
models. Membrane hyperpolarisation, increased adenosine triphosphate (ATP) production
and impaired complex Il activity, alongside both elongated and shortened mitochondria, have
been observed in C9orf72 fibroblasts (Alvarez-Mora et al., 2022; Onesto et al., 2016). iPSC-
derived C9orf72 MNs have compromised calcium buffering, reduced mitochondrial membrane
potential, impaired mitochondrial bioenergetic output, reduced gene expression of electron
transport chain machinery, and dysfunctional axonal transport of mitochondrial cargo that is
strongly linked to axonal dysfunction (Dafinca et al., 2016, 2020; Mehta et al., 2021). Disrupted
endoplasmic reticulum-mitochondrial tethering has also been observed in C9orf72 iPSC-
derived MNs and in a transgenic mouse model of C9orf72, potentially induced by DPR
expression (Gomez-Suaga et al., 2022). It has been hypothesised this mitochondrial
dysfunction may be triggered by glutamate excitotoxicity (Dafinca et al., 2016, 2020; Epstein
et al., 1994), which mediates mitochondrial Ca?* overload (Grosskreutz et al., 2010), or via
oxidative stress (Alvarez-Mora et al., 2022; Carri et al., 2015; Onesto et al., 2016), potentially
facilitated by expression of cytoplasmic poly-GR (Choi et al., 2019a; Lopez-Gonzalez et al.,
2016).

Alongside mitochondrial dysfunction, abnormalities in glycolytic pathways have also been
observed (Manzo et al.,, 2019; Valbuena et al., 2016). The brain itself utilises glucose
metabolism as its main source of energy and upwards of 20% of the body’s total glucose
derived energy is consumed by the brain (Mergenthaler et al., 2013). Physiologically, glucose
is converted to pyruvate via glycolysis, subsequently entering the TCA cycle and the electron
transport chain. FDG-PET on ALS patient brains has shown that glucose uptake in the brain
is reduced (Pagani et al., 2014) which has been linked to disease severity (Dalakas et al.,
1987). In the spinal cords of individuals with ALS, glucose metabolism was increased, which
was not coupled to spinal blood flow (Yamashita et al., 2017), despite this process typically

being tightly coupled physiologically (Vandoorne et al., 2018). Glycogen metabolism
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alterations have also been observed in ALS cell models (Allen et al., 2019a), likely caused by
a reduction in glycogen phosphorylase, phosphoglucomutase and a-glucosidase (Allen et al.,
2019b; Dodge et al.,, 2013), leading to reduced glycogen mobilisation and potentially
contributing to reduced bioenergetic output in patients (Dodge et al., 2013). A reduction in
fructose metabolism has also been observed in ALS patient derived induced neuronal
progenitor cell (iNPC) astrocytes (iAstrocytes) (Allen et al., 2019a), though this is unlikely to
be caused by the direct breakdown of fructose, and more likely from dysfunction downstream
of fructose (Allen et al., 2019b). Fructose is a potent glycating agent, driving the production of
advanced glycation end products through glycolysis, which interfere with multiple cellular
functions including lipid metabolism, mitochondrial metabolism and antioxidant defence
(Hamada et al., 1996) and has been linked to ALS previously (Juranek et al., 2015; Kaufmann
et al., 2004; M. J. Kim et al., 2018). The glyoxalase (Glo) system, consisting of the enzymes
Glo-1 and -2, is in place to prevent this, however, a significant downregulation in these
enzymes has been observed in C9orf72 ALS iAstrocytes (Allen et al., 2019b). Therefore, the
action of Glo-1 enzymes may be a key pathway in the induction of oxidative stress and

mitochondrial dysfunction in ALS.

The above evidence demonstrates that metabolism in ALS warrants further investigation and
presents itself as a compelling target for possible therapies. One of the major regulators of

energy metabolism in the CNS are astrocytes, that can regulate energy generation for MNs.

1.4 Astrocytes

ALS, is a non-cell autonomous disease, affecting a wide range of cells in the body, including
astrocytes. Astrocytes are one of the major glial cells, found in the brain and spinal cord that
constitute 20-40% of all glial cells (Gaudet & Fonken, 2018). Astrocytes play crucial roles in
supporting MNs in the CNS, controlling cerebral blood flow (Mulligan & MacVicar, 2004),
shaping synaptic connectivity (Eroglu & Barres, 2010), regulating synaptic transmission
(Araque et al., 1998), controlling composition of the extracellular space (Wiese, 2012) and
maintaining the blood brain barrier (Abbott et al., 2006). Importantly, astrocytes play a key role
in regulating energy metabolism in MNs (Bélanger et al., 2011). According to the lactate shuttle
hypothesis, lactate is generated by anaerobic glucose metabolism, stimulated by glutamate,
which is subsequently delivered to neurons and utilised as a fuel source (Pellerin & Magistretti,
1994). Because of their important role in neuronal regulation, astrocytes also play an important
role in neurodegenerative disease, undergoing morphological and physiological changes, and
often transitioning into a state of astrogliosis that can have both beneficial and detrimental

effects on neuronal health (for a recent review see Brandebura et al., 2022). C9orf72 derived



iAstrocytes have been shown to be toxic to control MNs in co-culture (Meyer et al., 2014),
which can be ameliorated by inhibition of SRSF1 (Hautbergue et al., 2017) and restoring
depleted levels of the microRNA miR-494-3p (demonstrating the importance of extracellular
vesicle dysfunction in C9orf72 astrocytes) (Varcianna et al., 2019). iPSC-derived C9orf72
iAstrocytes demonstrate aberrant glutamate content, enhanced oxidative stress and impaired
antioxidant defence mechanisms, and their conditioned media is toxic to control MNs (Birger
et al., 2019; Fomin et al., 2018) whilst MNs co-cultured with C9orf72 iPSC-derived astrocytes
show electrophysiological dysfunction (C. Zhao et al., 2020). Mouse models expressing the
C9orf72 HRE, and poly-GA also exhibit astrogliosis that actually precedes neurodegeneration
(Chew et al., 2015, 2019; Y. J. Zhang et al., 2016).

There is emerging evidence of purine/pyrimidine dysfunction in ALS models (Lehmkuhl et al.,
2021; Loganathan et al., 2022; Veyrat-Durebex et al., 2019). Recent work from our laboratory
has demonstrated that purine metabolism is dysfunctional in C9orf72 iAstrocytes, whilst
supplementing iAstrocytes with the purine nucleoside inosine reduced iAstrocyte mediated
MN death, suggesting that astrocyte purine metabolism may play a key role in astrocyte cross-
talk with MNs (Allen et al., 2019a).

1.5 Purine Metabolism

Cellular purine metabolism is comprised of de novo purine biosynthesis (DNPB), purine

salvage and purine degradation (Figure 1.5A-B).

DNPB begins with the breakdown of glutamine 5-phosphoribosyl-1-pyrophosphate (PRPP) in
to 5-phosphoribosyl-1-amine and ends at the production of inosine monophosphate (IMP),
which can then be converted into guanosine monophosphate (GMP) or adenosine
monophosphate (AMP) (Figure 1.5A) (Buchanan & Hartman, 1959; Greenberg & Jaenicke,
1957; Hartman & Buchanan, 1959). The flux of substrates generated by DNPB is facilitated
largely by the purinosome, which involves the six purine biosynthetic enzymes clustering to

form a dynamic multienzyme complex in conditions of high purine demand (An et al., 2008).

Purine salvage is the predominant source of purine nucleosides under normal conditions and
involves the recycling of degraded bases via the reconversion of hypoxanthine and guanine
(derived from inosine and guanosine via breakdown by purine nucleoside phosphorylase
(PNP)) to IMP and GMP respectively, catalysed by the enzyme hypoxanthine-guanine
phosphoribosyltransferase (HGPRT) (Figure 1.5B) (Henderson & Khoo, 1965; Murray, 1971,
Yamaoka et al., 1997). Alternatively, hypoxanthine and guanine can be broken down to urate

through the action of xanthine oxidoreductase (XOR), that exists as xanthine dehydrogenase



(XDH) in normal conditions, or as xanthine oxidase (XO) during cell stress. This process
constitutes the purine degradation pathway (Figure 1.5B) (Corte & Stirpe, 1972). Metabolic
flux through DNPB and salvage is strongly linked. Production of GMP and IMP can regulate
DNPB, as both nucleotides are allosteric inhibitors of PRPP amidotransferase (PPAT) (Zhou
et al., 1994), whilst PRPP is also an allosteric activator of PPAT (Boer & Sperling, 1995).
Conversely, purine salvage is regulated by the availability of its substrates, chiefly PRPP,

which is a co-substrate in both hypoxanthine and guanine salvage (Camici et al., 2018).

Purine metabolism is essential in the body as it is responsible for the production of key DNA
and RNA nucleotides and is therefore required for DNA synthesis, particularly to meet the high
nucleotide demand during cell development (Ansoleaga et al., 2015; Pedley & Benkovic,
2017). Moreover, purine metabolism produces important metabolites, including adenosine,
that can be utilised for the generation of other metabolic intermediates. Adenosine plays a
crucial role in cellular energy transfer as a key constituent of AMP, adenosine diphosphate
(ADP) and ATP (Ansoleaga et al., 2015). Further, the breakdown of inosine, the direct
downstream product of adenosine, into hypoxanthine also produces ribose-1-phosphate
which enters glycolysis via the pentose phosphate pathway to generate energy (Balestri et al.,
2007; Jurkowitz et al., 1998; Litsky et al., 1999; Mddis et al., 2013). This is a particularly
important pathway during times of cells stress and when energy generation is impaired in glial
cells, as it has the advantage of bypassing the energy consuming glycolytic enzyme,
hexokinase (Balestri et al., 2007; Jurkowitz et al., 1998; Litsky et al., 1999). Purine bases are
also used to form cofactors for enzymatic reactions, for example adenosine is a component of
S-adenosylmethionine (SAM), which is formed from the combination of ATP and methionine,
and is crucial for SAM-facilitated methylation of nucleic acids and metabolic intermediates
(Cantoni, 1953). The chief degradation product of purine metabolism, urate, is also
hypothesised to be a potent antioxidant (Ames et al., 1981) stabilising antioxidant systems
(Hink et al., 2002) and blocking iron-dependent oxidation reactions (Whiteman et al., 1996),
which may be neuroprotective (Chen et al., 2012; Chen et al. 2013).

We have recently demonstrated that one of the key enzymes involved in purine metabolism,

adenosine deaminase (ADA), might be linked to C9orf72 ALS pathology in iAstrocytes.
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Figure 1.5A. De novo purine biosynthesis. DNPB, is composed of the following intermediates:
5-phosphoribosyl-1-pyrophosphate (PRPP);  phosphoribosylamine  (PRA);  glycinamide
ribonucleotide (GAR); N-formylGAR (FGAR); N-formylglycyamidine ribonucleotide (FGAM);
aminoimidazole ribonucleotide (AIR); carboxyAIR (CAIR); succinylaminoimidazolecarboxamide
ribotide (SAICAR); aminoimidazolecarboxamide ribotide (AICAR); De novo purine biosynthesis
(DNPB); formAICAR (FAICAR); and inosine monophosphate (IMP); and the enzymes:
phosphoribosyl pyrophosphate aminotransferase (PPAT); GAR synthase (GARS); GAR
transformylase (GART); FGAM synthase (FGAMS); AIR synthetase (AIRS); AIR carboxylase
(AIRC); SAIRCAR synthase (SAIRCARS); adenylosuccinate lyase (ADSL); AICAR transformylase
(AICART); and IMP cyclohydrolase (IMPC). IMP produced by DNPB can then enter the purine
salvage pathway or be broken down via the purine degradation pathway. Figure taken, with

permission, from Hall et al., (2022).
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Figure 1.5B. Purine salvage and degradation. The purine salvage and degradation pathways
involve the intermediates: adenosine monophosphate (AMP); adenylosuccinate (ADS); inosine
monophosphate (IMP); xanthine monophosphate (XMP); guanosine monophosphate (GMP);
adenosine; inosine; guanosine; hypoxanthine; guanine; xanthine and urate; and the enzymes:
ADS lyase (ADSL); ADS synthase (ADSS); AMP deaminase (AMPDA); IMP dehydrogenase
(IMPDH); GMP synthase (GMPS); GMP reductase (GMPR); adenosine kinase (ADK);
5’nucleotidase; adenosine deaminase (ADA); hypoxanthine-guanine phosphoribosyltransferase
(HGPRT); purine nucleoside phosphorylase (PNP); xanthine oxidase (XO) and guanine
deaminase (GDA). IMP generated via DNPB can be interconverted between AMP and GMP. AMP
and IMP are both broken down to inosine and GMP is broken down into guanosine, which are
further degraded to hypoxanthine and guanine respectively. Hypoxanthine and guanine can then
either follow purine salvage and be reconverted to IMP or enter the purine degradation pathway

and be broken down into urate. Figure taken, with permission, from Hall et al., (2022).

1.6 Adenosine deaminase

ADA is a vital enzyme in the body and emerging evidence of its involvement in numerous
disorders that affect the CNS from our laboratory and others corroborate this theory (for a

recent review see Hall et al., 2022).

ADA acts at a key junction in purine metabolism, as a precursor to purine salvage and
degradation, by catalysing the irreversible hydrolytic deamination of adenosine and
deoxyadenosine to inosine and deoxyinosine respectively, substituting a molecule of ammonia
for a keto group, a reaction first described in 1936 (Conway and Cooke, 1938), (Figure 1.6A).
The importance of ADA is highlighted by its substrates, as both adenosine and
deoxyadenosine are crucial for maintaining homeostasis in the body. Adenosine has multiple
important functions in the body, as outlined above and deoxyadenosine is a base (A) in
double-stranded DNA. Both molecules and their breakdown products, inosine and

deoxyinosine, are also key intermediaries in purine metabolism (Fox and Kelley, 1978).

There are two isoenzymes of ADA, ADAL and ADA2, that are coded for by two different gene
loci. The 363 amino acid ADAL protein was initially purified from human erythrocytes and is a
single polypeptide chain with a molecular weight of 41kDa (Daddona & Kelley, 1977,
Venkatesh & Oommen, 1998). It is coded for by the 32-Kb ADA gene on chromosome
20g13.11 which is composed of 12 exons (Petersen et al., 1987). Monomeric ADA1 consists
of a polypeptide chain folded in a/f barrels that surround the active site, in which substrates
are stabilised by hydrogen bonds, using Zn?* as a cofactor (Figure 1.6B) (Wilson and Rudolph,

1991). ADA1 can also exist as a heterooligomeric dimer which has an estimated molecular
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weight of 213kDa, and consists of two ADA subunits bound to dipeptidyl peptidase IV
(DPP4/CD26) on the cell surface, facilitating the extracellular breakdown of adenosine (Figure
1.6C) (Kameoka et al., 1993; Weihofen et al., 2004). ADA2, also known as ADA related growth
factor in insects and first identified in the spleen (Schrader et al. 1978), is mechanistically
similar to ADAL, also catalysing the breakdown of adenosine and deoxyadenosine. However,
it is coded for by the CECR1 (cat eye syndrome chromosome region, candidate 1) gene (Riazi
et al., 2000), now referred to as the ADA2 gene (Ombrello et al., 2019) that spans 10 exons
on chromosome 22g11.1. The ADA2 protein exists as a comparatively complex homodimer,
with a unique a helical domain located in the N-terminal region. This mediates the dimerisation
of its two identical subunits (Anton V. Zavialov et al., 2010), giving it an estimated molecular
weight of 100kDa (Ratech et al., 1981). Despite low sequence homology, ADA2 is structurally
similar to ADA1, forming an eight stranded parallel B-sheet surrounded by an a/B, TIM barrel
(Anton V. Zavialov et al., 2010). The active site is functionally similar to ADAL1 but has a
markedly different hydrophobic binding pattern, differing in both the structure of ligand binding
segments and in distribution of the hydrophobic sidechains (amongst several other structural
divergences), which lead to the specificity between certain inhibitors of ADA1 and ADA2
(Anton V. Zavialov et al., 2010). The contrasting active site structure means ADA2 has a 100-
fold lower Km for adenosine, and an optimum pH of 6.8 (Zavialov and Engstrom, 2005) which
is acidic compared to ADA1’s optimum pH of 7-7.4 (Van Der Weyden and Kelley, 1976). The
isomers also differ in their distribution, ADAL is ubiquitous in humans whereas ADAZ2 is active

only in monocytes-macrophages, coexisting with ADA1 (Ungerer et al., 1992).
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Figure 1.6A. Adenosine metabolism. Adenosine trisphosphate (ATP) and deoxyATP (dATP)
are dephosphorylated to form adenosine and deoxyadenosine respectively. They are then
converted to inosine and deoxyinosine by adenosine deaminase (ADA) and are both broken down
to hypoxanthine by purine nucleoside phosphorylase (PNP). Abbreviations: ADP, adenosine
diphosphate; AMP, adenosine monophosphate; ADK, adenosine kinase; DNK, deoxynucleoside

kinase. Figure taken, with permission, from Hall et al., (2022).
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Figure 1.6B. ADA structure and active site. Adenosine structure consisting of a single
polypeptide chain folded in a/B barrels that surround the active site, using Zn?* as a cofactor,
coordinated by binding to His15, His17, His 214 and Asp295. Figure taken, with permission, from
Hall et al., (2022).
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Figure 1.6C. Adenosine and purine metabolism in the cell. A representation of extra- and
intercellular regulation of adenosine and purine metabolism. Ribose-5-phosphate, derived from
glucose enters the de novo purine biosynthesis (DNPB) pathway via the purinosome which is co-
localised to the mitochondria or via traditional purine synthesis to generate inosine monophosphate
(IMP). IMP transitions between adenosine monophosphate (AMP) and guanosine monophosphate
(GMP) and can also enter purine salvage and purine degradation pathways. Adenosine breakdown
into inosine, catalysed by adenosine deaminase (ADA) is also represented. Extracellular ATP can
be broken down by the cell surface enzymes CD39 and CD73 into adenosine, which can then be
converted into inosine by ADA anchored to dipeptidyl peptidase 4 (DPP4), re-enter the cell via
equilibrative nucleoside transporters (ENT; pictured) or can bind to adenosine receptors (not
depicted). Adenosine can then be converted to inosine by ADA or combine with homocysteine to
form S-Adenosylhomocysteine (SAH), catalysed by SAH hydrolase (SAHH). Abbreviations: GLUT,
glucose transporter; PPP, pentose phosphate; PRPP, 5-phosphoribosyl-1-pyrophosphate;
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IMPDH, inosine monophosphate dehydrogenase; XMP, xanthine monophosphate; GMPS,

guanosine monophosphate synthetase. Figure taken, with permission, from Hall et al., (2022).

1.7 Conservation

ADAL is an ancient enzyme, expressed by both prokaryotes and eukaryotes (Kathiresan et
al., 2013). Recent phylogenetic analysis of over 240 genomes has indicated that whilst ADA1
is widespread, it may not be universal as it was not detected in plants, low fungi, some insect
species, and some pathogenic eukaryotes (Skaldin et al., 2018). ADA2 was found in higher
fungi and most animals, but with a non-uniform phylogenetic distribution, suggesting that
ADA1 may compensate for the loss of ADA2 cell signalling function as ADA1 can be found
extracellularly (Franco et al., 1997). Data also indicates that ADA2 is an ancient protein,
originating in prokaryotes and may have been transferred between bacteria by horizontal gene
transfer. Bioinformatic analysis suggested that bacterial ADA2 is a close homologue of
eukaryotic ADA2 predicting homodimer formation, secretion into the extracellular space, and

similar catalytic activities of both proteins (Dolezal et al., 2005).

As ADAL is the most common and widely researched isoenzyme and the target of this project,
further reference to ‘ADA’ will therefore refer to ADA1 and any mention of ADA2 will be

specified.

1.8 Regulation

The regulation of ADA is complex, as it is facilitated by several factors. This is due to the

ubiquitous nature of the enzyme and its involvement in wide-ranging cellular processes.

The ADA gene is a direct target of the transcription factors p63 and p73, homologs of the p53
tumour suppressor gene, which is involved in regulating apoptosis and the cell cycle (Jost et
al., 1997; Kaghad et al., 1997; Yang et al., 1998). The p63 and p73 genes code for several
isoforms. Depending on the promoter p63 and p73 are transcribed from, they can have either
an N-terminal transactivating domain (TA) (Kaghad et al., 1997; Yang et al., 1998) or a
truncated N-terminal region (AN) that does not contain the TA-domain (Yang et al., 1998,
2000). p63 and p73 can also be spliced at the C-terminal region giving rise to several further
isoforms (typified as a, B, y etc.) (Murray-Zmijewski et al., 2006; Marshall et al. 2021). The TA
and AN isoforms of p63 and p73 have been purported to have some conflicting functions, but
both are associated with ADA induction (Sbhisa et al., 2006; Tullo et al., 2003). Reductions in

ADA activity lead to an accumulation of deoxyadenosine, that in turn leads to a build-up of
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deoxyadenosine triphosphate (dATP), inhibiting ribonucleotide reductase and causing an
imbalance in other dNTP molecules (Cohen et al., 1978). This causes disruption of both DNA
repair and DNA synthesis which has been shown to lead to activation of p73a and f,
increasing ADA mRNA activation by binding to intron 1 of the ADA gene through p53
responsive elements (Tullo et al., 2003). Inducible p73a expression in a human osteosarcoma
SAOS-2 cell line led to an increase in ADA levels and concomitant purine metabolism changes
including upregulation of adenosine and inosine (Tullo et al., 2003). Similarly, p53 responsive
elements that interact with TA-p63a and AN-p63a have been reported in the ADA gene
promoter region - overexpression of these isoforms confers transcriptional activation in MCF
and 293T-Rex lines, whilst in epidermal keratinocytes, p63 knockdown correlated with a
decrease in mMRNA and protein levels of ADA (Shisa et al., 2006). These data imply that
modulating p73 and p63 levels may directly affect ADA activity, though the process may
involve feedback mechanisms via the purine salvage pathway, as it is unclear how an increase

in ADA levels causes adenosine levels to rise, as presented in Tullo et al., (2003).

ADA regulation has also been linked with the transcription factor Spl through binding of Sp1l
to the ADA gene promoter (Xie et al.,, 1999). Spl regulates cell differentiation, immune
signalling, DNA repair, apoptosis, and chromatin remodelling. Dusing and Wiginton (1994)
demonstrated that the ADA promoter region contains six Spl binding sites. Knockout of these
sites also showed that Spl was necessary but not sufficient by itself for high levels of ADA

expression (Dusing and Wiginton, 1994).

Activity of ADA has been linked to the mitogen activated protein kinases (MAPK) pathway
(Eguchi, 2020). The MAPK signalling pathway is activated in protein kinase cascades which
consist of extracellular signal-regulated kinases (ERKs), Jun amino-terminal kinases (JNKSs),
and stress activated protein kinases pathways (SAPKSs) (Boulton et al., 1990; Dérijard et al.,
1994; Han et al.,, 1994). MAPK signalling is an important regulator of cell proliferation,
differentiation, and death (for a review see Morrison, 2012). Eguchi et al., (2020) demonstrated
that fibroblast growth factor 2 (FGF2) binding to FGF receptors, activated tyrosine kinase
signalling, leading to downstream activation of ERK, JNK and SAPK. This induced an increase
in ADA expression and activity (along with ecto-5-nucleotidase (CD73)) in rat spinal cord
astrocytes, whilst inhibition of both the FGF2 receptor and MAPKs downregulate ADA
expression (Eguchi, 2020). These data demonstrate that the FGF2/MAPK pathway is an

important regulator of ADA amongst other purine metabolism enzymes.

Evidence has also shown that ADA expression levels can be regulated by 17(3-oestradiol (E2),

a member of the oestrogen family and a hormone that also modulates the expression of
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enzymes in the purine and pyrimidine biosynthesis pathways. Treating MCF-7 human breast
cancer cells with E2 induces ADA mRNA activation, a finding that can be recapitulated with

the use of tamoxifen - a breast cancer treatment drug (Xie et al., 1999).

1.9 Function

ADA'’s primary function is within the purine salvage pathway, but it also plays a role in
regulation of the immune response through its control of adenosine levels. Pharmacological
estimates of basal extracellular adenosine concentrations typically lie between 25-250nM
(Dunwiddie and Masino, 2001), but in instances of cell stress such as hypoxia or tissue
damage, adenosine levels spike rapidly (Winn et al., 1981). This spike in adenosine leads to
immunosuppression via activation of the A.a receptor, leading to an accumulation of
intracellular cyclic AMP (cAMP) and inhibition of the immune response (Henney and
Lichtenstein, 1971), thus preventing edema and excessive inflammation (Sitkovsky and Ohta,
2005; Fredholm, 2007). However, the immunosuppressant-role of Aza activation is context
dependent (Ingwersen et al., 2016), and can become pro-inflammatory in the presence of high
glutamate levels (Dai et al., 2010). Furthermore, persistently high levels of adenosine can lead
to tissue damage (Van Linden and Eltzschig, 2007) and ADA tethered to DPP4 therefore
functions to reduce potentially harmful extracellular adenosine levels and prevent chronic

activation of adenosine receptors.

ADA also plays a key role in the differentiation and function of immune cells. Monocytes are
white blood cells that can differentiate into macrophages and dendritic cells. During the early
stages of monocyte maturation and differentiation into macrophages, ADA activity is
significantly increased (Fischer et al., 1976) with ADA” mice developing aberrant dendritic
cells that have proangiogenic and proinflammatory properties (Novitskiy et al., 2008). ADA2
has also been shown to induce monocyte to macrophage differentiation (Andrey V. Zavialov
et al., 2010) suggesting both ADA and ADA2 play an important role in immune cell
differentiation. ADA is also required for macrophage activation by regulating superoxide
generation, a process that is key for killing phagocytosed bacteria (Johnston Jr. et al., 1975),
as ADA activity correlates with superoxide generation (Tritsch & Niswander, 1981; Yagawa &
Okamura, 1981).

In T-lymphocytes an accumulation of deoxyadenosine due to loss of ADA leads to increased
levels of dATP, which concomitantly inhibits DNA synthesis, preventing T-lymphocyte
differentiation (Carson et al., 1979). ADA also facilitates the immune response of T-
lymphocytes. Extracellular ADA breaks down adenosine, preventing T-lymphocyte adenosine
receptor activation and therefore inhibiting immunosuppression (Dong et al., 1996). Moreover,

ADA can activate the immune response by sending costimulatory signals to T-cells via DPP4
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binding (Martin et al., 1995). ADA also ‘bridges’ between adenosine receptors on dendritic
cells and DPP4 on T-cells (Pacheco et al., 2005; Moreno et al., 2018), which can induce T-
lymphocyte proliferation and increase the production of proinflammatory cytokines (Pacheco
et al., 2005), this also leads to the increased generation of T-effector cells, T-memory cells
and regulatory T-cells (Martinez-Navio et al., 2011). ADA is also key for B lymphocyte
differentiation as ADA” mice develop B lymphocytes with proliferative, activational and
structural defects and an increasing propensity to undergo apoptosis, likely caused by dATP
and S-adenosylhomocysteine (SAH) accumulation as observed in T-lymphocytes (Aldrich et
al., 2003). This demonstrates the vital function of ADA in not only immune cell generation but
also in overall function and makes ADA an important choreographer of the body’s immune

response.

1.10 ADA in the CNS

ADA can function as a neuromodulator via the regulation of adenosine. Adenosine modulates
activity in the brain via the G-protein-coupled receptors, A1, Aza, A2z and Az with the A; and As
receptors coupling G, receptors and Aza and Azg receptors coupling Gs receptors (Dunwiddie
and Masino, 2001). This coupling means activation of A; and Az receptors inhibits adenylyl
cyclase activation, preventing the conversion of ATP to cAMP; conversely, activation of Aza
and Agg receptors stimulates adenylyl cyclase activation, promoting cCAMP production. The A;
receptor has the highest affinity for adenosine and is widely expressed in tissues of the brain
(Dixon et al., 1996); its activation is coupled with the inhibition of Ca?* influx (Dolphin et al.,
1986) and the activation of K* influx (Trussell and Jackson, 1985). This mechanism prevents
the release of neurotransmitters such as dopamine, glutamate, and acetylcholine amongst
others, effectively reducing excitability (Dunwiddie and Masino, 2001). Aza receptor expression
can also be found in all brain regions (Dixon et al., 1996) and is coupled with Ca?* inhibition.
The Azs and Az receptors are similarly widely expressed in the brain but at very low levels
(undetectable by in situ hybridisation in the rat brain (Dixon et al., 1996)) and have very low
affinities for adenosine in comparison to the A: and A,a receptors and are thus less well
characterised. However, activation of Az in the CNS has recently been shown to improve
intestinal barrier function via the vagus nerve (Ishioh et al., 2021) and protect against ischemic
damage (Dettori et al., 2021); and As receptor activation can induce a PKC-dependent
inhibition of group 3 metabotropic glutamate receptor (mGIuR) function at the Schaffer
collateral-CA1 synapse, inhibiting neurotransmission (Macek et al., 1998). The physiological
roles of adenosine in the brain include the regulation of the sleep-wake cycle (Z. Huang et al.,
2014), coupling cerebral blood flow with energy demands (Winn et al., 1981), modulating

synaptic plasticity (Sebastido et al., 2001), the prevention/repair of ischemic damage
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(Rudolphi et al., 1992), motor function (El Yacoubi et al., 2000), astrocyte function (Florian et
al., 2011), aging (Castillo et al., 2009; Costenla et al., 2011) and feeding (K. Lee et al., 2005).

Any disturbance therefore in the regulation of adenosine can have catastrophic effects on
homeostasis in the brain, hence the prominent role ADA aberration plays in various disease

pathologies.

1.11 Mutations and Splicing

Mechanisms leading to ADA dysregulation are caused by alterations at the level of
transcription, translation, or alterations in the protein itself. A reduction in the levels (or
complete loss) of ADA protein can arise through mutations that repress transcription of the
ADA gene or decrease the stability of the encoded mRNA or protein. Whilst mutations that
reduce substrate or cofactor (Zn?*) binding in the active site, or change key catalytic residues,
have also been reported, that give rise to ADA with reduced enzymatic activity. Alternatively,
in the absence of changes to the nucleotide sequence, altered epigenetic regulation of the

ADA gene may be responsible for increases or decreases in ADA levels.

A high number of ADA mutations lead to severe combined immunodeficiency (SCID) (Atasoy
et al., 1993; Santisteban et al., 1993; Hershfield, 2003; Kalman et al., 2004). These mutations
arise from premature stop codons, DNA deletions or insertions, amino acid substitutions, RNA
splicing defects and post-translational modification defects. In terms of splicing, it has been
historically hypothesised that, despite mutations being present in people, low levels of “normal”
pre-mRNA splicing may still occur. Moreover, the level of splicing efficiency may be linked to
ADA activity levels and therefore clinical severity (Santisteban et al., 1993; Arredondo-Vega
et al., 1994). Mutation in the last acceptor splice site in the ADA gene led to aberrant splicing,
which altered the structure of the ADA protein, adding a short tail residue section leading to
protein instability, loss of ADA activity and disease (Arredondo-Vega et al., 2002).
Interestingly, an 11 base pair deletion adjacent to the g.31701T>A mutation in one sibling pair
suppressed aberrant splicing, increasing ADA activity and protein stability (Arredondo-Vega
et al., 2002). Enhanced splicing in ADA has also been observed. Several genes contain
purine-rich exonic regions which interact with splicing factors and cis-acting intronic elements
defining exons (Lavigueur et al., 1993; Mayeda et al., 1993; Staknis & Reed, 1994; K. Tanaka
et al., 1994; Tian & Maniatis, 1993, 1994; Watakabe et al., 1993). It has been reported that an
ADA R142X mutation located within a purine-rich region of exon 5, caused exon skipping,
possibly by splicing enhancer disruption (Santisteban et al., 1995). G to A transition at
nucleotide 22 of exon 1 of the ADA gene gives rise to an Asp to Asn amino acid substitution

in position 8 of the mature protein. Although rare (allelic frequency of 0.03-0.11 in Caucasian
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populations), this reduces ADA activity by 35% compared to the Asp allozyme (Hirschhorn et
al., 1994).

1.12 ADA in neurological disorders

ADA deficiency is the second most common cause of SCID, accounting for 15% of all cases
(for a review see Hershfield, 2017). ADA-deficient SCID is an inherited autosomal recessive
disease caused by complete or partial loss of ADA activity (Giblett et al., 1972). ADA-deficient
SCID has two major pathogenic mechanisms. Firstly, as previously mentioned, via an
accumulation of dATP, inhibiting T-lymphocyte proliferation (Carson et al., 1979). Secondly,
adenosine can combine with homocysteine to form SAH (Figure 1.6C). Accumulation of
adenosine causes a subsequent accumulation of SAH that inhibits SAM generation and
therefore SAM-mediated DNA methylation, a process which is required for normal thymocyte
differentiation (Benveniste et al., 1995). SCID results in the almost total depletion of the body’s
immune response and can have devastating effects on the host (Giblett et al., 1972). However,
all forms of SCID can be treated with allogeneic hematopoietic stem cell transplantation, bone
marrow transplant, enzyme replacement therapy using ADA conjugated to polyethylene-glycol
(Hershfield, 2017), and through lentivirus (LV) mediated autologous hematopoietic stem cell

gene therapy (Aiuti et al., 2009).

Along with the devastating immunological implications of SCID, patients can also experience
severe neurological manifestations, a phenomenon that is particularly relevant for ADA-
deficient SCID patients and which can persist even after treatment. ADA-deficient SCID
patients have lower 1Q scores than patients with other forms of SCID and the general
population (Rogers et al., 2001; Titman et al., 2008; Sauer et al., 2017); exhibit behavioural
abnormalities including hyperactivity disorder like symptoms, aggressive behaviour and social
problems, not reported in other forms of SCID (Rogers et al., 2001; Honig et al., 2007; Scott
et al., 2017); display motor dysfunction with symptoms including hypotonia and nystagmus
(Hirschhorn et al., 1980; Honig et al., 2007; Nofech-Mozes et al., 2007) and also auditory
dysfunction (C. Tanaka et al., 1996). The neurological defects observed in SCID are
overshadowed by the profound immunological changes that occur in early childhood meaning
little research has been conducted into the changes that occur neurologically. Therefore, the
exact mechanisms of the neurological manifestations of ADA-deficient SCID are unknown. It
has been noted that patients’ IQ scores were inversely correlated with dATP levels at the time

of diagnosis (Rogers et al., 2001), implying that the neurological manifestations of ADA-
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deficient SCID are caused by or at least correlated with levels of toxic metabolite accumulation
caused by the loss of ADA activity. In evidence of this, the neurological effects of ADA
deficiency in ADA” mice became more prominent during the postnatal period, when ADA
substrates begin to accumulate, and may be linked with Aza receptor activation (Sauer et al.,
2017). MRI and tomographic scans also reveal volume loss of the basal ganglia and thalamus,
possibly linked to atypical adenosine receptor activation in patients (Nofech-Mozes et al.,
2007). Due to the influence ADA exerts in control of the CNS, specifically in its control of
adenosine and adenosine’s interaction with adenosine receptors in the brain (Haas & Selbach,
2000; Nagy et al., 1984), it is no surprise that ADA-deficient SCID patients exhibit these
neurological defects, as any disturbance in the delicate balance of this system is likely to have

significant, lasting effects.

Historic evidence has correlated lower ADA levels and autism (Stubbs et al., 1982). Moreover,
an increase in the frequency of the previously discussed Asp8Asn polymorphism which
reduces ADA activity was observed in Italian children diagnosed with autism, suggesting that
this genotype-dependent reduction in ADA activity may be a risk factor for development of the
disease (Bottini et al., 2001). These findings may be population dependent as a similar study
on a North African cohort did not produce a clear link between the polymorphism and autism
(Hettinger et al., 2008), whereas a study in Saudi Arabia found decreased ADA levels in the
plasma of autistic boys (Abu Shmais et al., 2012). More recently a zebrafish model of autism
linked a dysfunction in ADA with disease pathogenic mechanisms including altered

intracellular and extracellular purine metabolism (Zimmermann et al., 2016).

Evidence has shown that ADA levels are also dysregulated in Parkinson’s disease (PD), as
serum isolated from idiopathic PD patients was shown to have significantly higher total ADA
and ADA2 activity levels compared to controls (Chiba et al., 1995). Moreover, expression
correlated with activated T-lymphocyte populations, suggesting peripheral T-lymphocyte
activation was the cause. Similar results were observed more recently in a metabolomics study
performed in mice treated with lipopolysaccharide plus 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), which evokes a PD-like response in rodent models (W. Huang et
al., 2019). Widespread metabolic alterations were observed, including in purine metabolism

where adenosine levels were decreased, and inosine levels increased. ADA inhibition by
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deoxycoformycin and/or A.a antagonism with KW6002 reduced dopamine loss and
dopaminergic cell death and improved motor function. These data demonstrate that targeting
dysregulated purine metabolism by ADA regulation is a potential therapeutic approach in PD
by reducing inflammatory pathways. These mechanisms may be similar to the action of
caffeine which is known to be neuroprotective in PD via Aza (for a review see Ren & Chen,
2020).

As mentioned, research published from our laboratory has shown a dysregulation in
adenosine metabolism in ALS iAstrocytes, ostensibly caused by a downregulation in ADA
(Allen et al., 2019a). Using a metabolic profiling assay (Bochner et al., 2011), we screened
C9orf72 cells for their ability to metabolise 91 different substrates, demonstrating adenosine
hypometabolism in these models. Further investigation, to elucidate a mechanism, revealed
that ADA was downregulated in C9orf72 iAstrocytes, fibroblasts, and iINPC neurons (iNeurons)
at both a protein and mRNA level. We subsequently established that C9orf72 iAstrocytes had
an increased susceptibility to adenosine-mediated toxicity, which negatively correlated with
ADA expression (Allen et al., 2019a). Moreover, control iAstrocytes, treated with the ADA
inhibitor pentostatin, exhibited a level of adenosine-mediated toxicity equivocal to the C9orf72
lines. This indicated that ALS iAstrocytes’ increased sensitivity to adenosine was, at least
partially, ADA dependent. Bypassing the ADA defect with inosine supplementation was found
to be bioenergetically beneficial in iAstrocytes, increasing ATP output, predominantly via
glycolysis, which was confirmed by measuring metabolic flux. Furthermore, inosine increased
both respiratory and glycolytic capacity in the cells and induced a significant increase in urate.
Inosine supplementation was also able to ameliorate iAstrocyte-mediated MN toxicity in co-
culture, possibly due to bypassing the ADA defect, as pentostatin treatment in controls
increased their toxicity to MNs. With these data in mind, we also recently showed that inosine
metabolism positively correlates with disease duration in ALS fibroblasts (Gerou et al., 2021).
This suggests that higher ADA activity, in addition to reducing toxic adenosine levels, would

produce more inosine and may be protective in ALS.

Prior to this, no literature existed for the behaviour of ADA in ALS patients and models.
However, compelling historic and recently published studies have suggested a link between
ALS disease mechanisms and ADA. Dysfunction in an analogue of ADA called ADA acting on
RNA (ADAR) has been widely linked to ALS (Suzuki & Matsuoka, 2021). ADAR is an enzyme
that partakes in RNA editing via post-transcriptional modification, converting adenosine bases

to inosine (Melcher et al., 1996), suggesting a precedent for incorrect ADA function in ALS.
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There have  also recently been links made with SALS and a mutation in p73 (Russell et al.,
2021), a key regulator of ADA expression in the cell (Tullo et al., 2003). Further, three of the
major mechanisms associated with ADA deficiency, abnormal inflammation patterns (Béland
et al., 2020), dysregulated DNA damage response (DDR) (Kok et al., 2021), and atypical DNA
methylation (Martin & Wong, 2013) have all been presented as pathogenic mechanisms that
could contribute to MN degeneration. Moreover, inosine and urate, the downstream products
of ADA’s hydrolytic deamination of adenosine, have been investigated as therapeutics in ALS.
Urate has been consistently correlated with disease progression (Ikeda et al., 2012; Keizman
et al., 2009; Nicholson et al., 2015; Oh et al., 2015; Paganoni et al., 2018; F. Zhang et al.,
2018), whilst inosine has been trialled as a therapeutic to increase urate output (Nicholson et
al., 2018).

All these data combined implicate ADA dysfunction as a key factor in C9orf72 ALS,
highlighting ADA as a target for ALS treatments. My project therefore focuses on the causes,
effects, and treatment of ADA dysfunction in C9orf72 ALS iAstrocytes.

1.13 Hypotheses

Based on the evidence outlined above, | have drawn several hypotheses. Firstly, that loss of
ADA may drive, or be concomitant with, further dysregulation in purine metabolism; secondly,
that loss of ADA in C9orf72 iAstrocytes is driven by one of the mechanisms associated with
the C9orf72 HRE or caused by aberrations in transcriptional activation; and finally, that
increasing ADA levels would protect against pathogenic mechanisms of ALS and increase

astrocytic support for MNs.

The aims of the study are therefore:

e To investigate the wider effect of the C9orf72 HRE on purine metabolism, including the
biochemical implications of ADA downregulation and the expression of other key
enzymes involved in this pathway;

e To investigate the potential mechanisms that lead to loss of ADA by investigating the
transcriptional regulation of ADA and ADA expression directly in cellular models
mimicking C9orf72 ALS;

e To upregulate ADA expression and activity in iAstrocytes using a targeted gene
therapy approach and subsequently investigate the effect on other purine metabolism
enzymes, markers of antioxidant defence and autophagy, adenosine-mediated toxicity

and astrocyte bioenergetic profile.
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2. Materials and methods

2.1 Materials

Experiments were carried out using skin samples from four C9orf72 ALS cases (cell lines C9-
52, C9-78, C9-183 and C9-201) and four age- and sex-matched (where possible) controls (cell
lines Con-14, Con-155, Con-209 and Con-3050) (Table 2.1.1). The average age at time of
skin biopsy was 57.5 (+ 8.5) years in C9orf72 ALS and 56.5 (+ 11.4) years in controls. The
average disease duration in C9orf72 ALS cases was 26 (+ 5.1) months (at the time of writing
ALS donor 52 was still alive and therefore not included in the disease duration calculation).

Cell line Sex (M/F) Age at biopsy (years) | Disease duration
(months)

Con-14 F 52 N/A

Con-155 M 40 N/A

Con-209 F 69 N/A

Con-3050 M 65 N/A

C9-52 M 48 N/A

C9-78 M 66 31.7

C9-183 M 50 27

C9-201 F 66 194

Table 2.1.1. Details of control and C9orf72 ALS sample donors.
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Antibody | Species | Western blot | Immunofluorescence | Source Cat. No.
dilution dilution

ADA Mouse 1:250-1,000 | N/A Santa Cruz sc28346

ADA Rabbit 1:1000 1:25-50 Proteintech 13328-1-
AP

ADK Rabbit 1:1000 N/A Proteintech 66929-1-
IG

Actin Rabbit 1:3000 N/A Proteintech 20536-1-
AP

CD73 Rabbit 1:2000 N/A Proteintech 12231-1-
AP

HGPRT Rabbit 1:2000 N/A Proteintech 15059-1-
AP

NQO-1 Rabbit 1:1000 N/A Proteintech 11451-1-
AP

P62 Mouse 1:1000 N/A BD Biosciences | 610833

P73 Mouse 1:2000 N/A ThermoFisher 38C674.2

PNP Mouse 1:1000 N/A R&D Systems MABG6486

V5-Tag Mouse N/A 1:1000 ThermoFisher MAS5-
15253

XDH Rabbit 1:2000 N/A Proteintech 55156-1-
AP

Table 2.1.2. Details of the primary antibodies used in this study, including species, western blot

dilution, immunofluorescence dilution, supplier, and catalogue number.
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Species Western blot | Immunofluorescence | Excitation/ | Source Cat. No.

dilution dilution Emission

(nm)

Hoescht N/A 1:2,000-10,000 350/461 ThermoFisher | H3570
Anti-Mouse | 1:5,000 N/A N/A Abcam ab97040
Anti-Rabbit | 1:5,000 N/A N/A Sigma-Aldrich | A0545
Fluorescent | N/A 1:1,000 499/520 ThermoFisher | A11001
Anti-Mouse
Fluorescent | N/A 1:1,000 579/603 ThermoFisher | A11011

Anti-Rabbit

Table 2.1.3. Details of the secondary antibodies used in this study, including species, western blot

concentration, immunofluorescence concentration, supplier, and catalogue number.
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Primer Fwd/Rev Sequence (5’-3’)

(FIR)
18s F ATGGCCGTTCTTAGTTGGTG
18s R CGCTGAGCCAGTCAGTGTAG
ADA F CTGCTGAACGTCATTGGCATGG
ADA R GGCGATCCTTTTGATAGCCTCC
CD73 F CTCCTCTCAATCATGCCGCT
CD73 R TGGATTCCATTGTTGCGTTCA
GAPDH F CAACTTTGGTATCGTGGAAGGAC
GAPDH R ACAGTCTTCTGGGTGGCAGTG
HGPRT F CATTATGCTGAGGATTTGGAAAGG
HGPRT R CTTGAGCACACAGAGGGCTACA
P73 F CATGGAGACGGAGGACACGTACT
P73 R TGCCGATAGGAGTCCACCAGTG
Ul F CCATGATCACGAAGGTGGTT
Ul R ATGCAGTCGAGTTTCCCACA
WPRE F CCCGTACGGCTTTCGTTTTC
WPRE R CAAACACAGAGAGCACACCACG

Table 2.1.4. Details of the primer pairs used in this study including 5’-3’ sequence.
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Informed consent was obtained from all human subjects before skin sample collection (Study
number STH16573, Research Ethics Committee reference 12/YH/0330).

2.2 Plasmid and viral preparations

The ADA plasmid was cloned by the Hautbergue group into a SIN-PGK-cPPT-GDNF-WHV

vector. For plasmid map see section 5.1.

36x repeat DPR plasmids were originally provided by the Isaacs group in a pcDNA5.1 vector
and DPR sequences subsequently cloned into a pCl-neo-V5 plasmid by the De Vos group
(Hautbergue et al., 2017).

C9orf72 G4C> (sense) and CaG; (antisense) repeats in a pcDNA3.1 plasmid were generated
as described previously (Hautbergue et al., 2017) by the Hautbergue lab and subcloned into

a lentiviral backbone by the Hautbergue and Shaw labs.

Plasmids were transformed into E. coli by incubating 100ng of plasmid DNA with E. coli on ice
for 10 minutes prior to inducing heat shock by heating at 42°C for 45 seconds and then
returning to ice for a further 2 minutes. The transformed E. coli were incubated at 37°C in LB
media for 1 hour before streaking a petri dish of LB agar containing 50pg/ml ampicillin and
grown overnight at 37°C. A colony from this plate was selected and used to inoculate a starter
culture of LB medium containing 0.1ug/ml ampicillin and incubated overnight at 37°C. A
QIAGEN Plasmid Purification kit was then used to propagate the plasmid. Briefly, the bacterial
cells were harvested by spinning at 6000 x g for 15 minutes at 4°C. The pellet was

resuspended in 4-10ml of Buffer P1 (according to manufacturer’s instruction - QIAGEN)
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containing RNase A. Equal volumes of Buffer P2 (QIAGEN) and P3 (QIAGEN) were mixed
before incubating on ice for 15 or 20 minutes. Lysate was then centrifuged at 20,000 x g for
30 minutes at 4°C. The supernatant was collected and centrifuged again in the same
conditions for a further 15 minutes. A QIAGEN-tip was equilibrated with Buffer QBT (QIAGEN)
before the supernatant was added. The tip was then washed twice with Buffer QC (QIAGEN).
Plasmid DNA was eluted with Buffer QF (QIAGEN) and the DNA precipitated by adding 0.7
volumes isopropanol and then centrifuging at 15,000 x g for 30 minutes at 4°C. Pelleted DNA
was then washed with 70% ethanol, air-dried and resuspended in TE buffer (QIAGEN).

Plasmid concentration was quantified using a NanoDrop 1000 (LabTech).

Lentivirus was produced by transfecting Human Embryonic Kidney 293 T-Rex (HEK293T)/17
cells with 13ug of SIN-PGK-cPPT-GDNF-WHV plasmid containing target gene, 13ug
pCMVDR8.92, 3ug pRSV-Rev and 3.75ug M2G plasmids per 10cm dish (10-20x dishes
depending on required amount of LV) using calcium phosphate and incubated for 3 days, at
which point media was harvested and filtered through a 45um filter to isolate the virus. Filtered
media was centrifuged at 19,000rpm for 90 minutes at 4°C. The pelleted LV DNA was
resuspended in 1% bovine serum albumin (BSA). To titre, the LV was transduced into HelLa
cells. Genomic DNA was then isolated from HelLa cells and WPRE DNA concentration was
determined using RT-gPCR (see section 2.4.3) and compared to a known viral titre.

2.3 Cell Culture

All cells were maintained at 37°C, 5% CO, and 95% humidity.

HelLa cells and HEK293T cells were cultured in high glucose (25mM) Dulbecco’s Modified
Eagle Medium (DMEM) (Sigma-Aldrich) supplemented with 10% Foetal Bovine Serum (FBS)
(Gibco). Cells were harvested by initially removing media, then incubating at 37°C in trypsin
(Lonza) for 2-3 minutes. Trypsin was quenched in 25mM DMEM, and the cell suspensions
collected in a falcon tube, pelleted by centrifugation at 400 x g and then either resuspended

for plating, stored at -80°C or immediately lysed prior to storage.
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Neuro-2a (N2a) cells were cultured in 25mM DMEM supplemented with 10% FBS and 5mM
sodium pyruvate. N2a cells were harvested as described in section 2.3.2. N2a cells
transduced with either the G4C; or C4G; repeat expansion were propagated from a single
colony to develop sense and antisense N2a lines. Confirmation of the expression of RNA foci
and DPRs has been previously established in lines transfected with these plasmids
(Hautbergue et al., 2017) and DPR expression has also been confirmed using a Mesoscale

Discovery assay (unpublished, personal communication, Dr Adrian Higginbottom).

iINPC lines (for details see table 2.1.1) were initially reprogrammed as described in Meyer et
al. (2014) by the Ferraiuolo lab. Briefly, skin biopsies were treated with a mixture of retroviral
vectors: Kruppel-like factor 4, POU transcription factor Oct-3/4, SRY-related HMG-Box Gene
2 and c-Myc. 72 hours post-infection standard culture medium was exchanged for medium
containing the growth factors FGF2, epidermal growth factor (EGF) and heparin to provoke
NPC conversion. This was maintained for 18 days at which point EGF and heparin were
removed from the culture medium. NPC reprogramming was confirmed using
immunohistochemistry and RNA expression of the NPC markers Pax6, Nestin, NCAN and
NKX2-2. Post-reprogramming iNPCs were cultured in DMEM Glutamax containing 1% N-2
supplement (Life Technologies), 1% B27 and 20ng/ml FGF2 (Preprotech).

iINPCs were subsequently differentiated into iAstrocytes through the addition of 25mM DMEM
with 10% FBS and 0.2% N-2 supplement and differentiated for 6-8 days before any assay. As
published previously (Meyer et al., 2014, Allen et al., 2019b), this procedure produces
iAstrocytes that are 100% positive for vimentin, CD44 and glial fibrillary acidic protein.
iAstrocytes were lifted by washing away media then incubating cells at 37°C in Accutase
(Sigma-Aldrich) for 5-7 minutes, Accutase was quenched in PBS. Cells were pelleted by
centrifuging at 200 x g and then either resuspended for plating, stored at -80°C or immediately

lysed prior to storage.

Cells were transfected using a jetPRIME transfection kit (Polyplus). Xug of plasmid DNA was
mixed with Wl jetPRIME buffer and vortexed. Yul of jetPRIME reagent was then added and

33



again briefly vortexed. The mixture was incubated at room temperature for 10 minutes prior to

addition to wells. For specific volumes used see Table 2.3.5.

Plate size W = jetPRIME | X = DNA (ug) Y = jetPRIME
buffer (ul) reagent (ul)

24-well 50 0.5 1

6-well 200 2 4

Table 2.3.5. Details of the mix of jetPRIME buffer, plasmid DNA and jetPRIME reagent used for
transfections depending on plate size.

Transfection in HEK293T and Hela cells was confirmed by initially plating cells in a 24-well
plate on top of cover slips. Cells were then transfected and incubated for 24 hours prior to
fixing with 3.7% paraformaldehyde solution for 20 minutes and then permeabilised with 0.2%
Triton 100X for 3 minutes. Cells were then either stored at 4°C in PBS or immediately blocked
in 4% goat serum for 30 minutes, then stained with primary antibody and subsequently
secondary antibody for 1 hour (for dilutions see Tables 2.1.2-3). Cells were then stained with
Hoescht for 20 minutes and cover slips were mounted on a slide with Immunomount and
imaged on the BX53 fluorescent microscope (Olympus). All incubations were performed at

room temperature.

iAstrocytes and N2a were transduced by initially cell counting using a haemocytometer and

then calculating the volume of LV to add with the formula:

Vol. of virus (pl) = ((Multiplicity of Infection (MOI) x cell number per well)/viral titre)) x (number

of wells virally treated x 1000)

2.4 Experimental methods

2.4.1.1 Cell lysis and protein concentration determination
Cells were harvested and pelleted as described in section 2.3.4. Pelleted cells were re-

suspended post-storage at -80°C in an appropriate volume of lysis buffer (89% Radio-
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Immunoprecipitation Assay buffer, 10% protease inhibitor cocktail and 1% phosphatase
inhibitor, all Sigma-Aldrich) and lysed on ice for 30 minutes. Lysed cells were centrifuged at
13,000rpm and 4°C for a further 30 minutes. The supernatant was collected and stored on ice.
Protein concentration was quantified by Bradford analysis as per the manufacturer’s
instructions. Briefly, 5ul lysed sample at dilutions of 1/15, 1/30 and 1/45 in triplicate was mixed
with 195ul Coomassie reagent. 5ul of BSA, with concentrations of 1000ug/ml, 500ug/ml,
250ug/ml, 125ug/ml, 62.5ug/ml, 31.25ug/ml and 15.125ug/ml, in triplicate were also mixed
with 195ul Coomassie to generate a standard curve. Absorbance was measured at 595nm on
a PHERAstar plate reader (BMG LABTECH), and protein concentration was calculated by
plotting sample absorbance against the standard curve based on rearrangement of the linear

equation (y=mx+C) to the following formula:

X = (y-c)/m

Where:

X = Protein concentration (ug/pl)
Y = Absorbance 595nm

C = y-intercept

M = gradient of the line

Protein concentration values were adjusted to represent the concentration of the whole sample
by multiplying by the corresponding dilution (15, 30 or 45) and samples were denatured at
95°C in 1x Laemmli buffer for 5 minutes prior to storage at -20°C.

2.4.1.2 Electrophoresis, Transfer, and Imaging

A 10-20ug of protein was loaded onto 8-12% SDS polyacrylamide gels and electrophoresis
was performed using Mini-PROTEAN Tetra Handcast systems (Bio-Rad). Protein was
transferred to methanol treated polyvinylidene difluoride (PVDF) (Millipore) membranes at
250mA for 1 hour at room temperature. PVDF membranes were then incubated with blocking
solution (Tris-buffered saline with 0.01% Tween (TBST) plus 5% BSA). Membranes were
incubated at 4°C overnight in blocking solution with primary antibody (for dilutions see Table
2.1.2). Excess antibody was then removed using six 10-minute TBST washes and the
membrane incubated with secondary HRP-conjugated antibody (for dilutions see Table 2.1.3)
in blocking solution for an hour at room temperature. Excess secondary antibody was then
removed in three 10-minute TBST washes and protein bands were detected with an EZ-ECL
HRP chemiluminescence kit (Biological Industries) using an Odyssey XF imaging system (LI-

COR). Protein signal levels were quantified using Image Studio Lite v5.2 (LI-COR).
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ADA activity assays were performed using an ADA activity assay kit (Abcam). Briefly, cells
were harvested as described in section 2.3.4 and lysed immediately in manufacturer's ADA
activity assay buffer (AB) before being stored at -80°C. Protein content in lysed samples was
assessed using a Bradford assay as described in section 2.4.1.1 Inosine standards were
prepared in AB at 0, 20, 40, 80, 160, 240 and 320nmol/well and added to the wells of a 96-
well white-walled plate in 50pl AB. Between 0.1 and 4ug of protein per sample (depending on
cell line and viral treatment) was also added to wells. A reaction mix containing 40ul AB, 2ul
ADA converter, 2ul ADA developer, 1ul ADA probe and 5ul ADA substrate was then added to
a portion of the wells containing samples. A background control mix with the 5ul of ADA
substrate replaced with AB was added to the remaining sample wells and the wells containing
the standard solutions. Fluorescence was then measured at ExX’Em = 535nm/587nm on a
PHERAstar plate reader every 2 minutes for 90 minutes. Inosine output was calculated by
normalising RFU at an individual time point to protein content in each well. ADA activity was
calculated by taking the RFU from two timepoints over the course of the kinetic read and

entering those values into the following formulae:

AT:T2—T1

ARFU = (RFU>— RFUzsc) - (RFU; — RFU186)

ADA activity = (ARFU/AT*ug protein) * Dilution factor = pmol/min/ug

Where:

T1 = Timepoint 1

T, = Timepoint 2

RFU: = RFU at timepoint 1

RFU, = RFU at timepoint 2

RFU1sc = Background RFU at timepoint 1
RFU.sc = Background RFU at timepoint 2

RNA was extracted from iAstrocytes 7 days post-differentiation using the EZ Total RNA
Isolation Kit (Geneflow). Pelleted cells were lysed using the denaturing solution. An equal

volume of extraction solution was then added, and the mixture shaken vigorously for 15
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seconds before being incubated at room temperature for 10 minutes. The mixture was then
centrifuged for 15 minutes at 12,000 x g and 4°C. The upper phase was collected, and RNA
precipitated by adding an equal volume of isopropanol prior to storage overnight at -20°C. The
RNA was then pelleted by centrifuging at 12,000 x g and 4°C for 15 minutes. The supernatant
was discarded, and the pellet washed in 70% ethanol before being resuspended in 22ul DEPC
H.O. Samples were treated with DNasel (Roche), by adding 2.5ul 10X DNase and 0.5ul
DNasel to each sample and incubating at 37°C for 30 minutes. The enzyme was then
denatured by incubating at 75°C for 10 minutes and the samples quantified on a NanoDrop
1000. 2ug RNA was converted to cDNA by mixing with 1ul random hexamers, 1ul 10mM
dNTPs and making up to 13.5ul with DEPC H,0. The solution was then incubated at 50°C for
5 minutes before cooling on ice water for 1 minute. The solution was mixed with 4ul 5x first
strand buffer, 2ul 0.1M DTT and 1pl M-MLV reverse transcriptase (all reagents acquired from
Bioline) and incubated at 25°C for 10 minutes, 42°C for 60 minutes and 85°C for 5 minutes in
a PCR machine (G-Storm) and cDNA was then mixed with 1pl of 5uM of the relevant forward
and reverse primer pairs (for primer sequences see Table 2.1.4), 3ul of DEPC water and 5l
Brilliant Il Ultra-Fast SYBR Green qPCR (Agilent Technologies). RT-qgPCR was performed on
a CFX96 RealTime System C1000 Touch Thermal Cycler (Bio-Rad) and was analysed using
CFX Maestro v2.2 (Bio-Rad). Thermocycler conditions for RT-gPCR are described in Table
2.4.3.

Step Temperature (°C) Time Cycles
PCR activation 95 5m N/A
Denaturation 95 10s 40
Annealing 60 30s

Melt Curve analysis | 65 5s

Melt Curve analysis | Ramp 0.5°C/5s N/A
Melt Curve analysis | 95 - N/A
Storage 10 Hold N/A

Table 2.4.3. Detalils of the stages of RT-gPCR reaction including temperature, time and the number

of cycles.

At 6 days post-differentiation iAstrocytes were lifted and plated, as described in section 2.3.4,

in 96-well clear-bottom plates (Greiner) coated in 0.25ug/ml fibronectin (Millipore) at 7,500-
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10,000 cells/well in 100l of 25mM DMEM. Plates were then incubated at 37°C/5% CO; for
24 hours. Media was then changed for 200ul low glucose (5mM) DMEM plus 10% FBS and
0.3mM glutamine (Lonza) with adenosine at concentrations of 4.0mM and 10mM plus
untreated controls at both 5mM glucose DMEM (as this is more representative of physiological
glucose levels) and 25mM glucose DMEM (higher glucose level that is standard for iAstrocyte
cell culture. After 24 hours incubation, plates were washed three times with 100ul PBS before
being incubated for at least 24 hours at -80°C. Cell number was quantified using a CyQUANT
Cell Proliferation kit (Invitrogen — C7026) by adding 400X CyQUANT dye at 1/400 and 20X
HBSS buffer at 1/20, diluted in dH.O to wells following manufacturer's instructions.

Fluorescence was measured on a PHERAstar plate reader at EX/Em = 485nm/520nm.

At 6 days post-differentiation iAstrocytes were lifted and plated, as described in section 2.3.4,
in a 96-well white-walled clear-bottom plate (Greiner) and incubated for 24 hours at 37°C/5%
CO.. Media was then changed for 100ul 5mM DMEM with an inosine positive control at 7.5mM
plus a 25mM DMEM control and incubated for 24 hours. After incubation, media was removed,
the plate washed with 200ul PBS and ATP levels quantified using a cellular ATPlite assay kit
(PerkinElmer). Briefly, each well had 50ul lysis buffer, 50ul ATP substrate and 100ul PBS, and
a portion of wells also had 10l ATP standard solution at 50uM, 25uM, 12.5uM, 6.125uM,
3.063uM, 1.531uM and 0.766uM. Between the addition of each reagent, plates were shaken
on a plate shaker for 5 minutes. After this process, plates were stored in the dark at room
temperature for 10 minutes, and luminescence was subsequently measured on a PHERAstar
plate reader. Cell number was quantified using a CyQUANT Cell Proliferation kit (Invitrogen —
C35006), 100pl of 500X CyQUANT at 1/500 and 5X HBSS buffer at 1/5, diluted in dH.O was
added to wells and plates incubated for 1 hour. Fluorescence was measured on a PHERAstar
plate reader at Ex:485/Em:520nm.

Six days post-differentiation, iAstrocytes were lifted and plated, as described in section 2.3.4,
in 96-well cell culture plates (Agilent) in 25mM DMEM and incubated overnight. Media was
then replaced with phenol-red free DMEM containing 5mM glucose, 1mM glutamine and 1mM
sodium pyruvate (Gibco) plus an inosine positive control at 7.5mM and incubated for 24 hours.
On the same day an XF96e probe (Agilent) plate was primed with XF calibrant (Agilent). The

next day, cell media was replaced with XF assay media containing 5mM glucose, 1mM
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glutamine and 1mM sodium pyruvate at pH 7.4 (Agilent) and incubated at 37°C in a non-CO
incubator for 1 hour. XF probe plates were loaded with 20ul 13uM oligomycin, 22ul 17.5uM
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and 24ul of 13uM antimycin A
and 13uM rotenone in ports A-C respectively. Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) was then measured on an XF96e bioanalyser (Agilent)
in the presence and absence of 1.3uM oligomycin, 1.75uM FCCP and the 1.3uM antimycin
Alrotenone mix. Cell number was determined using a CyQUANT Cell Proliferation kit as

described in section 2.4.4.

Urate assays were carried out using a urate assay kit (Sigma-Aldrich). Samples were collected
as described in section 2.3.4 and subsequently lysed in manufacturers urate assay buffer.
Samples were then centrifuged at 13,000 x g and 4°C for 10 minutes to remove insoluble
material. Protein content was assessed using a Bradford assay as described in section
2.4.1.1. Urate standards at 0, 2, 4, 8, 16, 32 and 64nmol/well were prepared in 50ul urate
buffer. These, along with 50l of the lysed iAstrocyte samples (at appropriate concentrations
based on protein content), were added to a 96-well white walled plate before being mixed with
a master mix containing 46yl urate assay buffer, 2ul urate probe and 2l urate enzyme mix.
The plate was then incubated in the dark at 37°C for 30 minutes before measuring
fluorescence at EXEm = 535nm/590nm on a PHERAstar plate reader.

2.5 Statistical Methodology

Statistical analysis was carried out in Graphpad Prism Software (v10.0.3). Where possible
raw data was analysed, however, this was not always the case as inter-assay variability
sometimes biased data. Where this occurred, we used two methods to avoid this. Firstly,
assays where all controls and patients were run alongside each other in the same assay a
control average was taken, and all individual data points were taken as a ratio of this.
Secondly, if all cell lines were not analysed within the same assay, a fold change against the
matched control was used. These methods prevented variability from biasing data and
allowed for more accurate statistical analysis. All data underwent normality distribution
analysis by D’Agostino-Pearson omnibus normality test, Anderson-Darling test, Shapiro-Wilk
normality test and Kolmogorov-Smirnov normality test with Dallal-Wilkinson-Lilliefor P value
to test for Gaussian distribution prior to parametric or non-parametric analysis.
Subsequently, statistical tests were performed using t-tests or one-way ANOVAs for single
or group (more than 2) analysis respectively. All single analysis data was unmatched and

therefore a Welch’s t test or Mann-Whitney t test depending on parametric or non-parametric
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distribution was performed. All grouped data was also matched and therefore an RM one-

way ANOVA or Friedman test was performed, again depending on distribution.

For the iAstrocyte data sets (aside from a few highlighted exceptions — see COVID
statement), at least three biological repeats of each control or C9orf72 line were compared
with each another. In many of the assays these individual biological repeats were the
average of at three technical repeats. This approach was used in the publications leading to
this Thesis involving the similar analysis of the same cell lines (Allen et al., 2019a and

2019b). Therefore, to aid continuity, we continued with this approach.
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3. Investigating purine metabolism dysfunction in C9orf72

IAstrocytes

Allen et al., (2019a) demonstrated that compromised adenosine metabolism in C9orf72
iAstrocytes is an area that can be targeted for therapeutic intervention. These investigations,
however, did not investigate the direct functional ramifications of reduced ADA expression,
nor the potential effect of C9orf72 ALS on the pathway that ADA is involved in, purine
metabolism. In this chapter, | therefore investigated the extent to which a loss of ADA at the
protein level translates to loss in global cellular ADA activity, inosine output and urate levels.
We also examine the effect of C9orf72 ALS on other enzymes involved in purine metabolism,
alongside the reconfirmation of data initially presented by Allen et al. (2019a), such as loss of

ADA expression and elevated p62 expression in these models.

3.1 ADA activity and inosine output are reduced in C9orf72

IAstrocytes

We initially wanted to re-confirm and further validate adenosine metabolism dysfunction in
C9orf72 iAstrocytes. To do this, we investigated ADA expression, ADA activity, inosine output
and urate output. When directly comparing C9orf72 iAstrocyte ADA expression to age- and
sex-matched controls, two of three C9orf72 cell lines (C9-78 and C9-183) exhibited a
significant decrease in ADA levels. Interestingly, C9-201 did not exhibit this reduction in ADA
expression compared to its matched control. C9-201, in our previously published work, tended
to exhibit the highest ADA level of the three C9orf72 lines, but still showed an overall reduction
in ADA expression compared to controls. Conversely, it's matched control, Con-209, often had
lower ADA expression compared to other control iAstrocytes. As we were directly comparing
matched control/patient pairs as opposed to collectively comparing control and patient groups
on a single gel, this skewed the data, meaning that, when combined, we observed no overall

significant downregulation in ADA expression (Figure 3.1A-B).

Although we have previously observed a downregulation in C9orf72 lines at the protein and
the RNA level (Allen et al., 2019a), it was unknown whether this translated to a reduction in
ADA activity and therefore inosine output. To test this, we established the first ADA activity
assay in ALS cell lines. Our data showed that, as expected, loss of ADA at the protein level
reduces ADA activity in C9orf72 iAstrocytes compared to controls (Figure 3.1C). This induces
a reduction in iAstrocyte inosine output, which is the first time this has been shown in the
context of C9orf72 ALS. Predictably, ADA activity and inosine output levels corresponded with
ADA expression, as C9-201 experienced the lowest reduction in both ADA activity and inosine

output compared to controls, whilst both C9-78 and C9-183 both experienced more severe
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reductions in both parameters. Alongside inosine output, we assessed the level of urate
production in our iAstrocytes, allowing a proxy measure of purine metabolism beyond
adenosine to inosine conversion. Overall, urate output was reduced in C9orf72 iAstrocytes
compared to controls, but this did not reach significance due to C9-78 displaying high levels
of urate output (Figure 3.1E, top three data points), compared to C9-183 and C9-201 (Figure
3.1E, bottom six data points). These data indicate that urate levels may not be directly linked
to inosine levels and may be dependent on enzyme activity downstream of adenosine-inosine
metabolism.

These data, taken together with the data presented by Allen et al. (2019a), demonstrated that
the C9orf72 HRE reduces ADA levels, which decreases ADA activity and inosine levels but

may have less effect further downstream.
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Figure 3.1. ADA activity and inosine output are reduced in C9orf72 iAstrocytes. (A)
Representative images of ADA expression in control and C9orf72 iAstrocytes. (B) ADA expression
in control and C9orf72 iAstrocytes. (C) ADA activity in control and C9orf72 iAstrocytes. (D) Inosine
output in control and C9orf72 iAstrocytes. (E) Urate output in control and C9orf72 iAstrocytes. Data
presented as mean and standard deviation of three biological replicates from three control and
three C9orf72 iAstrocytes. Statistical analysis performed by setting control values to 1 (B),
normalising values to a control average in each assay (C and D) or analysing raw data (E) and
performing a Welch’s t test (C and D) or Mann-Whitney test (B and E). *P < 0.05. Where P value

is not indicated results were non-significant.

3.2 A pathogenic marker of C9orf72 ALS is significantly
upregulated, but antioxidant defence mechanisms remain

unaffected in C9orf72 iAstrocytes

p62 positive cytoplasmic inclusions are a clinical hallmark of C9orf72 ALS, observed in the
hippocampus, cerebral cortex and cerebellum (Al-Sarraj et al., 2011; Troakes et al., 2012).
p62 accumulation has also been observed in C9orf72* HelLa and rat cortical neurons
(Webster et al., 2016) and we have demonstrated that p62 expression is significantly higher
in C9orf72 iAstrocytes (Allen et al., 2019a). The exact mechanism that leads to the
accumulation of p62 is unknown, but is likely related to the C9orf72 protein, as C9orf72 and
p62 form a complex to eliminate stress granules (Chitiprolu et al., 2018). Here we sought to
recapitulate the finding that p62 expression is elevated in C9orf72 iAstrocytes (Allen et al.,
2019a). Using western blots to assess protein expression, we demonstrated here that p62 is
indeed elevated in our cell models (Figure 3.2A-B). These data validate our current iAstrocyte
cell lines as effective tools to investigate purine metabolism in C9orf72 ALS astrocytes and
will be one of the key biomarkers investigated to assess the effect of gene therapy on

iAstrocytes, which will be explored in Section 5.

Reduced expression of nuclear factor erythroid 2-related factor 2 (Nrf2), a coordinator of the
oxidative stress response, has been observed in ALS cell models (Petri et al., 2012). One of

the targets of Nrf2, the antioxidant enzyme NAD(P)H quinone dehydrogenase 1 (NQO1), was
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shown to be downregulated in C9orf72 iAstrocytes, suggesting impaired antioxidant defence,
likely triggered by loss of Nrf2 (Allen et al., 2019a). As with p62, we sought to reconfirm the
loss of NQO1 expression observed in C9orf72 iAstrocytes previously. To do this, we again
utilised western blots to assess NQO1 protein expression. As with several other data sets that
we present in this chapter, we observed a significant downregulation in two of three C9orf72
cell lines, when analysed independently. In this instance, C9-78 and C9-201, when analysed
separately, exhibited a downregulation in NQO1 that reached significance. C9-183,
conversely, displayed consistent upregulation in NQO1, though this upregulation did not reach
significance. Therefore, when combined, there was no overall significant difference in NQO1
expression between control and C9orf72 iAstrocytes (Figure 3.2C-D). Again, this is possibly
attributable to the fact that control/C9orf72 matched pairs were run on the same gel, instead
of all three control and C9orf72 iAstrocytes samples being collected onto a single gel, as was

performed previously (Allen et al., 2019a).
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Figure 3.2. p62 and NQOL1 expression are significantly altered in C9orf72 iAstrocytes. (A)
Representative images of p62 expression in control and C9orf72 iAstrocytes. (B) Densitometry

analysis of p62 expression in control and C9orf72 iAstrocytes. (C) Representative images of NQO1
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expression in control and C9orf72 iAstrocytes. (D) Densitometry analysis of NQO1 expression in
control and C9orf72 iAstrocytes. Data presented as mean and standard deviation of three
biological replicates from three control and three C9orf72 cell lines. Densitometry analysis
performed by normalizing the specified protein level to actin loading control and then setting control
values to 1, before statistical analysis by Mann-Whitney test (B and D). **P < 0.01. Where P value

is not indicated results were non-significant.

3.3 The upstream enzyme of ADA, CD73, is downregulated in
C9orf72 iAstrocytes

To further elucidate the effect of C9orf72 on purine metabolism in iAstrocytes, we examined
the two enzymes that act directly upstream of ADA, adenosine kinase (ADK) and CD73. ADK
phosphorylates adenosine to form AMP. CD73, conversely, dephosphorylates AMP to form
adenosine (Figure 1.5B). Both enzymes, like ADA, are key regulators of adenosine
metabolism. CD73 has not been previously linked directly to ALS of any form, but CD73
inhibition was shown to ameliorate inflammation, neurodegeneration and motor dysfunction in
a PD mouse model (Meng et al.,, 2019) and both have been discussed as potential
coordinators of adenosine and adenosinergic receptor activation during neurodegeneration in
ALS (A. Mori et al., 2021). Interestingly, cervical spinal cord astrocytes undergoing astrogliosis
from ALS patients show higher expression of ADK (Boison & Aronica, 2015). We therefore
hypothesised that C9orf72 ALS might induce variations in the expression of these two
enzymes, as we had observed with ADA. The fact that these enzymes act upstream of ADA
was also key, as aberration here could provide a mechanistic basis for loss of ADA. To
investigate this stage of the pathway, we again utilised western blots to assess the protein
expression of CD73 and ADK in control and C9orf72 iAstrocytes. Here we demonstrate that
ADK expression is unaffected, whilst CD73 is significantly downregulated in C9orf72
iAstrocytes compared to controls (Figure 3.3A-D). Both findings are crucial to our

understanding of how purine metabolism becomes dysregulated in C9orf72 iAstrocytes.
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Figure 3.3. CD73 expression is downregulated in C9orf72 iAstrocytes. (A) Representative
image of ADK western blot. (B) Densitometry analysis of ADK western blot. (C) Representative
image of CD73 western blot. (D) Densitometry analysis of CD73 western blot. Data presented as
mean and standard deviation of three biological replicates from three control and three C9orf72
iAstrocytes. Densitometry analysis performed by normalizing the specified protein level to actin
loading control before statistical analysis by Welch’s t-test (B and D). **P < 0.01. Where P value is

not indicated results were non-significant.

3.4 The purine salvage enzyme, HGPRT, is upregulated in C9orf72

IAstrocytes

We next wanted to investigate the effect of C9orf72 ALS on the enzymes that regulate other
key stages of purine salvage and purine degradation. These enzymes were PNP, XDH and
HGPRT. PNP catalyses the conversion of inosine and guanosine to hypoxanthine and
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guanine, producing ribose-1-phosphate, a key source of energy production in the CNS during
cell stress (Balestri et al., 2007; Jurkowitz et al., 1998; Litsky et al., 1999); XDH converts
hypoxanthine into xanthine and subsequently xanthine into the antioxidant, urate (Ames et al.,
1981; Corte & Stirpe, 1972); and HGPRT is the key enzyme in purine salvage (Henderson &
Khoo, 1965; Murray, 1971). None of these enzymes have been directly linked to the pathology
of any form of ALS, however all are involved in mediating the response of cells to pathogenic
insults commonly observed in ALS. PNP to energy generation, XDH to oxidative stress and
HGPRT to DNA damage. In addition, as described previously, we have observed reduced
urate production in a cell-line specific manner, that was independent of variations in inosine
output in C9orf72 iAstrocytes. These data, taken together, strongly suggested that expression
of one or more of these enzymes might be altered in C9orf72 iAstrocytes. To explore this
hypothesis, we examined the protein expression of these enzymes using western blots. These
investigations demonstrated that, as with ADK, the expression of PNP and XDH were
unaffected in C9orf72 iAstrocytes (Figures 3.4A-D). HGPRT, however, was significantly
upregulated (Figures 3.4E-F). Interestingly, this increase in expression was largely driven by
cell lines C9-183 and C9-201, which corresponds to the two lines that exhibited a significant
downregulation in urate output (Figure 3.1E). This indicated that, as had been hypothesised,
the level of urate production is ultimately controlled independently of ADA action and is likely
regulated by HGPRT activity.

Regardless of the specific mechanistic implications of increased HGPRT, these data
demonstrate a further irregularity in purine metabolism in C9orf72 iAstrocytes that has not
been previously reported and broadens our knowledge of the full extent of purinergic
aberration in C9orf72 ALS.
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Figure 3.4. HGPRT expression is upregulated in C9orf72 iAstrocytes. (A) Representative
image of PNP western blot. (B) Densitometry analysis of PNP western blot. (C) Representative
image of XDH western blot. (D) Densitometry analysis of XDH western blot. (E) Representative
image of HGPRT western blot. (F) Densitometry analysis of HGPRT western blot. Data presented
as mean and standard deviation of three biological replicates from three control and three C9orf72
iAstrocytes. Densitometry analysis performed by normalizing the specified protein level to actin
loading control before statistical analysis by Welch’s t-test (B and D) or Mann-Whitney test (F).

*P < 0.05. Where P value is not indicated results were non-significant.
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3.5 CD73 is downregulated but HGPRT unaffected at the RNA level
in C9orf72 iAstrocytes

We previously established that, alongside a reduction at the protein level, relative RNA
expression of ADA was also significantly reduced in C9orf72 iAstrocytes. This indicated that
a reduction in transcription was responsible for the downregulation of ADA observed at a
protein level. Therefore, we next wanted to investigate whether the changes we observed at
the protein level in HGPRT and CD73 shared the same transcriptional origin. To do this, we
utilised RT-gPCR to survey the relative RNA expression of the two enzymes in C9orf72
iAstrocytes. CD73 RNA expression was significantly downregulated, as was observed at the
protein level (Figure 3.5A). HGPRT showed an overall upregulation at the RNA level, but this
upregulation did not reach significance (Figure 3.5B). This suggested that CD73
downregulation occurs at a transcriptional level. This may also be the case for HGPRT, but
post-transcriptional regulation may also be a factor in enhanced HGPRT expression which is

why we observe no significant alterations at the RNA level (though this could also be
attributable to variations in the data).
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Figure 3.5. Relative CD73 RNA expression is downregulated in C9orf72 iAstrocytes. (A)
Relative RNA expression of CD73 in iAstrocytes. (B) Relative RNA expression of HGPRT in
iAstrocytes. Data presented as mean and standard deviation of three biological replicates from
three control and three C9orf72 iAstrocytes. Statistical analysis by Welch’s t-test. *P < 0.05. Where
P value is not indicated results were non-significant.
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3.6 Discussion

This chapter's focus was on investigating purine metabolism dysfunction in C9orf72
iAstrocytes, to re-confirm and further validate the data presented by Allen et al. (2019a). We
also aimed to investigate additional defects that may be present in purine metabolism, that

could be caused by (or be the cause of) dysfunction in ADA metabolism.

Despite divergences in ADA expression in C9-201 compared to the two other C9orf72 cell
lines, we did observe a reduction (albeit non-significant) in ADA levels in C9orf72 iAstrocytes,
as previously published. For these investigations, age- and sex-matched control/C9orf72 pairs
were compared directly to each other and were run side-by-side on the same gel to
accommodate for gene therapy-treated samples. This meant that fold-change to the relevant
control was used to account for inter-assay variability. C9-201 has the least severe ADA
phenotype, whereas Con-209, its control pair, is often closer in phenotype to the C9orf72 lines.
This introduced data that contradicted our two other control/C9orf72 pairs. This therefore led
to an overall lack of significance in the reduction in ADA expression we observed. Despite the
inter-cell line heterogeneity in C9orf72 and control ADA expression, we still observed a
significant loss of both ADA activity and inosine output in C9orf72 iAstrocytes. This suggests
that loss of ADA at the protein level leads to loss of adenosine activity that may reduce
endogenous inosine production. These results also emphasise the disparity in phenotypes in
ALS, even within the same genetic cohort, indicating that distinct pathological profiles still lead
to the same or similar outcomes and highlighting the need for patient stratification for
efficacious treatment, which has been discussed extensively within the field previously (Beghi
et al., 2007; Goyal et al., 2020; Sabatelli et al., 2013).

3.6.2.1 ADA activity and inosine output

Here we showed, for the first time in C9orf72 ALS, that a reduction in ADA expression leads
to an accompanying reduction in ADA activity and inosine output (Figure 2C-D), confirming a
precedent for dysfunctional adenosine metabolism. As with ADA expression, this
downregulation was driven by two cell lines, with expression correlating closely with activity
and inosine output. This data confirms that loss of ADA expression leads to a tangible

functional dysregulation in enzyme activity, which we had not previously shown. This also
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adds to the wealth of evidence already available that adenosine metabolism is dysfunctional
in ALS. Breakdown in this essential stage of purine metabolism has two major potential

repercussions.

Firstly, reduced ADA activity and ADA expression could lead to a build-up of adenosine,
inducing adenosine-mediated toxicity. We have previously shown that C9orf72 iAstrocytes are
more susceptible to adenosine-mediated toxicity (Allen et al., 2019a) a finding that has also
been observed in iPSC-derived ALS MNs (Ng et al., 2015). ADA inhibition in several in vitro
models, including control iAstrocytes also leads to adenosine-induced toxicity (Allen et al.,
2019a; Archer et al., 1985; Kredich & Martin, 1977). Aza receptor activation is also known to
be involved in the transition of astrocytes to a reactive state (Brambilla et al., 2003; Hindley et
al., 1994), suggesting that adenosine accumulation is involved in the induction of astrogliosis,
which is likely detrimental to neuronal health (Vargas & Johnson, 2010). These data
demonstrate the potential for ADA loss to contribute to neurodegeneration. In apparent
evidence of ADA loss in a clinical setting, the CSF of individuals with ALS exhibits a significant
increase in adenosine levels, despite no concomitant increase in inosine output (Yoshida et
al., 1999). Yoshida et al. (1999) attributed spikes in adenosine levels to hypoxic conditions, as
adenosine acts as an immunosuppressor via activation of the A.a receptor (Fredholm, 2007;
Henney & Lichtenstein, 1971; Sitkovsky & Ohta, 2005; Winn et al., 1981). However, this may
inadvertently exacerbate adenosine-mediated toxicity and propagate neurodegeneration,
instead of preventing it, particularly as the spike in adenosine levels did not induce a
concomitant increase in inosine output, indicating ADA-mediated adenosine metabolism

dysfunction in those individuals.

The other possible consequence of reduced ADA activity is reduced ATP output, as inosine is
important for energy production (Balestri et al., 2007; Jurkowitz et al., 1998; Litsky et al., 1999;
Mdadis et al., 2013). We know that C9orf72 iAstrocytes are less able to efficiently metabolise
adenosine for energy production (Allen et al., 2019a) and demonstrate here that they also
have reduced inosine output (Figure 1D). Supplementing cells with inosine improves
bioenergetic output and MN survival in iAstrocyte/MN co-cultures (Allen et al., 2019a) and
inosine metabolism also positively correlates with disease duration in ALS fibroblasts (Gerou
et al., 2021). These data suggest that reduced inosine output, caused by a loss of astrocyte
ADA, is detrimental to MN survival in C9orf72 ALS, highlighting an area for therapeutic
intervention. Both outcomes would significantly disrupt astrocyte homeostasis and potentially

induce cytotoxicity and could therefore be contributory factors in MN degeneration.
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3.6.2.2 Possible effects of a reduction in urate output

Along with higher susceptibility to adenosine-mediated toxicity from diminished ADA activity,
and dysfunctional bioenergetics caused by reduced inosine output, you might also expect an
effect further downstream in purine metabolism. Hence our investigation into urate output, the
end-product of purine degradation. Here we observed a significant downregulation in two of
three C9orf72 cells lines. These cell lines were C9-183 and C9-201, suggesting that loss of
urate may not be directly related to loss of ADA. Loss of urate output may instead be
dependent on HGPRT expression, as the two cell lines with the highest HGPRT expression
were the two cell lines with the lowest urate output. Urate levels are widely reported as lower
in ALS patients (Bjornevik et al., 2019; Ikeda et al., 2012; Keizman et al., 2009; O’Reilly et al.,
2017; Oh et al., 2015; Paganoni et al., 2018; Zoccolella et al., 2011) which correlates with a
faster disease progression (Ikeda et al., 2012; Keizman et al., 2009; Nicholson et al., 2015;
Oh et al., 2015; Paganoni et al., 2012, 2018; F. Zhang et al., 2018), whilst elevated baseline
urate levels and stable urate levels throughout treatment were associated with prolonged
survival in those treated with edaravone (Takahashi et al.,, 2022). The level of urate in
individuals with ALS therefore plays an important role in ALS disease progression. We have
shown that inosine supplementation can significantly increase urate output in C9orf72
iAstrocytes (Allen et al., 2019a) and inosine supplementation has also been shown to boost
CSF urate levels in PD patients (lwaki et al., 2017) and ALS patients (Nicholson et al., 2018).
Reactive astrocytes are one of the main contributors to oxidative stress in ALS (Park & Yang,
2021), therefore, astrocyte-targeted treatments that can improve urate output are another area

for therapeutic intervention.

3.6.2.3 Conclusions

Due to the importance of astrocytes for the maintenance of neuronal homeostasis and their
hypothesised significance in the pathogenesis of ALS, repairing dysfunctional adenosine
metabolism and therefore restoring ADA activity, inosine output and potentially urate output to
C9orf72 iAstrocytes, therefore has potential three-fold benefit to the cell, of alleviating
adenosine- and deoxyadenosine-mediated toxicity, improving bioenergetic output via inosine

production and improving antioxidant defence via urate production.

We next wanted to investigate the enzymes that directly regulate adenosine metabolism
alongside ADA. To do this we used western blots to examine levels of the enzymes CD73 and
ADK. The nucleoside kinase ADK is an incredibly important enzyme that is found ubiquitously
throughout the body (Krenitsky et al., 1974). ADK has been referred to as the key upstream

regulator of adenosinergic neuromodulation (Boison, 2011) and is an important regulator of

52



adenosine alongside ADA. Understanding the expression of ADK was therefore important in
further elucidating dysfunction in adenosine metabolism. We have shown here that ADK is not
significantly altered in C9orf72 iAstrocytes. This further strengthens our observations that
reduction in the ability of iAstrocytes to metabolise adenosine, leading to reduced adenosine-
derived energy output and increased adenosine-mediated toxicity (Allen et al., 2019a), is
triggered solely by a loss of ADA. This data does, however, provide an interesting contrast to
the data presented by Boison and Aronica (2015), who demonstrated that ADK was
upregulated in reactive astrocytes from the cervical spinal cord of ALS patients. This is most
likely because the C9orf72 iAstrocytes were not currently undergoing astrogliosis, but an
investigation into the expression of astrogliosis and inflammatory markers in our model would
confirm this. It would therefore also be interesting to induce inflammation in C9orf72
iAstrocytes and subsequently investigate the effect on purine metabolism enzymes and the

subsequent effect on MN survival in co-cultures.

CD73 is an ecto-enzyme found on the cell surface that dephosphorylates extracellular AMP
to form adenosine (Zimmerman, 1992). CD73 is also a powerful regulator of adenosine and
adenosinergic activation of the Azareceptor, and therefore the immune response (Meng et al.,
2019; Orr et al., 2009). Generally, adenosine acts as an immunosuppressant via agonism of
Aza and consequent activation of the cAMP-PKA pathway (Fredholm, 2007; Henney &
Lichtenstein, 1971; Sitkovsky & Ohta, 2005; Winn et al., 1981). However, this is context
dependent and can be altered by factors such as disease stage (Dai et al., 2010). For example,
in a mouse model of MS, Aza activation shifted from anti-inflammatory in early disease-states,
to pro-inflammatory in the late stages of disease (Ingwersen et al., 2016). The potential cause
for this comes from glutamate levels (Dai et al., 2010). Dai et al. (2010) observed that in the
presence of high glutamate levels, the effect of Aza receptor activation switches from the PKA
pathway to the PKC pathway, therefore becoming proinflammatory. This is pertinent in times
of brain injury, as, in addition to the release of adenosine, a rapid increase in glutamate is
observed (Dai et al.,, 2010). This would explain the conflicting literature surrounding Aza
activation in ALS. In ALS, increased expression of Aza has been observed in the lymphocytes
and post-mortem spinal tissues of ALS patients and in the spinal cords of SOD1G93A mouse
models in early disease stages (Ng et al., 2015; Vincenzi et al., 2013). Aa antagonism was
shown to protect MNs from SOD1G93A astrocyte-induced toxicity by inhibiting downstream
signalling and preventing mutant protein expression (Ng et al., 2015). Conversely, the Aza
agonist CGS21680 has been shown to improve MN survival in culture (Komaki et al., 2012)
and prolong the survival of SOD1G93A mice (Yanpallewar et al., 2012). CD73 has not
previously been linked to ALS, however, it is an enzyme of interest because of its links to

adenosine mediated A;a activation (Meng et al., 2019; Orr et al., 2009). With this information
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in mind, we show here, for the first time in C9orf72 iAstrocytes, that CD73 is significantly
downregulated at the protein level (Figure 3.3C-D), which is likely driven by transcriptional

aberration, as we also observe downregulation in relative RNA levels (Figure 3.5A).

The exact repercussions of this for C9orf72 iAstrocytes are unclear. As mentioned, adenosine
is a strong immunosuppressant, and its release is thought of as a protective mechanism to
prevent excessive inflammation (Fredholm, 2007; Henney & Lichtenstein, 1971; Sitkovsky &
Ohta, 2005; Winn et al., 1981). This would explain why several studies have demonstrated
that A.a agonism is beneficial. Therefore, CD73 downregulation could be considered a
pathogenic mechanism, causing reduced adenosine output and exacerbating
neuroinflammation. Conversely, A2a antagonism has also been shown to be beneficial in ALS
cell models, which is presumably because of the situation-dependent pro-inflammatory effect
of A.a activation. It would make sense, then, that CD73 downregulation can also act as a
protective mechanism in ALS — an attempt to reduce adenosine output in the extracellular
space. CD73 loss in C9orf72 could therefore have dual outcomes, both protective and toxic
which could be determined by a number of factors, from disease stage to the extent of brain
injury (Blum et al., 2003; Jones et al., 1998; Li et al., 2006).

CD73 downregulation could point towards reduced adenosine production, possibly suggesting
that lower ADA expression might therefore be a direct response to an initial reduction in
adenosine output caused by a loss of CD73. However, whether this is the case or not,
several factors also regulate adenosine levels in the extracellular space. Adenosine release
in CD73” mice was mediated by glutamate receptor dependent release of ATP (Klyuch et al.,
2012) and nerve stimulation also mediates adenosine release (Pajski & Venton, 2010). Higher
adenosine levels have also been observed in ALS patients (Yoshida et al., 1999) and
neuroinflammation is widely reported (Hooten et al., 2015; J. Liu & Wang, 2017). Further,
CD73 functions extracellularly and would not account for intracellular adenosine production
via 5’-nucleotidases. Adenosine produced in this fashion could induce toxicity intracellularly
and be released into the extracellular space via equilibrative nucleoside transporters (Figure
1.6C). Thus, CD73 may be a response to adenosine accumulation caused by ADA
downregulation but may not be sufficient to reduce adenosine output, and adenosine-
mediated cytotoxicity would, in this instance, still pose a threat to MN health. Alternatively, the
trigger for loss of both ADA and CD73 could arise from the C9orf72 HRE itself, whether that
be directly, potentially via interactions with DPRs or RNA foci, or indirectly, through an
intermediate stimulus, meaning that atypical ADA and CD73 expression may be independent

of each other.
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Understanding the enigmatic interplay between expression of CD73 and ADA, and adenosine
levels in C9orf72 iAstrocytes is crucial in interpreting the true effect of abnormal adenosine
metabolism. There are several potential triggers for adenosine metabolism dysfunction, along
with several potential outcomes. It is even possible that several causes and effects are true,
depending on a number of physiological factors. Investigation in this area should establish the
levels of intermediates in this pathway, possibly via carbon labelling, to ascertain how loss of
CD73 and ADA alter carbon flow through the pathway. Establishing a timeline to determine
which enzyme becomes downregulated first is also key and so investigating whether inhibition
of either CD73 or ADA leads to loss of the other enzyme in a control iAstrocyte model is an
important experiment. Elevation of either enzyme through targeted gene therapy to observe
the effect on the other is another experiment that would shed light on the area and is something
that we explore in section 5. Assessing the expression of intracellular nucleotidases could also
explain why there is a reduction in CD73 expression. In vivo investigation of these purine
metabolism enzymes both pre- and post-symptomatically would also shed light on this
interplay. These experiments would allow us to conclude whether loss of either enzyme is the
stimulus that instigates reduction in the other and potentially answer the question of why each

enzyme becomes downregulated at all.

3.6.3.2 HGPRT upregulation
We also investigated how enzymes downstream of ADA were affected in C9orf72 iAstrocytes,

investigating the expression levels of PNP, XDH, and HGPRT.

As PNP regulates the production of hypoxanthine and guanine, it is the immediate precursor
to both purine degradation and purine salvage and is key for purine-driven energy production.
PNP deficiency, causing the body to be unable to process inosine, deoxyinosine, guanosine
and deoxyguanosine, leads to SCID, as with ADA deficiency (P. L. C. Walker et al., 2011).
This leads to developmental dysfunction in T cells, and more rarely, B cells. Comparatively,
PNP-deficient SCID is incredibly rare, but markedly more fatal. A significant proportion of
patients suffer from profound neurological disorders, including spasticity, developmental delay
and intellectual disability (Markert, 1991). A polymorphism in PNP has also been found to
correlate with elevated cognitive decline in AD patients (Tumini et al., 2007). PNP, like most
purine enzymes, is an important regulator of neuronal function, and aberration in its expression
can therefore have striking neurological effects. No prior links to ALS have been observed with
PNP, and we demonstrate here that C9orf72 iAstrocytes also have no dysfunction in PNP
expression (Figure 3.4A-B). We have previously demonstrated that C9orf72 iAstrocytes are

able to metabolise inosine on a par with controls and inosine supplementation is able to
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significantly induce increases in ATP output and glycolytic flux (Allen et al., 2019a). Had there
been dysfunction in PNP expression, metabolic profiling of C9orf72 iAstrocytes would have
likely revealed either hypo- or hypermetabolism in inosine, and inosine supplementation would
have had a response distinct from control iAstrocytes. It was therefore not unexpected to

observe no alteration in the expression of PNP.

XDH is a flavoprotein enzyme that exists as a homodimer and is the predominant form of XOR
under normal conditions. XORs catalyse the final two stages of purine metabolism, known as
purine degradation. This involves dehydrogenating hypoxanthine to form xanthine and
xanthine to form urate, utilising NAD+ as an electron acceptor. During ischemia, XDH is
irreversibly converted to XO by sulfhydryl oxidation or Ca?*-activated proteases (Granger.,
1986). This alters the mechanism of action, producing reactive oxygen species (ROS) as by-
products of both reactions, exacerbating oxidative stress (Abramov et al., 2007; Granger et
al., 1986). Because C9orf72 ALS can induce oxidative stress, it could be hypothesised that
XDH levels are downregulated whilst XO levels are upregulated. We show here however that
XDH expression is unaffected in C9orf72 iAstrocytes. Neurologically, elevated expression of
XO has been reported in people diagnosed with major depression (Herken et al., 2007; Michel
et al., 2010) which is ameliorated by antidepressant treatment (Herken et al., 2007). Elevated
XO has also been reported in a mouse model of AD, whilst inhibition via oxypurinol was able
to attenuate ROS production and protect from neuronal toxicity (Y. Abe et al., 2004). Similar
findings were also reported in the rat striatum of a PD model (Obata et al., 2001). The balance
between XDH and XO expression is therefore an important predictor of, and contributor to,
oxidative stress and might therefore influence the pathology of C9orf72 ALS. Efforts should
therefore be undertaken to investigate levels of XO in this cell model.

Purine metabolism is essential in the body as it is responsible for the production of key DNA
and RNA nucleotides and is therefore required for DNA synthesis and repair (Ansoleaga et
al., 2015). HGPRT initiates purine salvage, the predominant source of nucleotides
physiologically, making it key for DNA synthesis and repair. DNA damage has been widely
implicated in multiple forms of ALS (for a review see Kok et al 2021), and for C9orf72 ALS
specifically, poly-GR expression has been shown to induce DNA damage in in vivo and in vitro
models (Lopez-Gonzalez et al 2016; Choi et al 2019). This suggests that elevated HGPRT
expression is the cell's response to enhanced DNA damage and insufficient purine production.
To confirm this, future work should examine the expression of DNA damage markers in
individual cell lines and correlate that with the expression of HGPRT. This was planned at the
start of the PhD, but due to the effect  of COVID on lab access we were unable to measure

DNA damage markers before the end of the funding period.
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Alternatively, enhanced purine salvage could point towards the induction of astrogliosis.
Astrogliosis has been reported in the brain and spinal cord of ALS patients (Kushner et al.,
1991, Schiffer et al., 1996), and is hypothesised to be a contributory factor to MN degeneration
(Vargas & Johnson, 2010). The C9orf72 HRE has been shown to induce astrogliosis in vivo
(Chew et al., 2015; VY. Liu et al., 2016; Y. J. Zhang et al., 2016). A feature of astrogliosis is the
enhanced proliferation of astrocytes, which would require higher DNA synthesis. Thus,
enhanced HGPRT expression could facilitate the transition of astrocytes to a reactive state.
Though elevation of HGPRT has not been directly linked to astrogliosis previously, and we
have hypothesised that the C9orf72 iAstrocytes would not be currently undergoing astrogliosis

as ADK expression was unaltered.

The two cell lines that exhibited the strongest upregulation in HGPRT were C9-183 and C9-
201. These are also the two cell lines with significantly low urate output, whilst C9-78, that
exhibits lower ADA expression, activity and inosine output has a urate output comparable to
control level. The opposite is true in C9-201. This implies that urate production is dependent
on HPGRT expression as opposed to ADA activity or inosine output. HGPRT elevation may
therefore be counterproductive for C9orf72 iAstrocytes, as this likely reduces urate output
which is consistently associated with a worse prognosis in patients (Ikeda et al., 2012;
Keizman et al., 2009; Nicholson et al., 2015; Oh et al., 2015; Paganoni et al., 2018; F. Zhang
et al.,, 2018) and may facilitate enhanced astrocyte proliferation and therefore astrogliosis.
Inhibition of HGPRT expression could therefore be a method of increasing urate output,
obstructing astrogliosis and improving neuronal health. This would, however, come with the

unwanted effect of reducing purine salvage, potentially impairing DNA synthesis and repair.

One plausible explanation for urate levels correlating with survival in ALS patients is that
patients that have lower levels of urate experience higher levels of DNA damage and therefore
a higher requirement for purine salvage, causing an elevation in HGPRT. This means that
urate output may correlate with better survival, but not in fact be causative, despite the current
consensus. With a larger cohort we could investigate whether urate output in C9orf72
iAstrocytes matches clinical prognosis and definitively determine whether urate output

inversely correlates with HGPRT expression.

3.6.3.3 Conclusions

Identifying aberrations in HGPRT and CD73 has given us a clearer picture of purine
metabolism, but further work is required. As stated, establishing a timeline of events linking
the occurrence of loss of ADA and CD73 and upregulation in HGPRT is key in understanding

how and why these changes occur.
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The results presented here prove that further investigation is warranted in this pathway. This

section will discuss potential future work not already considered.

Firstly, investigation is required into the exact causes of changes in ADA, CD73 and HGPRT
expression. One key question is how alterations in the expression of each enzyme effects
expression of the other two. We have possibly already answered the question of whether
HGPRT expression and CD73 and ADA expression are intrinsically linked as CD73 and ADA

reduction in cell line C9-78 does not lead to a subsequent increase in HGPRT.

It should also be reiterated that, though we have hypothesised here that alterations in this
pathway cause a ripple effect that initiate downstream or upstream effects, the trigger could
instead be the C9orf72 HRE itself, whether that be directly, potentially via interactions with
DPRs or RNA foci, or caused by another stimuli, such as transcriptional regulation or a
response to DNA damage, itself triggered by the presence of the C9orf72 HRE. There is the
possibility therefore, that the changes observed at each stage of this pathway are independent

of each other. Investigation into this area will be partly covered in Section 4.

Additional investigation is also required of DNPB and the purinosome, which become more
important in times of high purine demand (An et al., 2008; Buchanan & Hartman, 1959;
Greenberg & Jaenicke, 1957; Hartman & Buchanan, 1959), and it could be theorised that
aberration in this pathway may be the driver of the dysfunction we have observed in purine
salvage and degradation. Investigating how the expression of enzymes involved in this
pathway are affected by C9orf72 ALS is therefore key. Further, as previously mentioned,
exploring the exact levels of intermediaries in this pathway, using time-of-flight mass
spectrometry and carbon-labelling to examine all three combined pathways would give a far
clearer picture of why these abnormalities might occur initially and how they influence carbon
flow through the pathway, elucidating the potential ramifications for the cell caused by these

aberrations (such as adenosine accumulation leading to toxicity).

These experiments would allow the establishment of cause and effect for the abnormalities
we have demonstrated in purine metabolism in C9orf72 iAstrocytes, making it more
straightforward to develop targeted therapies. Therapeutic intervention in this pathway, by
restoring ADA expression to cells, has the potential to benefit C9orf72 iAstrocytes in numerous

ways. Further work into this area will be covered in section 5.
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4. Mechanisms leading to purine metabolism dysfunction
in C9orf72 ALS iAstrocytes

Understanding why the aberrations in C9orf72 iAstrocyte purine metabolism occur is vital in
understanding C9orf72 pathology and in the development of targeted treatments. Therefore,
in this chapter, we investigated whether the transcription of ADA was altered in our C9orf72
iAstrocytes and which (if any) C9orf72 HRE specific pathogenic mechanisms are the cause of

the purine metabolism alterations.

4.1 Transcriptional regulation by p73 is not responsible for loss of
ADA in C9orf72 iAstrocytes

p73 is important in the maintenance of neuronal homeostasis, as abrogation of p73 in vivo
and in vitro induces neuronal dysfunction (Yang et al., 2000) and several mutations in AN-p73
(the isoform found predominantly in the CNS), have been recently implicated in SALS patients
(Russell et al., 2021). As p73 is involved in the transcriptional regulation of ADA (see
introduction) (Tullo et al.,, 2003), we decided to examine AN-p73 expression in C9orf72
iAstrocytes, with the hypothesis that a loss of p73 might correlate with the downregulation we
see in ADA expression. To do this, we initially measured AN-p73 protein expression via
western blot. Several bands were visible on the blot, possibly due to the various isoforms of
AN-p73 (Murray-Zmijewski et al.,, 2006; Marshall et al. 2021). The most prominent and
consistent band was between 37-50kDa, whilst AN-p73’s predicted size is 66kDa. There was
some evidence of banding at other heights, but none were consistently detected by western
blot in all biological replicates. Densitometry analysis of the band appearing between 37-
50kDa suggested that protein expression of AN-p73 was unaffected in C9orf72 iAstrocytes
compared to controls (Figure 4.1A-B), but it may be unlikely that this band is a true
representation of AN-p73 expression. To further investigate this, we examined the relative
RNA expression of AN-p73 using RT-gPCR. This demonstrated that AN-p73 was unaffected
at the RNA level (Figure 4.1C). We also investigated the relative RNA expression of AN-p73
in sALS iAstrocytes demonstrating that, interestingly, the RNA expression of AN-p73 was
significantly downregulated in sALS cell lines (Figure 4.1D). These data suggest that
transcriptional regulation via p73 is not the trigger for abnormal ADA expression in C9orf72
iAstrocytes but may provide the mechanistic basis for the downregulation of ADA observed in
SALS iAstrocytes (Allen et al., 2019a). We next investigated how the pathogenic mechanisms
of the C9orf72 HRE affect ADA expression.
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Figure 4.1. ADA activity loss in C9orf72 iAstrocytes is not due to areduction in p73. (A)
Representative image of AN-p73 western blot. (B) Densitometry analysis of AN-p73 western blot.
(C) Relative RNA expression of AN-p73 in C9orf72 iAstrocytes. (D) Relative RNA expression of
AN-p73 in sALS iAstrocytes. Data presented as mean and standard deviation of three biological
replicates from three control and three C9orf72 or sALS iAstrocytes. Densitometry analysis
performed by normalizing the specified protein level to actin loading control before statistical
analysis by Welch’s t-test (B and C) or Mann-Whitney test (D).
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4.2 C9orf72 knockout in HeLa cells does not affect ADA, CD73 or
HGPRT expression

Having potentially ruled out reduction in AN-p73 expression as a cause for loss of ADA in
C9orf72 iAstrocytes, we next chose to examine whether the toxic mechanisms that are
hypothesised to contribute to the pathology of the C9orf72 HRE would affect ADA expression.
We also used this as an opportunity to understand whether they result in aberration in the
wider purine metabolism. Dysfunction in the C9orf72 protein is widely reported to exacerbate
inflammation and interfere with immune cell function (for a review see Pang & Hu, 2021). As
adenosine metabolism is known to regulate inflammation (Sitkovsky and Ohta, 2005;
Fredholm, 2007) and ADA is key in the functioning of several immune cells (Aldrich et al.,
2003; Carson et al., 1979; Fischer et al., 1976; Martin et al., 1995; Yagawa & Okamura, 1981),
we hypothesised that C9orf72 protein loss could influence purine metabolism. To investigate
this, we used a C9orf72" Hela line, provided by Prof. Kurt De Vos, to mimic loss-of-function
of the C9orf72 protein. As with our C9orf72 iAstrocytes, we utilised western blots to examine
the protein expression of purine metabolism enzymes for the first time in a model of this type.
Along with ADA, we examined HGPRT and CD73 expression as these were the enzymes
differentially expressed at a protein level in C9orf72 iAstrocytes (Figure 3.3-3.5). Our data
showed that ADA, CD73 and HGPRT protein expression were not significantly altered in the
C9orf72" line (Figure 4.2A-F).
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Figure 4.2. C9orf72 knockout in HelLa cells does not affect ADA, CD73 or HGPRT
expression. (A) Representative image of ADA western blot in C9orf72”- HelLa. (B) Densitometry
analysis of ADA western blot in C9orf727 HeLa. (C) Representative image of HGPRT western blot
in C9orf72”- HelLa. (D) Densitometry analysis of HGPRT western blot in C9orf72”- HelLa. (E)
Representative image of CD73 western blot in C9orf72”- HeLa. (F) Densitometry analysis of CD73
western blot in C9orf72” HelLa. Data presented as mean and standard deviation of three biological
replicates from wild-type and C9orf72”- HeLa. Densitometry analysis performed by normalizing the
specified protein level to actin loading control, before statistical analysis by Welch’s t-test (B, D
and F).

4.3 Gain-of-function mechanisms of the C9orf72 HRE led to a

significant reduction in ADA expression in an N2a model

We next investigated gain-of-function mechanisms as a trigger of purine metabolism
dysfunction. For this we utilised an N2a line, transduced with a 38x G4C; or 39x C4G, HRE
LV, provided by the Shaw lab. The expression of RNA foci and poly-GP from both sense and
antisense transcripts, along with the expression of poly-GA from the sense transcript in
transfected N2a cells has been confirmed (Hautbergue et al. 2017), making them a suitable
gain-of-function model. The expression of DPRs and RNA foci has been associated with
several pathways linked to purine metabolism, such as the induction of DNA damage (Maor-
Nof et al.,, 2021). Poly-PR has also been shown to bind directly to ADAR1 and ADARZ2,
analogues of ADA, impairing function (Suzuki & Matsuoka, 2021). We therefore hypothesised
that these gain-of-function mechanisms could induce purine metabolism dysfunction. We used
western blots to examine the expression of ADA, CD73 and HGPRT. We demonstrated here
that gain-of-function mechanisms from an antisense origin led to a significant downregulation
in ADA expression, whilst in the sense model no overall downregulation was observed (Figure
4.3.1A-B). For both CD73 and HGPRT, the findings are unclear and were most likely
influenced by loading control protein expression. Qualitatively, CD73 expression did not
appear to be altered in G4C; or C.G2 N2a, however, when normalising to actin, a small, non-
significant decrease in expression was observed, which could reach significance, given further
replicates (Figure 4.3.1E-F). Similarly, HGPRT expression appeared moderately raised in the
G4C, model, but moderately decreased in the C4G2> model. However, when normalised to
actin, no upregulation of HGPRT in Gs4C, N2a was observed, whilst a significant
downregulation in HGPRT was observed in C4G. N2a cells (Figure 4.3.1C-D). These findings,
unlike with ADA, did not seem to reflect what appeared in the western blotimage. Interestingly,
what we did observe was an increase in actin levels in both the G4C; and C4G, expressing

NZ2a lines. This trend was consistent across multiple biological replicates and therefore unlikely
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to be related to erroneous protein quantification. To assess whether this was actin related, we
tested two other loading control proteins regularly used as western blot loading controls,
namely tubulin and GAPDH, and saw even larger differences, which reached significance
(Figure 4.3.2A-F). Therefore, we could not rule out a loading control protein normalisation
effect on our analysed data, which would potentially mask the true effects of sense and
antisense HRE expression. For example, in G4C, N2a, an increase in HGPRT expression
would be masked by normalising to an artificially higher loading control signal. Conversely, a
moderate decrease in HGPRT expression in the C4G2 N2a would be artificially inflated by
enhanced loading control signal. There was evident loss of ADA in the C4G2 model, and we
were therefore confident that this effect was induced by HRE expression. These data therefore
provides a potential mechanism for the adenosine metabolism dysfunction observed by Allen
et al. (2019a), that leads to a subsequent loss of ADA activity and inosine output (Figure 3.1C-
D). However, the extent of the loss must be caveated with the loading control signal increase.
Partially because of this caveat, and to explore the mechanisms of ADA loss further, we next
investigated the expression of individual DPRs to measure the effect on purine metabolism

enzyme expression.
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Figure 4.3.1. Transduction of the sense and antisense HRE leads to loss of ADA and HGPRT
in N2a cells. (A) Representative image of ADA western blot in sense and antisense C9orf72 HRE
transduced N2a cells. (B) Densitometry analysis of ADA western blot in sense and antisense
C9orf72 HRE transduced N2a cells. (C) Representative image of HGPRT western blot in sense
and antisense C9orf72 HRE transduced N2a cells. (D) Densitometry analysis of HGPRT western
blotin sense and antisense C9orf72 HRE transduced N2a cells. (E) Representative image of CD73
western blot in sense and antisense C9orf72 HRE transduced N2a cells. (F) Densitometry analysis
of CD73 western blot in sense and antisense C9orf72 HRE transduced N2a. Data presented as
mean and standard deviation of six (B and D) or three (F) biological replicates from control, sense
and antisense transduced N2a cells. Densitometry analysis performed by normalising the specified
protein level to actin loading control, and then normalising values to a control average (B and D),
or using raw data (F) and performing statistical analysis by Brown-Forsythe and Welch ANOVA (B,

D, and F). *P < 0.05, **P < 0.01. Where P value is not indicated results were non-significant.
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Figure 4.3.2. Transduction of the sense and antisense HRE leads to increases in loading
control protein expression in N2a cells. (A) Representative image of actin western blot in sense
and antisense C9orf72 HRE transduced N2a cells. (B) Densitometry analysis of actin western blot
in sense and antisense C9orf72 HRE transduced N2a cells. (C) Representative image of Tubulin
western blot in sense and antisense C9orf72 HRE transduced N2a cells. (D) Densitometry analysis
of Tubulin western blot in sense and antisense C9orf72 HRE transduced NZ2a cells. (E)
Representative image of GAPDH western blot in sense and antisense C9orf72 HRE transduced
N2a cells. (F) Densitometry analysis of GAPDH western blot in sense and antisense C9orf72 HRE
transduced N2a cells. Data presented as mean and standard deviation of three biological
replicates from control, sense and antisense transduced N2a, with statistical analysis by Brown-
Forsythe and Welch ANOVA (B, D, and F). *P < 0.05, **P < 0.01. Where P value is not indicated

results were non-significant.

4.5 DPR transfection in HEK293T cells

As we had observed that C9orf72 gain-of-function mechanisms cause a significant reduction
in ADA expression, we chose next to determine whether DPR expression in isolation would
recapitulate these results and, if so, which DPR was responsible. To do this we initially
transfected HEK293T cells with V5-tagged 36x repeat poly-GA, poly-GR, and poly-PR DPRs,
provided by Prof. Kurt De Vos. These lengths were chosen as expression of 36x poly-GR and
poly-PR is sufficient to induce neurodegeneration in a Drosophila model (Hautbergue et al.,
2017; Mizielinska et al., 2014) whilst, clinically, more than 30 copies of the HRE are considered
pathogenic (Renton et al., 2011). Poly-GA, poly-GR and poly-PR were investigated as they
have been proven to induce neuronal impairment and toxicity in vivo and in vitro previously
(Chew et al., 2015; Freibaum et al., 2015; Khosravi et al., 2020; K. H. Lee et al., 2016;
Mizielinska et al., 2014; Tao et al., 2015; Wen et al., 2014). Initially, plasmids containing the
36x DPR sequence were transfected using a jetPRIME transfection kit. We also assayed
untransfected cells and cells that had undergone a mock transfection to distinguish between
the effect of the DPR transfection and the transfection process itself. Further, we initially
transfected cells with a GFP-tagged plasmid to confirm the efficacy of transfection. Cells were
then stained with DAPI and V5 antibody and imaged on an IN-cell analyser 2000. We observed
background expression of V5 antibody in UT and mock cells, as expected (Figure 4.5A-B).
The same was observed in GFP transfected HEK293T cells, though clear GFP expression
was present in the cells, demonstrating that transfection was successful (Figure 4.5F).
However, background expression levels of V5 were also observed in cells that had been
transfected with V5-tagged DPR plasmids (Figure 4.5C-E) indicating that DPR transfection

was unsuccessful. The expression of GFP in GFP-transfected cells demonstrated that the
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issue did not lie with the process of transfection, instead pointing towards the functioning of
the DPR-plasmids as the reason for a lack of expression. We therefore prepped fresh plasmid
stocks for transfection. We were also unable to observe consistently high-quality images in

HEK293T cells to produce robust, reliable data and therefore began to use Hela cells.
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Figure 4.5. Immunofluorescence images of HEK293T cells transfected with DPRs and
GFP. (A-F) Representative images of untransfected HEK293T cells (A), HEK293T cells that
underwent a mock transfection (B) and HEK293T cells transfected with V5-tagged poly-GA (C),
poly-GR (D), and poly-PR (E) or GFP (F) encoding vectors. 24hr post-transfection cells were fixed
and stained with V5 (yellow) antibody. Nuclei were stained with DAPI (blue).

4.6 Confirmation of DPR transfection in HeLa cells

After generating fresh DPR plasmids as described in sections 2.2.2 and 2.2.4, we transfected
and stained HelLa cells as described above, though without this time confirming transfection
using GFP. Instead, we stained Hela cells with an ADA antibody to examine the expression
and distribution pattern of ADA in HelLa cells expressing DPRs. This was intended to enable
us to directly examine ADA expression in DPR positive cells and to understand whether DPR
expression would induce abnormal distribution patterns in ADA. Imaging was also performed
on a BX53 light microscope as opposed to the IN-cell analyser. Initially, we were able to
confirm transfection by immunofluorescence, staining cells with DAPI and a V5 antibody. Here
we showed no presence of V5 staining (beyond background) in the untransfected and mock
cell lines (Figure 4.6A-B). However, there was evidence of strong expression of V5 in all three
DPR transfected lines with unique distribution patterns (Figure 4.6C-E). This imaging
demonstrated that poly-GA was present in both the nucleus and cytoplasm of cells (Figure
4.6C), poly-GR in the cytoplasm (Figure 4.6D) and poly-PR formed aggregates in the nucleus
(Figure 4.6E). This confirmed published work showing that poly-GA is cytosolic and
perinuclear in distribution (Wen et al., 2014), whilst poly-GR has been shown to concentrate
in the cytoplasm and poly-PR localises preferentially to the nucleus (K. H. Lee et al., 2016;
Schmitz et al., 2021; Suzuki et al., 2019; Wen et al., 2014) (although both arginine-containing
DPRs can enter the nucleus due to their similarity to nuclear localisation signal domains (Kwon
et al., 2014)). Importantly, this confirmed that we were able to successfully transfect HeLa
cells with DPR-expressing plasmids. No evidence of abnormal distribution of ADA was
observed compared to untransfected or mock transfections in DPR transfected HelLa cells
(Figure 4.6A-E). We next utilised western blots to examine ADA expression directly in DPR-
expressing Hela cells, which also allowed us to investigate CD73 and HGPRT expression in

these models.
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Figure 4.6. Confirmation of DPR transfection in HelLa cells. (A-E) Representative images of
untransfected HelLa cells (A), HelLa cells that underwent a mock transfection (B) and HelLa cells
transfected with V5-tagged poly-GA (C), poly-GR (D), or poly-PR (E) encoding vectors. 24hrs post-
transfection cells were fixed and stained with V5 (yellow) and ADA (red) antibody. Nuclei were
stained with DAPI (blue). Scale bar = 300um.

4.7 Expression of poly-PR induces a significant downregulation in

ADA and CD73
We next investigated the protein expression of ADA, HGPRT and CD73. We demonstrated

here that poly-PR expression in these Hela cells led to a significant downregulation in the
expression of ADA and CD73 (Figure 4.7A-D), a finding that recapitulated what we had
observed in C9orf72 iAstrocytes. Downregulation in the expression of both CD73 and ADA
was also observed in HelLa transfected with poly-GA and poly-GR without reaching
significance. This suggests that there is also a role for sense DPRs in the purine metabolism
dysfunction observed in C9orf72 iAstrocytes, though possibly not as pronounced as the role
that poly-PR expression plays. HGPRT, conversely, was unaffected by DPR transfection
(Figure 4.7E-F). These data point towards a key role for the antisense DPR, poly-PR, as a

driver of the purine metabolism dysfunction observed in C9orf72 ALS iAstrocytes.
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Figure 4.7. Expression of poly-PR induces a significant downregulation in ADA and CD73.
(A) Representative image of ADA western blot. (B) Densitometry analysis of ADA western blot. (H)
Representative image of CD73 western blot. (C) Densitometry analysis of CD73 western blot. (J)
Representative image of HGPRT western blot. (K) Densitometry analysis of HGPRT western blot.
Data presented as mean and standard deviation of four or five biological replicates from
untransfected HeLa cells, Hela cells that underwent a mock transfection and HelLa cells transfected
with V5-tagged poly-GA, poly-GR, and poly-PR encoding vectors. Densitometry analysis
performed by normalizing the specified protein level to actin loading control and then setting mock
values to 1, before statistical analysis by Friedman test (G, | and K). **P < 0.01, Where P value is

not indicated results were non-significant.

4.8 Discussion

In this chapter we assessed expression levels of a transcriptional regulator of ADA in C9orf72
iAstrocytes and the effect of C9orf72 HRE mechanisms of toxicity models on purine
metabolism regulation. This allowed us to determine the mechanistic origins of purine
metabolism dysfunction in C9orf72 ALS.

We initially investigated transcriptional regulation of ADA by p73. p73” mice show signs of
severe neurological defects along with immune and inflammatory dysfunction (Yang et al.,
2000; Wilhelm et al., 2010) and p73 was proven to be important for neuronal survival (Tissir
et al., 2009), likely because of its anti-apoptotic effects that counteract the effect of p53
(Pozniak et al., 2000). In addition, p73*- Alzheimer's models have shown that p73 may be
required to protect against neurodegeneration (Wetzel et al. 2008; Cancino et al., 2013) and
induction of p73 may be neuroprotective (Shekhar and Dey, 2019). As p73 is a transcriptional
regulator of ADA, it could be hypothesised that, at least partially, the neuronal dysfunction
observed in p73 knockdown/knockout models is facilitated by subsequent irregularity in ADA
expression caused by the loss of p73. In the context of ALS, Russell et al., (2021) utilising
exome sequencing on a cohort of 87 SALS patients against 324 control cases identified 5
missense single nucleotide variants (SNVs) that were potentially ALS causing pathogenic
variants in the p73 gene. The finding was subsequently confirmed in a cohort of 53 and 2,800
further ALS patients on which exome sequencing identified 19 further rare, nonsynonymous
variants. In total, 22 missense SNVs and 2 in-frame indels were found in the three cohorts

(Russell et al., 2021). Four variants were then modelled in vitro. They were initially cloned into
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AN-p73a and expressed in a C212 myoblast line, in which two of the four mutants inhibited
differentiation, indicating functional aberration. p73 knockout in a zebrafish model induced
apoptosis which led to a reduction in spinal MN levels and in spinal motor neuronal axon
branching (Russell et al., 2021). Because of this data, we investigated the expression of p73
in our C9orf72 iAstrocyte models. We demonstrate here, for the first time in a C9orf72 ALS
model, that no aberration in p73 expression exists at the RNA level and possibly at the protein
level (Figure 4.1A-C). Regulation of ADA via p73 can likely be ruled out as the causative factor
leading to a loss of ADA in C9orf72 iAstrocytes, though investigation of epigenetic regulation
of p73 would be interesting as well as localisation patterns that may affect function and
whether differential splicing. Possibly corroborating our observations, Maor-Nof et al. (2021)
recently showed that p53, but not p63 or p73, can facilitate arginine-containing DPR driven
neurodegeneration. Mouse primary cortical neurons expressing a 50x repeat poly-PR and
poly-GR LV displayed activation of p53, possibly caused by DNA damage present in the
neurons. Ablation or reduction of p53 expression in these neurons prevented axonal
degeneration and cell death. It also prevented neurodegeneration and improved survival in a
poly-PR expressing mouse model and prevented neurodegeneration in a C9orf72-HRE
Drosophila model. Deletion of p53 from C9orf72 iPSC-derived MNs was also shown to protect
against axonal degeneration and reduce DNA damage (Maor-Nof et al., 2021). Abrogation of
neither p63 nor p73 was able to produce the same results. These data show that p53, but
most likely not p63 or p73, play an important role in the pathology of C9orf72 ALS. This
validates the data we have presented here that p73 expression is unaltered in C9orf72
iAstrocytes.

Despite our data indicating that no relationship exists between ADA downregulation and p73
expression in C9orf72 iAstrocytes, we demonstrate that there is a possibility that p73
downregulation could be related to ADA loss in SALS iAstrocytes. Allen et al. (2019a) showed
that, along with C9orf72 iAstrocytes and iNeurons, a significant downregulation in the
expression of ADA was also present in SALS iAstrocytes, which we demonstrate also exhibit
a significant downregulation in relative p73 RNA expression (Figure 4.1D). This suggests that
ADA dysregulation in sALS iAstrocytes is linked to aberrant p73 expression. Future work
should therefore focus on investigating the protein expression levels of p73 in sSALS
iAstrocytes. Upregulation of p73 could also be a viable method for upregulating ADA in SALS
iAstrocytes as a potential therapy (as we investigate in C9orf72 iAstrocytes with the use of LV
gene therapy in section 5). Such work would also further confirm the importance of ADA in the
pathology of ALS, as the same phenotype may be reached via two separate mechanisms in

two different forms of the disease.
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4.8.1.1 Potential role of p63 expression

Along with p73, ADA expression is also regulated by p63 (Shisa et al., 2006) and in ALS p63
was found to be downregulated in a genetic profile of SOD1 cells (Kirby et al., 2011), though
SOD1 ALS cells models have not been associated with a downregulation in ADA. It would
therefore be interesting to investigate whether there are any aberrations in p63 expression in
C9orf72 or sALS cells.

4.8.1.2 Conclusions

Despite our data demonstrating that p73 expression is unaffected in C9orf72 cells, this entire
family clearly plays a key role in ALS. p53 in the facilitation of DPR and RNA foci-induced
neurodegeneration (Maor-Nof et al., 2021), and p73 in SALS patients (Russell et al., 2021).
This pathway therefore warrants further investigation in the context of multiple forms of ALS.

We next examined the potential effect on purine metabolism of the C9orf72 HRE pathogenic
mechanisms. Initially, we investigated C9orf72 knockout as a model of the loss-of-function
mechanism. Functionally, the C9orf72 protein regulates autophagy by complexing with
SMCRS8 (Amick et al., 2016; Sellier et al., 2016; Sullivan et al., 2016) and directly interacting
with Rabla and ULK1 (Webster et al., 2016). Reduction in C9orf72 expression in patient tissue
and iPSC-derived models is widely reported (DeJesus-Hernandez et al., 2011; Donnelly et al.,
2013; Gijselinck et al., 2012; Rizzu et al., 2016; Y. Shi et al., 2018; van Blitterswijk et al., 2015)
which is hypothesised to contribute to C9orf72 HRE pathology. We therefore investigated
whether knockout of the C9orf72 protein in a HelLa line would affect ADA, CD73 or HGPRT
protein expression using western blots. With this we demonstrated that there was no
significant alteration in any of ADA, CD73 or HGPRT in the C9orf72” HelLa (Figure 4.2A-F).
The C9orf72 protein is not known to have any direct interaction with purine metabolism
regulation, but there is a potential link between the two through regulation of the immune
response and inflammation. C9orf72 haploinsufficiency has been linked to alterations in
lysosomal function, including in lysosomal acidification, size, exocytosis, fusion/fission and
lysosomal protein level (Amick et al., 2016; Corrionero & Horvitz, 2018; McAlpine et al., 2018;
O’Rourke et al., 2016; Shao et al., 2020; Sullivan et al., 2016; Ugolino et al., 2016; M. Wang
et al., 2020; Y. Zhang et al., 2018). Lysosomal dysfunction can lead to the accumulation of
intracellular materials, eventually leading to toxicity (Malik et al., 2019). Importantly, lysosomes
are tightly linked to the immune response, acting as the site for pathogen degradation and

also acting as a platform for Toll-like receptors 3, 7 and 9, mTORC1 and TBK1 (Amick et al.,
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2016; McAlpine et al., 2018; Shao et al., 2020; Ugolino et al., 2016; M. Wang et al., 2020).
C9orf72 function was also shown to be key for correct macrophage function in a C9orf72"
model (O’'Rourke et al., 2016) and has been hypothesised to be required for correct T cell
function (Lai & Ichida, 2019). Lysosomal dysfunction also exacerbates inflammation, as
demonstrated in multiple cell models (Atanasio et al., 2016; Burberry et al., 2016; Lan et al.,
2014; Martinez-Fabregas et al., 2018; McAlpine et al., 2018; McCauley et al., 2020; O’Rourke
et al., 2016; Shao et al., 2020). ADA plays a key role in the differentiation and activation of
macrophages and T cells (Aldrich et al., 2003; Carson et al., 1979; Fischer et al., 1976; Martin
et al., 1995; Yagawa & Okamura, 1981). Further, adenosine, and therefore CD73 and ADA,
are important coordinators of inflammation in the body (Fredholm, 2007; Henney &
Lichtenstein, 1971; Sitkovsky & Ohta, 2005; Winn et al., 1981). Adenosine has also been
shown to regulate autophagy in rat hepatocytes (Samari & Seglen, 1998). Because of these
overlapping functions, we hypothesised that there might be some aberration in purine
metabolism homeostasis in the C9orf72" line, particularly as C9orf72 haploinsufficiency has
been demonstrated to alter lysosomal function specifically in a HeLa line previously (Amick et
al., 2016). The fact that we observe no changes in expression of purine metabolism enzymes
in our C9orf72" HelLa cells (Figure 4.2A-F) suggests that this model may not exhibit the
expected activation of inflammatory pathways which could be expected to induce a
concomitant alteration in ADA or CD73 expression or activity. Alternatively, any alterations to
the immune response in the model may simply not be sufficient to also induce alterations in
either ADA or CD73. Future work should investigate inflammation or lysosomal dysfunction in
this C9orf72” HeLa line and correlate them with levels of CD73 and ADA. Other work could
look at how ADA and CD73 expression is regulated in in vivo models that have demonstrated
immune cell dysfunction, such as the mouse C9orf72" investigated by O’'Rourke et al. (2016).
It has also been shown recently that C9orf72 loss in combination with the expression of DPR
and RNA foci was able to exacerbate cognitive deficit, neuronal death, glial activation and
expression level of both DPRs and RNA foci (Zhu et al., 2020). These data therefore do not
rule out the possibility that the true effect C9orf72 loss on purine metabolism only becomes
apparent when scrutinised in combination with toxic gain-of-function mechanisms. Thus,

future work could investigate purine metabolism in C9orf72” HelLa cells expressing DPRs.

4.8.2.1 Conclusions

The data presented here suggest that C9orf72 knockout alone is not sufficient to induce
dysfunction in purine metabolism. However, future work could investigate the immune
response in these cells and how the interplay between C9orf72 knockout and DPR expression

might affect purine metabolism.
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4.8.3.1 Antisense gain-of-function C9orf72 HRE mechanisms lead to significant
downregulation of ADA in N2a cells

We next investigated whether the expression of gain-of-function mechanisms could affect
purine metabolism enzyme expression. To do this we used an N2a model transduced with 38x
G4C> or 39x C4G2 LV repeats. N2a that were transfected with the same sense or antisense
plasmids used to generate the LV were shown to express the corresponding DPRs and RNA
foci (Hautbergue et al., 2017). Here we utilised LV expressing the sense or antisense repeats
to transduce N2a. We used western blots to measure protein expression levels of the enzymes
ADA, CD73 and HGPRT in these models. Here we show for the first time that expression of
the antisense C9orf72 HRE leads to a significant downregulation in ADA, providing the
potential mechanistic basis behind the loss of ADA observed by Allen et al. (2019a). This
strongly suggests that the cause of ADA downregulation is linked to the expression of
antisense RNA-foci or DPR accumulation. However, there is a major caveat to our
observations in this model. Alongside a downregulation in ADA, we also observe a significant
downregulation of HGPRT in C4G, HRE expressing N2a compared to G4C, HRE expressing
N2a cells (Figure 4.2C-D). This contradicts the observations we have made in C9orf72
iAstrocytes, in which we saw a significant upregulation of HGPRT (Figure 3.3E-F). We also
did not observe any significant aberration in CD73 expression (Figure 4.2E-F), whereas in
C9orf72 iAstrocytes there was a significant downregulation in CD73 expression (Figure 3.2C-
D). We also observed significant upregulation in several of the loading controls we used
(Figure 4.3.2). Initially we reasoned that this may be limited to cytoskeletal proteins, as we
observed similar upregulations in both actin and tubulin expression (Figure 4.3.2A-D),
however, we also observe this upregulation in GAPDH, a glycolytic enzyme (Figure 4.3.2E-
F). This would suggest that the initial calculation of protein concentration was incorrect.
However, this was a phenomenon we observed consistently in both G4C» and C4G: expressing
NZ2a cells over multiple biological replicates, making this explanation unlikely. The exact cause
of this is unknown but could be related to the potential off-target effects induced by LV
transduction (discussed further in sections 5.11.1 and 5.11.4) (Ciuffi, 2008; Sinn et al., 2005,
Annoni et al., 2019), though we do not observe alterations in loading control proteins arising
from the LV expression of ADA (section 5). However, these N2a lines express the G4C, and
C4G: transgene over several generations, whilst LV in iAstrocytes was only expressed for no
longer that 86 hours and within a single passage, which might be the reason for the differences
in loading control expression between the two models. Regardless of the exact cause of
loading control irregularities, this could mean that the significant downregulation that we have

observed in purine metabolism enzymes is caused by upregulation in loading controls in those
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lines as opposed to being induced by C9orf72 HRE expression. Despite this, and although it
is subjective, loss of ADA appears to be almost total in the C4sG. N2a lines (Figure 4.3.1A-B),
whilst downregulation is not as apparent in the same line for HGPRT (Figure 4.3.1C-D). This
could indicate that the downregulation we observe in HGPRT is driven by aberrant loading
control expression, whilst ADA downregulation is induced directly by the C4G, HRE. Either
way, these caveats meant that we were unable to draw distinct conclusions from this model
and we proceeded to further investigate the effect of DPR expression on purine metabolism

in HelLa lines.

4.8.3.2 DPR expression in a HelLa line leads to downregulation in ADA and CD73

We initially transfected individual DPRs into HEK293T cells (which was unsuccessful) and
subsequently a HeLa model and observed the effect on purine metabolism. This also allowed
us to determine which individual, or combination of DPRs was responsible for purine
metabolism dysfunction. We first transfected cells with V5-tagged poly-GA, poly-GR and poly-
PR plasmids and confirmed their expression using immunofluorescence with a V5 antibody,
also co-staining with ADA (Figure 4.6A-E). Using this method, we aimed to pinpoint ADA
expression in cells transfected with DPRs and compare them to the expression level of purine
metabolism enzymes in surrounding, untransfected cells. Co-staining for ADA and V5
expression also allowed us to detect whether ADA co-localises with DPRs and would therefore
tell us whether direct binding was involved as a mechanism for loss of ADA expression or
activity. In ALS, glutamate excitotoxicity can be caused by a genetic variant in the AMPA
receptor; it has been hypothesised that incorrect adenosine to inosine conversion at the pore-
lining domain GIuA2 of AMPA may underlie this toxicity (Aizawa et al., 2010) caused by
significant disturbances in both ADAR2 expression (Hideyama et al., 2012) and localisation
(Moore et al., 2019). A recent paper has indicated that, in C9orf72 ALS, this dysfunction is
likely caused by poly-PR binding to ADARSs, inhibiting the RNA editing capability of both
ADARL1 and 2 in vitro (Suzuki and Matsuoka, 2021). This therefore suggests a precedent for
direct poly-PR binding inducing dysfunction in C9orf72 ALS. However, our data suggests that
direct binding of DPRs to ADA is not a mechanism for reduced ADA expression or activity, as
we did not observe co-localisation (Figure 4.6C-E). This is logical in regard to poly-PR, as
poly-PR is generally localised to the nucleus (Figure 4.6E) whilst ADA is principally a
cytoplasmic enzyme, though this mechanism could be further explored with

immunoprecipitation assays.

We then, as before, surveyed ADA, CD73 and HGPRT expression using western blots (Figure
4.7A-F). Here we showed that poly-PR DPR expression leads to a significant loss of both ADA
and CD73 (Figure 4.7A-D), as observed in C9orf72 iAstrocytes. A comparable downregulation
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of both enzymes was observed in HelLa cells expressing poly-GA and poly-GR that does not
reach significance when compared to mock and untransfected lines. No changes in HGPRT
expression were observed (Figure 4.7E-F). These data highlight DPR expression as at least
one of the causes of purine metabolism dysfunction in C9orf72 ALS. Interestingly, our
hypothesis prior to this investigation was that we may not see any significant changes in purine
metabolism enzyme expression via western blot from whole populations of DPR transfected
HelLa cells, because transfection efficiency would not be high enough to induce such a
change. The fact that we do still see a change is striking as it suggests that ADA loss through
the action of these DPRs is so profound that it can lead to a statistically significant loss of both
ADA and CD73, in a population without 100% transfection efficiency. As our data suggest that
direct binding is not the cause of ADA downregulation (Figure 4.6) it could in fact be the case
that poly-PR instead induces ADA downregulation through interference with ADA
transcription. This explanation is plausible, given that in C9orf72 iAstrocytes, CD73 and ADA,
along with being downregulated at a protein level, were also found to be downregulated at an
RNA level (Allen et al 2019; Figure 3.4A). Conversely, RNA expression of HGPRT was
unaffected in C9orf72 iAstrocytes (Figure 3.4B). We could use RT-gPCR to examine the RNA
expression of HGPRT, CD73 and ADA in our DPR transfected HelLa cells. If downregulation
of CD73 and ADA is confirmed on an RNA level this would provide a further link between these
models and C9orf72 iAstrocytes.

Alternatively, DPR expression in one cell may trigger a signalling cascade that leads to the
downregulation of purine metabolism enzymes in surrounding cells. From a qualitative
perspective, our immunofluorescence suggests no distinct reduction in the expression of ADA
in cells expressing V5-tagged DPRs compared to untransfected cells within the same
population (Figure 4.6C-E), a signalling cascade inducing global ADA downregulation may
therefore be the most likely explanation. Giving credence to this theory is the fact that several
studies have demonstrated that conditioned media from ALS astrocytes are toxic to MNs
(Birger et al., 2019; Haidet-Phillips et al., 2011; Re et al., 2014), including from C9orf72
iAstrocytes (Marchi et al., 2022; Varcianna et al., 2019). Secreted factors, released from DPR
expressing Hela cells could therefore be signalling untransfected HelLa cells to induce the
purine metabolism dysfunction that we observe. Investigating how conditioned media from
DPR transfected populations effects purine metabolism in untransfected HelLa cells is
therefore a key experiment in determining why we see significant downregulation of ADA and
CD73, despite observing less than 100% transfection efficiency. Determining transfection
efficiency is also key as it would allow us to correlate the level of transfection with the level of
purine metabolism enzyme loss. Due to time constraints, an analysis pipeline for the

determination of transfection efficiency was not established.
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4.8.3.3 Inflammation as a regulator of purine metabolism

As stated, CD73 and ADA are important regulators of inflammation in the cell. Gain-of-function
mechanisms of the C9orf72 HRE have been linked to inflammation in models of ALS
previously, and inflammation has been observed in transgenic mouse models expressing poly-
PR, poly-GR and poly-GA (Hao et al., 2019; LaClair et al., 2020; Schludi et al., 2017; Y. J.
Zhang et al., 2018). An investigation into inflammatory markers might therefore shed light on
the altered expression of CD73 and ADA in these models. However, as previously stated,
knockout and knockdown of the C9orf72 protein has been linked with dysregulation in the
immune response and activation of inflammation. Amick et al. (2016) demonstrated that HeLa
cells with a C9orf72 knockout exhibit excessive inflammation. Despite this we observed no
alterations in purine metabolism in our C9orf727, which could either indicate that inflammation
is not present in our C9orf72” HelLa, or that inflammation is present but not the inciting event
for purine metabolism dysfunction. Thus, we should investigate the level of inflammatory
markers in DPR expressing models as well, to ascertain whether inflammation is present and

whether it is therefore the causative factor in purine metabolism dysfunction.

4.8.3.5 HGPRT expression is significantly downregulated in C9orf72 HRE expressing N2a
cells but unaffected in DPR expressing Hela cells

HGPRT was unaffected in HeLa models (Figure 4.6E-F) but in HRE expressing N2a cells,
HGPRT was significantly downregulated in the C4G2 model (Figure 4.3.1C-D). This is the
opposite of the effect observed in C9orf72 iAstrocytes. The reason that we observe this
downregulation is likely to be related to upregulation in loading controls, leading to an artificial
downregulation of HGPRT. However, another possible cause of the significant downregulation
of HGPRT arises from the differing cell models. N2a are mouse neuronal cells, whereas
iAstrocytes and HelLa are from a human origin, which could induce differing responses to HRE
expression. Further, we have previously shown that ADA is significantly downregulated in
iNeurons (Allen et al., 2019a), which matches what we observe here in mouse neuronal cells
but we have not investigated CD73 or HGPRT expression in iNeurons. We should therefore
investigate the purinergic profile of C9orf72 iNeurons, which might yet mirror our observations
in N2a cells. In our HelLa cells, DPR expression had no effect on HGPRT expression,
suggesting that the elevation in expression observed in C9orf72 iAstrocytes is unrelated to
C9orf72 mechanisms of toxicity. We hypothesised previously that DNA damage and repair as
a trigger for the upregulation of HGPRT. Poly-GR and poly-PR expression has been shown to
induce DNA damage (Maor-Nof et al., 2021), therefore it would be interesting to investigate

DNA damage markers in our gain-of-function N2a and HeLa models.
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4.8.3.6 Conclusions

These data point towards DPR expression as a potential the cause for the loss of ADA and
CD73 we observe in C9orf72 iAstrocytes but not as a driver of HGPRT upregulation. However,
these are overexpression models and physiologically DPRs alone may not be sufficient to
instigate these changes. Instead, there is likely a cocktail of triggers leading to purine
metabolism aberration, meaning further work (as outlined above) is therefore required to
understand them. The sources are likely multi-factorial and could be induced by either direct
or indirect interaction with DPRs, transcriptional interference, or through the activation of some

intermediate stimulus.

These data open multiple avenues for further investigation, some of which have been raised
earlier in this chapter. Potential investigations not yet covered will be discussed here.

4.8.4.1 Potential alternative transcriptional and signalling regulation of ADA expression

In this chapter we have determined that p73 is unlikely to be a factor in ADA downregulation
in C9orf72 ALS. However, there are other mechanisms, outside of those we have investigated
in this study that could be responsible for altered ADA expression. Another possible
transcriptional pathway for dysregulation of ADA in ALS would be via the transcription factor
Sp1l. There is little information available on Sp1l in relation to ALS pathology, however a recent
paper using combined transcriptomic analysis identified Spl as a possible driver of MN
degeneration in ALS and a link between differentially expressed genes in the blood and brain
tissue of ALS patients (Rahman et al., 2019). Sp1l expression could therefore be analysed in
C9orf72 iAstrocytes.

We have also not yet investigated extracellular signalling as a mechanism for ADA
dysregulation. Tyrosine kinase signalling, leading to the activation of ERK, JNK and SAPK has
been shown to induce an increase in ADA and CD73 expression and activity in rat spinal cord
astrocytes. Conversely, inhibition of both the FGF2 receptor and MAPKs downregulate
expression (Eguchi, 2020). Therefore, investigating the expression of MAPK proteins could

also shine a light on how purine metabolism becomes dysfunctional in C9orf72 ALS.

4.8.4.2 Further investigation into C9orf72 in vitro models
Measuring ADA activity and the levels of downstream purine and metabolic targets is key.

Inosine output and urate output were found to be downregulated in our C9orf72 iAstrocytes
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and therefore might also be expected to be downregulated in C9orf72 HRE transduced N2a
and DPR transfected HelLa. As we see loss of ADA (which would be expected to engender a
concomitant loss of inosine output) in these models we could also explore whether the
bioenergetic profile of these models is altered. Moreover, would restoring ADA expression
using gene therapy to these models have any effect on the above parameters and other
markers of C9orf72 pathology, such as p62 expression. These experiments would allow us to
further phenotypically align our C9orf72 HRE transduced N2a and DPR transfected HelLa
models with C9orf72 iAstrocytes, understand mechanistically why purine metabolism
dysfunction is present in these cells and provide further areas to target for therapeutic

intervention.
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5. The effect of ADA gene therapy on control and C9orf72

IAstrocyte function

Our published (Allen et al., 2019a) and unpublished (Sections 3 and 4) data, suggest that
restoring ADA levels in ALS iAstrocytes may be beneficial not only to astrocytic function but
also to MN survival. The basis for this hypothesis stems from metabolic screening of C9orf72
iAstrocytes demonstrating that they were unable to effectively metabolise adenosine (Allen et
al., 2019a). This dysfunction in adenosine metabolism was hypothesised to be caused by
reduction in ADA expression, which was shown in the original publication and confirmed in
this study, in which we have demonstrated that loss of ADA leads to concomitant reductions
in ADA activity and inosine output (Figure 3.1). As a downstream consequence of ADA loss,
C9orf72 (and sALS) iAstrocytes were more susceptible to adenosine-mediated toxicity. ADA
inhibition in control iAstrocytes recapitulated this sensitivity, indicating that the toxicity was
induced by a loss of ADA. As adenosine is converted to inosine by ADA, subsequent
investigation revealed that, by bypassing the defect in adenosine metabolism and
supplementing cells directly with inosine, iAstrocyte bioenergetic output could be improved
and toxicity towards MNs in co-culture could be reduced (Allen et al., 2019a). Inosine
supplementation to increase urate output has been investigated as a treatment for ALS
previously but this does not tackle the potential effect of adenosine (or deoxyadenosine)-
mediated toxicity. We therefore hypothesise that, by correcting this dysfunctional step in
adenosine metabolism, utilising gene therapy, we can recapitulate the benefits of
supplementing cells with inosine and remedy the inability of C9orf72 iAstrocytes to ineffectively

metabolise adenosine and subsequent susceptibility to adenosine-mediated toxicity.

5.1 Plasmid Design

To study the effect of upregulating ADA expression on C9orf72 iAstrocytes, we generated an
ADA expressing LV (ADA-LV). This was performed by initially cloning an ADA construct
(pOTB7/ADA InAGE 3629376) into a SIN-PGK-cPPT-GDNF-WHV vector (Figure 5.1A-B).
Following ligation, the plasmid was transformed into E.coli. Transformed colonies were
propagated in LB Broth and purified using a midi-prep kit (QIAGEN). Successful insertion was
tested by co-digestion with BamHI and Xhol to give expected fragments of 8,811bp and
1,089bp (Figure 5.1C). Successful cloning was confirmed using gel electrophoresis which
showed fragments that aligned with the expected fragment size (Figure 5.1D). The plasmid
was subsequently sent for sequencing with LV reverse primer and PGK forward primers to
Source BioScience. We also constructed an empty vector lentivirus (EV-LV) consisting of the
SIN-PGK-cPPT-GDNF-WHYV vector without the ADA insertion to be used as a positive control
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to measure any effect of LV transduction independent of ADA upregulation (Figure 5.1A).

Digestion of this plasmid with a BamHI enzyme showed linearisation, as expected.
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Figure 5.1. ADA cDNA was successfully cloned into a SIN-PGK-cPPT-GDNF-WHV vector. (A)
Plasmid map of SIN-PGK-cPPT-GDNF-WHYV vector (B) Plasmid map of the finalised ADA-LV
plasmid. (C) Table showing restriction enzymes used for digestion and the expected fragment

sizes. (D) Representative digest. Ladder shown is 1kb NEB ladder.
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5.2 Lentiviral generation and titration

After confirming ligation of our ADA sequence into our plasmid and proliferating and purifying
it as described in section 2.2.4, we transfected this, along with the genetic machinery required
to form the construct into a functioning LV (p)CMVDR8.92, pRSV-Rev and M2G plasmids) into
HEK293T/17 cells as described in section 2.2.5. The complete LV was then isolated from the
media and relative gene expression was calculated with WPRE primers using RT-qPCR

against the titre of a known virus with the 222 method (Livak & Schmittgen, 2001).

5.3 ADA gene therapy increased ADA expression in iAstrocytes

After establishing a titre, we validated the virus by transducing our iAstrocytes with the EV-LV
and ADA-LV. The virus was tested at several MOIs to measure levels of expression, with the
aim of, at minimum, restoring ADA levels in C9orf72 iAstrocytes to endogenous control
expression levels. We therefore transduced our iAstrocytes at MOI 0.25, MOI 0.5 and MOI 1
for both ADA-LV and EV-LV. We subsequently used western blot analysis to measure protein
expression of ADA. We observed that ADA expression was increased at all three MOI
compared to the EV-LV and untreated, reaching significance from MOI 0.25 onwards in control
iAstrocytes (Figure 5.3A-B) and from MOI 0.5 onwards in C9orf72 iAstrocytes (Figure 5.3C-
D). Going forward, we initially used MOI 1 but eventually used MOI 0.25 in some experiments.

Motivations for these decisions will be explained throughout this chapter.
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Figure 5.3. ADA gene therapy increased ADA expression in iAstrocytes. (A) Representative
images of ADA expression in control iAstrocytes virally treated at MOI 0.25, 0.5 and 1. (B)
Representative images of ADA expression in C9orf72 iAstrocytes virally treated at MOI 0.25, 0.5
and 1. (C) Densitometry analysis of ADA expression in control iAstrocytes virally treated at MOI
0.25, 0.5 and 1. (D) Densitometry analysis of ADA expression in C9orf72 iAstrocytes virally treated
at MOI 0.25, 0.5 and 1. Data presented as mean and standard deviation of two biological replicates
from three control and three C9orf72 iAstrocytes. Densitometry analysis performed by normalizing
the specified protein level to actin loading control and then setting NV control values to 1, before
statistical analysis by Friedman test (B and D) comparing each treatment to the corresponding NV
value. *P < 0.05, **P < 0.01, ***P < 0.001. Where P value is not indicated results were non-

significant.
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5.4 ADA gene therapy increased ADA activity and inosine output in

IAstrocytes.

The data that we presented in section 3 demonstrated that reduction in ADA expression
induced significant downregulation in ADA activity and inosine output in C9orf72 iAstrocytes
(Figure 3.1). Moreover, we show here that LV gene therapy was able to restore ADA
expression levels in the same cell model (Figure 5.3). Therefore, to assess whether this
increase in expression levels led to increased enzymatic activity, we measured ADA activity
and inosine output in iAstrocytes after gene therapy. Initially we assessed an MOI of 1 which
produced a significant upregulation in ADA activity in control and C9orf72 iAstrocytes
compared to NV and EV-LV treatment (Figure 5.4.1A-B). Control iAstrocytes also exhibited a
significant increase in inosine output against NV and EV-LV treatment (Figure 5.4.1C),
whereas C9orf72 iAstrocytes only showed a significant upregulation in inosine output when

compared to the EV control (Figure 5.4.1D).

89



A B

Fold change to control NV in ADA activity Fold change to control NV in ADA activity
in control iAstrocytes virally treated at MOI-1 in C9orf72 iAstrocytes virally treated at MOI-1
* * %
| _ |
= * = * %
Z 80- — $ 90 —
3 =3 .
5 ’ =9 404 "r
= 60 T
% E Q£ 30+ LE
=3 40- o
o= 5 »l® oo 20 wm|
- g 20 ] S 2 104
w = G d 1]
E ! i g u'_gl1 r-,.-l T
J 0 T T T I 4 4 4
= S N 3 AN N
< o \s
?-
C D
Fold change to control NV in inosine output Fold change to control NV in inosine output
in control iAstrocytes virally treated at MOI-1 in C90rf72 iAstrocytes virally treated at MOI-1
2 25- * | > 10 *
= B 1 28 1
£ 2 20- . 5£ 8 .
=T ar
= G S .
£ 15- _ gz O :
@ @ ol = =
Tt = G B
=% 5+ =25 27 .
o = 0 L § _ﬁ' ]
= L I .I
£ U——#‘ T T % 0- T !I T
L AR R RS
'v.
< ?9 < ?S)

Figure 5.4.1. ADA gene therapy increased ADA activity and inosine output at MOI 1. (A) Fold
change in ADA activity in control iAstrocytes virally treated at MOI 1. (B) Fold change in ADA
activity in C9orf72 iAstrocytes virally treated at MOI 1. (C) Fold change in inosine output in control
iAstrocytes virally treated at MOI 1. (D) Fold change in inosine output in C9orf72 iAstrocytes virally
treated at MOI 1. Data presented as mean and standard deviation of two biological replicates from
three control and three C9orf72 iAstrocytes. Statistical analysis by RM one-way ANOVA (A and B)
or Friedman test (C and D). *P < 0.05, **P < 0.01. Where P value is not indicated results were non-

significant.

90



We then assessed a lower MOI which was closer to a restoration as opposed to an
overexpression of ADA (Figure 5.4.2A-D). For control iAstrocytes treated at MOI 0.25, there
was a clear increase in both inosine output and ADA activity, however neither reached
significance likely due to the inherent variance in the data and low n numbers (Figure 5.4.2A
and C). C9orf72 iAstrocytes treated at MOI 0.25 displayed a significant upregulation in ADA
activity compared to NV and EV-LV (Figure 5.4.2B), but, as with controls, the evident increase

in inosine output did not reach statistical significance (Figure 5.4.2D).
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Figure 5.4.2. ADA gene therapy increased ADA activity and inosine output at MOI 0.25. (A)
Fold change in ADA activity in control iAstrocytes virally treated at MOI 0.25. (B) Fold change in
ADA activity in C9orf72 iAstrocytes virally treated at MOI 0.25. (C) Fold change in inosine output
in control iAstrocytes virally treated at MOI 0.25. (D) Fold change in inosine output in C9orf72
iAstrocytes virally treated at MOI 0.25. Data presented as mean and standard deviation of two
biological replicates from three control and three C9orf72 iAstrocytes. Statistical analysis by RM

one-way ANOVA. *P < 0.05. Where P value is not indicated results were non-significant.
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5.5 ADA gene therapy does not alter urate output in iAstrocytes.

We have also generated data demonstrating that urate output is significantly downregulated
in a cell-line specific manner (Figure 3.1) and have previously demonstrated that inosine can
significantly upregulate urate output (Allen et al., 2019a). Moreover, we have shown in this
chapter that restoring ADA expression in ALS iAstrocytes increases both ADA activity and
inosine output at MOI 1 (Figure 5.4), which we hypothesised would induce a concomitant
increase in urate output. We therefore utilised a urate output assay to assess urate output in
cells that had been treated with ADA gene therapy. We tested cells that had been virally
treated at MOI 0.25 and 1 with ADA-LV and EV-LV alongside NV iAstrocytes. Here we
observed that, despite witnessing an elevation in inosine output, this did not translate to a
subsequent increase in urate in either control or C9orf72 iAstrocytes (Figure 5.5A-B).
However, it should be noted that these investigations only include data from two biological

replicates from two control and two C9orf72 cell lines.
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Figure 5.5. Urate output is not affected by gene therapy. (A) Effect on urate output in virally
treated control iAstrocytes. (B) Effect on urate output in virally treated C9orf72 iAstrocytes. Data
presented as mean and standard deviation of two biological replicates from two control and two
C9orf72 iAstrocytes. Statistical analysis performed using RM one-way ANOVA.

5.6 ADA gene therapy does not alter markers of C9orf72 expression

We have previously demonstrated that p62 expression is significantly upregulated and NQO1
expression significantly downregulated in C9orf72 iAstrocytes (Allen et al., 2019a). In this
study we were able to recapitulate elevated p62 and observed cell-line specific reductions in
NQOL1 in C9orf72 iAstrocytes (Figure 3.2). We next wanted to investigate whether ADA gene
therapy had any effect on these markers in control and C9orf72 iAstrocytes. We therefore
used western blots to assess expression of these markers in NV, EV-LV, and ADA-LV treated
iAstrocytes at MOI 1. Here, we observed that neither ADA-LV or EV-LV gene therapy had any
effect on p62 or NQO1 expression in either control or C9orf72 iAstrocytes (Figure 5.6). Though
gene therapy had no effect on these key markers of C9orf72 ALS, importantly we observed

no exacerbation of either phenotype.
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Figure 5.6. ADA gene therapy does not exacerbate markers of autophagy and oxidative
stress in iAstrocytes. (A) Representative images of p62 and NQO1 expression in virally treated
control iAstrocytes. (B) Representative images of p62 and NQO1 expression in virally treated
C9orf72 iAstrocytes. (C) Densitometry analysis of p62 expression in virally treated control and
C90rf72 iAstrocytes. (D) Densitometry analysis of NQO1 expression in virally treated control and
C9orf72 iAstrocytes. Data presented as mean and standard deviation of three biological replicates
from three (C) or two (D) control and C9orf72 cell lines. Densitometry analysis performed by
normalizing target protein level to actin loading control and then setting NV values to 1, before
statistical analysis by Friedman test (C and D) comparing each treatment to the corresponding NV

value.
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5.7 ADA-LV treatment had no effect on CD73 or HGPRT expression,
but gene therapy reduced HGPRT expression in C9orf72

IAstrocytes

Dysfunction in adenosine metabolism suggested a precedent for wholescale purine
metabolism dysfunction in C9orf72 iAstrocytes. We demonstrated that this was in fact the case
as we observed that levels of CD73 were significantly downregulated and HGPRT significantly
upregulated in C9orf72 iAstrocytes (Figure 3.3-3.4). We subsequently showed in C9orf72 in
vitro models that both ADA and CD73 loss may be induced by expression of poly-PR (likely in
combination with poly-GA and poly-GR that also induce downregulation, albeit to a non-
significant level) (Figure 4.7). The exact cause of HGPRT upregulation is as yet unidentified,
but may be regulated by DNA damage, as expression was unaffected by C9orf72 knockout
(Figure 4.2) and the presence of poly-GA, poly-GR and poly-PR DPRs (Figure 4.7) (findings
in HRE expressing N2a are less clear (Figure 4.3)). We hypothesised that ADA
downregulation could induce HGPRT upregulation or CD73 loss. We therefore investigated
how gene therapy would affect levels of these key purine metabolism enzymes using western
blots. Here we demonstrated that gene therapy did not alter expression levels of CD73 (Figure
5.7C-D), likely discounting the theory that loss of ADA expression causes loss of CD73. We
also observed no effect of ADA-LV compared to EV-LV gene therapy on HGPRT in C9orf72
iAstrocytes (Figure 5.7E-F), suggesting that the upregulation of HGPRT observed in C9orf72
iAstrocytes was also unrelated to ADA expression. However, the data was inconclusive due
to a clear LV effect on HGPRT expression levels, which seemed to be exacerbated in the
C9orf72 iAstrocytes (Figure 5.7). Unfortunately, due to time constraints we were only able to
perform this in two control and two C9orf72 iAstrocytes lines. Therefore, a full data set is

required before any firm conclusions can be made.
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Figure 5.7. ADA-LV treatment has no effect on CD73 or HGPRT expression, but gene therapy
reduces HGPRT expression in C9orf72 iAstrocytes. (A) Representative images of CD73 and
HGPRT expression in control iAstrocytes virally treated at MOI 0.25. (B) Representative images of
CD73 and HGPRT expression in C9orf72 iAstrocytes virally treated at MOI 0.25. (C) Densitometry
analysis of CD73 expression in control and C9orf72 iAstrocytes virally treated at MOI 0.25. (D)
Densitometry analysis of HGPRT expression in control and C9orf72 iAstrocytes virally treated at
MOI 0.25. Data presented as mean and standard deviation of three biological replicates from two
control and two C9orf72 cell lines. Densitometry analysis performed by normalizing the specified
protein level to actin loading control and then setting NV values to 1, before statistical analysis by
Friedman test (C and D) comparing each treatment to the corresponding NV value. **P < 0.01.

Where P value is not indicated results were non-significant.
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5.8 Gene therapy may ameliorate adenosine-mediated toxicity in a

cell-line specific manner in C9orf72 iAstrocytes.

C9orf72 iAstrocytes are more susceptible to adenosine-mediated toxicity than controls,
ostensibly caused by loss of ADA expression and activity. We therefore hypothesised that
restoring ADA expression in C9orf72 iAstrocytes would ameliorate this enhanced sensitivity
to adenosine. We evaluated whether upregulation of ADA was able to prevent adenosine
toxicity using CyQuant assays to measure cell number. Initially, the level of adenosine-
mediated toxicity was measured in NV control and C9orf72 iAstrocytes, with cells cultured in
adenosine-containing media, incrementally increasing in concentration from 0.1-10mM. Both
C9orf72 and control iAstrocytes showed a progressive increase in toxicity up to 10mM
adenosine (Figure 5.8A). As observed by Allen et al. (2019a), C9orf72 iAstrocytes exhibited a
significant increase in adenosine-mediated toxicity compared to the controls, with 45% cell
death in C9orf72 compared to 23% cell death in control at 10mM (Figure 5.8B). Based on
these data we chose 10mM adenosine to assess the effect of ADA gene therapy on iAstrocyte
adenosine-mediated toxicity (Figure 5.8C-D). As shown, restoring ADA levels had no effect
on adenosine-mediated toxicity in control or C9orf72 iAstrocytes. However, when examining
toxicity on an individual basis it was revealed that C9-183, that consistently exhibited the
lowest ADA expression, does show some recovery in levels of cell survival. In NV C9-183
iAstrocytes at 10mM adenosine, toxicity levels were 55%, whilst in ADA-LV treated C9-183 at
10mM, toxicity was reduced to 28%, resulting in a statistically significant increase in cell
survival. This suggests that ADA upregulation may be beneficial in a patient-dependent
manner. It should be noted that GFP-LV treatment also appeared to somewhat alleviate
adenosine-mediated toxicity, down to 34%. Unfortunately, we did not have EV-LV treatment
available to us at the time these experiments were conducted and were therefore unable to

use this more appropriate control, hence the separation of EV-LV and GFP-LV treated lines.
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Figure 5.8. Gene therapy may ameliorate adenosine-mediated toxicity in a cell-line specific
manner in C9orf72 iAstrocytes. (A) The effect of increasing concentrations of adenosine on cell
number in control and C9orf72 iAstrocytes. (B) Comparison of control and C9orf72 iAstrocytes
cultured in 10mM adenosine. (C) The effect of 10mM adenosine on NV, EV-LV, and ADA-LV
control iAstrocyte cell number, virally treated at MOI 1. (D) The effect of 10mM adenosine on NV,
EV-LV, and ADA-LV C9orf72 iAstrocyte cell number, virally treated at MOI 1. (E) The effect of
10mM adenosine on NV, GFP-LV, and ADA-LV Con-155 iAstrocyte cell number, virally treated at
MOI 1. (F) The effect of 10mM adenosine on NV, GFP-LV, and ADA-LV C9-183 iAstrocyte cell
number, virally treated at MOI 1. Data presented as mean and standard deviation of three
biological replicates from one (E and F), two (C and D) or three (A and B) control and C9orf72 cell
lines. Analysis performed by normalising to OmM adenosine control at 100%, before transforming
data using Y = 1/Y and Y = Logit(Y) prior to Mann-Whitney (B) or Freidman test (C, D, E and F).

*P <0.05, **P < 0.01. Where P value is not indicated results were non-significant.

5.9 ADA gene therapy does not increase bioenergetic output

Breakdown of inosine into hypoxanthine generates energy (Balestri et al., 2007; Jurkowitz et
al., 1998; Litsky et al., 1999; Mddis et al., 2013), and is a particularly important pathway during
times of cells stress and impaired energy generation (Balestri et al., 2007; Jurkowitz et al.,
1998; Litsky et al., 1999). Allen et al. (2019a) observed that supplementing iAstrocytes with
exogenous inosine significantly increased ATP levels. It was therefore hypothesised that
restoring ADA in C9orf72 iAstrocytes would increase endogenous ATP output. Adding further
credence to this theory was the fact that virally treating cells at MOI 1 was able to significantly
increase inosine output (Figure 5.3C-D). This hypothesis was tested using ATP assays (Figure
5.9). ATP levels in control and C9orf72 EV-LV and ADA-LV treated iAstrocytes at MOI 1 were
measured and compared directly to the ATP output in NV iAstrocytes. NV iAstrocytes cultured
in 7.5mM inosine were used as a positive control. Both control and C9orf72 iAstrocytes,
supplemented with inosine showed a significant increase in ATP output (Figure 5.9A-B), as
previously observed (Allen et al., 2019a). Neither ADA-LV nor EV-LV treatment, however, had
any effect on total ATP output (Figure 5.9A-B). We hypothesised that even with ADA gene
therapy, the endogenous level of adenosine might not be sufficient to produce an adequate
amount of inosine to noticeably increase energy generation. iAstrocytes were therefore also
supplemented with a non-toxic concentration (1mM) of adenosine to investigate whether this
would stimulate an increase in ATP output (Figure 5.9C-D). No significant difference in ATP
output in adenosine supplemented C9orf72 virally treated iAstrocytes was observed, though
ATP output was increased by ~10% on average with supplementation (Figure 5.9D).

Interestingly, controls saw comparatively higher increases in ATP output as we observed
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increases of ~32% on average in control iAstrocytes supplemented with adenosine, though
this only reached significance in EV-LV virally treated cells (Figure 5.9C). The inability of
C9orf72 iAstrocytes to utilise adenosine for ATP output compared to controls adds further
evidence that adenosine to inosine deamination is defective in these cell models. Overall,
these data suggested that ADA upregulation and concomitant increase in endogenous inosine

output was not sufficient to increase ATP output.
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Figure 5.9. ADA gene therapy does not increase bioenergetic output. (A) ATP output in NV
(+/- 7.5mM inosine), EV-LV and ADA-LV treated control iAstrocytes. (B) ATP output in NV (+/-
7.5mM inosine), EV-LV and ADA-LV treated C9orf72 iAstrocytes. (C) ATP output in NV, EV-LV
and ADA-LV treated control iAstrocytes cultured in 1mM adenosine. (D) ATP output in NV, EV-LV
and ADA-LV treated C9orf72 iAstrocytes cultured in 1mM adenosine. Data presented as mean
and standard deviation of three biological replicates from three control and two C9orf72 cell lines.
Analysis performed by normalising to corresponding NV line at 100%, before transforming data
using Y = 1/Y and Y = Logit(Y) prior to Freidman test. *P < 0.05, **P < 0.01, ***P < 0.001. Where

P value is not indicated results were non-significant.
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5.10 The effect of gene therapy on metabolic flux in control and
C9orf72 iAstrocytes

To further explore how viral treatment might alter the bioenergetics of iAstrocytes we employed
the use of an XF96 bioanalyser (Agilent) which measures cellular OCR and ECAR, which are

representative of mitochondrial respiratory flux and glycolytic flux respectively

Additionally, through the injection of the ATP synthase inhibitor, oligomycin, the oxidative
phosphorylation uncoupler, FCCP, and the complex I/1ll inhibitors rotenone and antimycin-A,
in depth mitochondrial and glycolytic function under both physiological and stress conditions
can be assessed. This allowed us to measure mitochondrial respiration (MR), coupled
respiration (CR), uncoupled respiration (proton leak), mitochondrial spare respiratory capacity
(SRC), basal glycolytic flux (basal ECAR), maximal glycolytic capacity (MGC) and glycolytic

reserve (GR).

Published data from our laboratory has demonstrated that C9orf72 iAstrocytes have reduced
SRC and that inosine supplementation reduced this deficit and increased glycolytic flux in
iAstrocytes, with similar results being observed in fibroblasts (Allen et al., 2019a; Gerou et al.,

2021). Therefore, we used inosine as positive control in these assays.

ADA-LV gene therapy did not lead to any significant alterations in MR, CR, proton leak and
SRC in control or C9orf72 iAstrocytes (Figure 5.10.1.A-H). EV-LV treatment similarly has no
effect (Figure 5.10.1A-H). We did observe an increase in CR in control iAstrocytes of 44%
when supplemented with inosine, replicating results observed by Allen et al. (2019a). We also
demonstrated increased MR (45%), increased proton leak (43%) and increased SRC (26%)
in control iAstrocytes supplemented with inosine, though again none of these parameters
reached significance. There were also increases, though less substantial, in C9orf72
iAstrocytes in MR (12%), CR (12%), and proton leak (15%). ADA-LV treatment did not alter
these parameters by more than 5% in any instance. We also showed that inosine
supplementation was able to increase SRC by 24% in CO9orf72 iAstrocytes, again
recapitulating data we observed in these models previously. Interestingly, ADA-LV treatment
also increased SRC by 17%. This data suggests that the increase in inosine output in C9orf72
ADA-LYV treated iAstrocytes mimics, to some extent, the effect of supplementing iAstrocytes

with exogenous inosine, though neither increase reached significance.
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Figure 5.10.1. Gene therapy does not significantly alter mitochondrial respiration, coupled
respiration, proton leak or spare respiratory capacity in control and C9orf72 iAstrocytes.
(A) MR in NV, EV-LV, and ADA-LV control iAstrocytes virally treated at MOI 0.25. (B) CR in NV,
EV-LV, and ADA-LV control iAstrocytes virally treated at MOI 0.25. (C) Proton leak in NV, EV-LV,
and ADA-LV control iAstrocytes virally treated at MOI 0.25. (D) Spare respiratory capacity in NV,
EV-LV, and ADA-LV control iAstrocytes virally treated at MOI 0.25. (E) MR in NV, EV-LV, and
ADA-LV C9orf72 iAstrocytes virally treated at MOI1 0.25. (F) CR in NV, EV-LV, and ADA-LV C9orf72
iAstrocytes virally treated at MOI 0.25. (G) Proton leak in NV, EV-LV, and ADA-LV C9orf72
iAstrocytes virally treated at MOI 0.25. (H) Spare respiratory capacity in NV, EV-LV, and ADA-LV
C9orf72 iAstrocytes virally treated at MOI 0.25. Data presented as mean and standard deviation
of three biological replicates from two control and two C9orf72 iAstrocyte lines. Analysis performed
using raw data (A, B, C, E, F, and G) or by calculating data as a percentage of the corresponding
NV condition (D and H) and performing a RM one-way ANOVA (A, B, C, E, F, and G) or Friedman

test (D and H). Where P value is not indicated results were non-significant.

ADA-LV gene therapy, despite increasing inosine output, did not lead to any significant
alterations in basal ECAR, MGC, or GR in control or C90rf72 iAstrocytes (Figure 5.10.2A-F).
Interestingly, inosine supplementation did not induce any changes in basal ECAR or MGC in
control or C9orf72 iAstrocytes, possibly due to using a lower concentration than we have
previously (Allen et al., 2019a). Though, there was an increase in control GR that was not

observed in C9orf72 iAstrocytes.
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Figure 5.10.2. Gene therapy did not significantly alter basal ECAR, glycolytic capacity or
glycolytic reserve in control or C9orf72 iAstrocytes. (A) Basal ECAR in NV, EV-LV, and ADA-
LV control iAstrocytes virally treated at MOI 0.25. (B) Glycolytic capacity in NV, EV-LV, and ADA-
LV control iAstrocytes virally treated at MOI 0.25. (C) Glycolytic reserve in NV, EV-LV, and ADA-
LV control iAstrocytes virally treated at MOI 0.25. (D) Basal ECAR in NV, EV-LV, and ADA-LV
C9orf72 iAstrocytes virally treated at MOI 0.25. (E) Glycolytic capacity in NV, EV-LV, and ADA-LV
C9orf72 iAstrocytes virally treated at MOI 0.25. (F) Glycolytic reserve in NV, EV-LV, and ADA-LV
C9orf72 iAstrocytes virally treated at MOI 0.25. Data presented as mean and standard deviation
of three biological replicates from two control and two C9orf72 iAstrocyte lines. Statistical analysis

performed using RM one-way ANOVA. Where P value is not indicated results were non-significant.

5.11 Discussion

In this chapter we demonstrated the first use of ADA-LV gene therapy for the treatment of
C9orf72 ALS. We presented data demonstrating that gene therapy significantly increased
ADA expression in C9orf72 and control iAstrocytes, leading to a subsequent increase in both
ADA activity and inosine output. However, we also demonstrated that this restoration of ADA
to C9orf72 iAstrocytes was not sufficient to ameliorate adenosine-mediated toxicity or improve
energetic output. We also showed that ADA-LV gene therapy had no effect on markers of

C9orf72 or purine metabolism enzymes.

To induce upregulation of ADA in iAstrocytes, we chose to use a LV vector. LV vectors,
originally derived from the human immunodeficiency virus, can be volatile and the
unpredictability of where these viruses integrate into the genome, the potential long-term effect
of this, and the immune response of the host are all factors that need to be considered,
meaning that many studies have favoured alternative delivery methods (Annoni et al., 2019;
Ciuffi, 2008; Sinn et al., 2005). However, LVs have been widely used as an investigative tool
in vivo and in vitro without inducing an immune response or cytotoxicity (Enquist & Card, 2003;
Maes et al., 2019; Naldini et al., 1996; Vannucci et al., 2013). They have also been utilised as
delivery systems in C9orf72 models published from our institute, including in iAstrocytes
(Bauer et al., 2022; Hautbergue et al., 2017; Webster et al., 2016). Lentiviral vectors have also
been proven to be an efficacious clinical treatment (Levine et al., 2006). Notably, lentiviral-
based therapies have been used to restore ADA expression in the treatment of ADA-deficient
SCID (Aiuti et al., 2009; Kohn et al., 2019) and have been trialled for the treatment of

neurodegenerative disorders such as PD, and were safe and well-tolerated (Palfi et al., 2014,
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2018). For our study, we therefore felt a lentiviral approach was suitable to achieve effective
upregulation of ADA in iAstrocytes.

In this chapter, we demonstrated production of the ADA-LV, confirming the successful cloning
of our ADA construct into the vector via digestion and then utilised electrophoresis to confirm
insertion of the ADA transgene (Figure 5.1). We also generated an EV-LV, using the same
lentiviral plasmid without the ADA insert and validated the presence of the plasmid using a
restriction enzyme digest. The EV-LV acted as a positive control for the majority of our study,
allowing for the identification of effects caused by lentiviral transduction as opposed to the
action of the upregulation of ADA. Both viruses were titred against a known virus using RT-

gPCR which also demonstrated that they were both able to transduce cells.

One limitation of the EV-LV is the inability to consistently assess expression level, unlike with
the ADA-LV for which we employed the use of western blots to measure transduction. We had
initially utilised a GFP-expressing virus as a positive control, through which we could have
measured transduction directly. However, because of the tendency of GFP to trigger
immunogenicity, cytotoxicity, and effect specific markers in cell models (Ansari et al., 2016),
we chose to develop the EV-LV as it was more closely comparable to our ADA-LV. Testing
expression of the EV-LV in iAstrocytes, using RT-gPCR with WPRE primers would have been
a viable method for consistently assessing the level of EV-LV compared to ADA-LV
transduction in iAstrocytes. This would have allowed for a more comprehensive study of the
effect of lentiviral gene therapy against the effect of the ADA transgene. Alternatively, we could
have cloned a GFP-tagged ADA construct into our LV, for more efficient testing of
transduction, though this would come again with the limitation of the potential off-target effects
of the GFP protein.

For initial experimentation we virally treated iAstrocytes at MOI 1, however, after generating
data demonstrating that viral treatment at this MOI did not alter adenosine-mediated toxicity
or bioenergetic output, we used MOI 0.25 for several experiments. The rationale behind this
was that it is recommended that the minimum level of LV transduction is used to achieve gene
expression (Shearer & Saunders, 2015), whereas viral treatment at MOI 1 induced a
significant overexpression of ADA, which might have off-target, detrimental effects on the cell.
We hypothesised that these off-target effects could cause upregulation of ADA to be
ineffectual at alleviating adenosine-mediated toxicity and improving ATP output. Lower MOIls
offered a level of transduction in C9orf72 iAstrocytes that restored ADA to similar levels
observed in control iAstrocytes, which we surmised would be more physiologically relevant.

The major limitation of this approach was the expected loss of transduction efficiency. We did
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begin the process of directly measuring transduction efficiency to compare the efficacy of each
MOI, but were unable to generate robust, reliable data prior to the conclusion of the study.
Despite this, MOI 0.25 ADA-LV therapy still restored ADA activity in C9orf72 iAstrocytes and
led to an increase in inosine output. All data presented in this study was therefore performed

using iAstrocytes that had been treated at either an MOI 0.25 or MOI 1, as stated previously.

We initially performed western blots on control and C9orf72 iAstrocytes that had been
transduced with EV-LV and ADA-LV at MOI 0.25, MOI 0.5 and MOI 1. We demonstrated that
transduction of ADA-LV at all three MOI was sufficient to increase ADA expression, which
reached significance at MOI 0.25 to MOI 1 in control iAstrocytes and MOI 0.5 to MOI 1 in
C9orf72 iAstrocytes (Figure 5.3). We subsequently utilised an ADA activity assay to test the
functionality of our ADA transgene. This allowed us to establish that increasing ADA
expression using this targeted gene therapy approach recovered both ADA activity and inosine
output in C9orf72 iAstrocytes (Figure 5.4). These data demonstrate that lentiviral ADA gene

therapy has the potential to restore adenosine metabolism function in C9orf72 ALS.

We initially employed the use of urate assays to investigate the effect of increasing inosine
output downstream in purine metabolism. Unfortunately, due to time constraints, we were only
able to acquire preliminary data. This data suggested that the increase in inosine output was
not sufficient to induce a downstream increase in urate output (Figure 5.5). The main possible
explanation for this comes from the division between purine salvage and degradation, as we
have shown that urate output is likely to be more dependent on HGPRT expression and
therefore hypoxanthine-IMP conversion. This means that very little urate might be generated,
despite higher substrate production upstream of purine degradation. A more accurate
measure of the downstream effect of ADA gene therapy might be to directly investigate

hypoxanthine production, or even IMP output in virally treated iAstrocytes

The other explanation is the level of endogenous inosine produced under typical physiological
conditions. When we supplemented iAstrocytes with inosine, we used millimolar levels of
inosine to induce an increase in urate output. Physiologically, the average extracellular

concentration of adenosine ranges between 25 to 250nm (Dunwiddie & Masino, 2001). The
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level of inosine produced by cells is limited by the level of adenosine, which is unlikely to go
beyond low millimolar levels and therefore, even without purine salvage diverting
hypoxanthine away from degradation into urate, we were unlikely to replicate the increase we
observed in urate production by supplementing iAstrocytes with inosine.

After generating our LV and confirming upregulation in ADA expression, ADA activity and
inosine output, we assessed the effect on a key C9orf72 pathogenic marker, p62. p62
functions as an autophagy substrate, targeting proteins for degradation. Elevated p62
expression is a widely reported phenomenon in C9orf72 ALS, both clinically and in cell models
(Al-Sarraj et al.,, 2011; Allen et al., 2019a; Webster et al., 2016). Links between ADA
expression and autophagy are scarce, but adenosine has been shown to regulate autophagy
in rat hepatocytes (Kovacs et al., 1998; Samari & Seglen, 1998), and rat corticostriatal brain
slices exposed to ischemic conditions, but treated with exogenous ADA, had reduced
expression of autophagic signalling markers (Tamura et al., 2015). Thus, it was hypothesised
that ADA upregulation might be able to reduce p62 expression in C9orf72 iAstrocytes.
However, we observed here that ADA-LV did not affect p62 expression suggesting that p62

aggregation and inosine output are not linked.

We also examined expression of NQO-1, a marker of oxidative stress defence. We previously
observed a significant downregulation in NQO-1 expression in C9orf72 iAstrocytes (Allen et
al., 2019a) likely linked to a downregulation in Nrf2 expression or a muted Nrf-2 response
(Petri et al.,, 2012). Allen et al. (2019a) demonstrated that inosine supplementation in
iAstrocytes was able to upregulate urate output. Urate can directly scavenge oxidising agents
but its indirect effects, which are mediated by astrocytes, are hypothesised to actually be the
driver of the antioxidant properties of urate in the brain (Bakshi et al., 2015; Cipriani et al.,
2012; N. Zhang et al., 2014). This is because urate treatment induces activation of the Nrf2
pathway, leading to a concomitant elevation in NQO1 (Bakshi et al., 2015; C. Zhang et al.,
2019; N. Zhang et al., 2014). We therefore hypothesised that ADA upregulation, leading to
increased urate output, could alter the expression of antioxidant markers such as NQO-1.
However, this hypothesis was drawn prior to our finding that urate output was unaffected by
ADA-LV treatment, thus making it improbable that ADA-LV treatment would alter NQO-1,

which we confirmed by western blot analysis.

Importantly, these data demonstrated, from an ALS point of view, that ADA upregulation did

not exacerbate these pathogenic mechanisms. Inducing ischemic conditions in iAstrocytes
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and then measuring the expression of p62 and NQO1 with and without viral treatment could

instead be used to reveal a protective role for ADA-LV treatment.

We next investigated the potential effects of gene therapy on purine metabolism enzyme
expression. The hypothesis was that ADA loss leads to downregulation in CD73, possibly as
a mechanism for reducing adenosine accumulation. Similarly, we hypothesised that restoring
inosine output in the cells would mean a lower requirement for purine salvage and therefore
HGPRT expression might be recovered back to endogenous control expression levels. We
therefore used western blots on cells virally treated at MOI 0.25 and assessed protein
expression of these two purine metabolism enzymes. Here we demonstrated that ADA gene
therapy had no effect on either CD73 or HGPRT expression. Based on data that we derived
from C9orf72 cell models, this information was not unexpected. We showed that transducing
38x G4C; or 39x C4G2 HRE LV in N2a cells led to a significant downregulation in ADA but not
in CD73, whilst in HeLa transfected with DPRs, significant downregulation of CD73 and ADA
is unaccompanied by alterations in HGPRT expression. This data suggested that alterations
in adenosine metabolism do not have upstream or downstream effects on purine metabolism.
A more plausible theory might in fact be that CD73 loss precedes loss of ADA, which causes
the loss of ADA in the first instance. This could be tested in CD73" models and investigation
into markers of C9orf72 and signs of neurodegeneration in these models might also give an

idea of how important CD73 downregulation is in the pathology of C9orf72.

Despite not observing any direct effect of ADA upregulation, we did observe that HGPRT is
consistently reduced by the lentiviral transduction of both EV-LV and ADA-LV in C9orf72 and,
to a lesser extent, control iAstrocytes (Figure 5.7). This reduction reached significance for
ADA-LV transduction. As stated, lentiviral vectors are unpredictable in where they integrate
into the genome (Annoni et al., 2019; Ciuffi, 2008; Shearer & Saunders, 2015; Sinn et al.,
2005) as they function by reverse transcribing viral RNA into dsDNA. The DNA cassette is
then inserted into the host genome via non-homologous recombination, which is a random
process. This can result in the insertion of lentiviral DNA into the open reading frame or
regulatory regions of a gene, altering expression of that gene (and can also induce mutation
or truncation) (Shearer & Saunders, 2015). HGPRT is coded for by the HGPRT gene on
chromosome Xg26.2 (Ricciuti & Ruddle, 1973). Viral integration on chromosome Xg26.2 has
been reported previously (Sherrill-Mix et al., 2013; Tang et al., 2020; Wagner et al., 2014), but
not in regions that would alter HGPRT expression and, regardless, as the process is random
the likelihood of the same gene being affected over several replicates and different cell lines

is unlikely. However, we could sequence transduced iAstrocytes to definitively rule out the
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viral integration site as the cause of LV-induced HGPRT downregulation. Another explanation
could be that the lentiviral transduction interferes with cellular processes that HGPRT is
involved with. Aberrations in DNA synthesis, for example, could affect the expression of
HGPRT. Alternatively, we have shown here that higher HGPRT expression may correlate with
lower urate output. Thus, if lentiviral transduction induces oxidative stress, HGPRT expression
might reduce as a protective mechanism to increase urate output and therefore antioxidant
defence in the cell. Although we have shown that lentiviral transduction does not significantly
increase urate output (Figure 5.5). We observe a similar downregulation in HGPRT in C.G:
transduced N2a cells. Although we initially attributed this to aberration in loading control
expression, it is possible that the downregulation in HGPRT we observe here is linked
somehow to the downregulation we observe in those cell lines. At this stage it is hard to
definitively hypothesise the cause behind loss of HGPRT arising from lentiviral transduction,
and further investigations are required into urate output, and possibly markers of oxidative

stress and DNA damage in virally treated iAstrocytes.

We next examined levels of adenosine-mediated toxicity, initially recapitulating the increased
sensitivity of C9orf72 iAstrocytes to adenosine that we observed previously (Figure 5.8).
Overall, there were no significant changes in the level of cell death in virally treated versus NV
iAstrocytes (Figure 5.8). This suggested that ADA-LV was not able to alleviate the toxicity.
Adenosine exists in a cycle, being formed by the dephosphorylation of AMP and then is
rephosphorylated by ADK. ADA should in theory remove adenosine from this cycle via
breakdown into inosine. However, once inosine is converted into hypoxanthine, it can be
salvaged to form IMP and this can be converted back into AMP through the action of ADSS
and ADSL (Figure 1.5B). Thus, breakdown of adenosine by ADA could merely be propagating
this cycle, particularly as we see enhanced HGPRT expression in C9orf72 iAstrocytes which
would indicate increased IMP output. This could therefore be the reason that we don’t observe
an alleviation of adenosine-mediated toxicity. It could be hypothesised that HGPRT inhibition
would be beneficial, as this would shuttle hypoxanthine towards urate production, permanently
removing adenosine from this cycle. However, as was pointed out in Section 3, this could have

the added detriment of impairing purine cycling in the cell.

When performing patient-specific analysis, we observed significantly improved survival in C9-
183, the cell line that consistently presents with the most significant reduction in endogenous
ADA expression. This suggests that ADA gene therapy, in the context of reducing adenosine

toxicity, may only be effective in a patient-dependent manner. This could be tested by
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repeating the assay with a larger cohort. Alternatively, upregulation of ADA expression may
have a limit to the level of protection it confers. Cell line 183 exhibited the highest level of
adenosine mediated toxicity at 55%, whilst ADA-LV reduced toxicity to below 40%, similar to
levels observed in control NV iAstrocytes. In our previous work, using a marginally higher
adenosine concentration in cell culture was enough to increase adenosine-mediated toxicity
to up to 80% in C9orf72 cell lines. This therefore raises the question that if higher adenosine
concentrations were used, would this increase toxicity in the NV lines and enhance the level

of protection conferred by ADA-LV treatment.

Finally, the level of ATP output in iAstrocytes was investigated. The hypothesis was that
iAstrocytes with increased ADA expression would produce more ATP due to elevated inosine
production. However, no improvement in ATP generation was observed in ADA-LV treated
iAstrocytes versus NV and EV-LV treated lines. The lack of response suggests that conversion
of endogenous adenosine to inosine, via ADA upregulation was not sufficient to show an
overall increase in ATP (Figure 5.9). To test this, iAstrocytes were supplemented with a non-
toxic concentration of adenosine which was sufficient to increase ATP levels in controls but
not C9orf72 iAstrocytes, a finding that adds to the evidence pointing towards adenosine
metabolism dysfunction in ALS astrocytes. However, increased adenosine levels again had
no effect on ATP output in ADA-LV treated cells compared to NV and EV-LV treatments. We
have previously only observed a significant increase in ATP output by supplementing
iAstrocytes with millimolar levels of inosine (Allen et al., 2019a). This only reached significance
in iAstrocytes that were supplemented with 4mM of inosine and above. As we only cultured
cells in adenosine at 1mM, and adenosine can also be converted into AMP via ADK (as
opposed to solely being deaminated to form inosine), it is perhaps not unexpected that we did
not observe a significant change in ATP output. Adenosine levels spike rapidly in times of cell
stress. Therefore, it may be more physiologically relevant to induce cell stress by, for example,
using a higher concentration of adenosine in cells that have been gene therapy treated and
measuring ATP output. Inducing glucose/oxygen deprivation could also be relevant, due to
the role that inosine-stimulated energy production plays during hypoxia (Balestri et al., 2007;
Jurkowitz et al., 1998; Litsky et al., 1999) and ADA-LV treatment might enhance energy

generated in this fashion.

As a further investigation into the metabolic changes that could be induced by viral treatment,
we employed the use of an XFbioanalyser. This allowed us to investigate, simultaneously,

mitochondrial and glycolytic flux under physiological and stress conditions. Here we
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demonstrated that ADA-LV was insufficient to induce any significant alterations in MR, basal
ECAR, CR, GR, PL and MGC. Promisingly, we did see an upregulation in SRC in C9orf72
iAstrocytes, that was close to the upregulation we observed with inosine supplementation.
SRC is classified as the difference in basal mitochondrial ATP output and maximal activity and
is a vitally important aspect of mitochondrial function. Cells with higher SRC are better
equipped to deal with cell stress as energy demand increases (Hill et al., 2009; Yamamoto et
al., 2016). This could therefore suggest a positive impact of ADA-LV on C9orf72 iAstrocyte
metabolism. However, the result did not reach significance, possibly because only two cell
lines were investigated for this assay. Therefore, further work should utilise a larger cohort to

investigate whether this effect is universal in C9orf72 iAstrocytes.

Despite this promising result, at time of writing we have been unable to record any significant
effect on energy metabolism in iAstrocytes by ADA-LV treatment. Culturing ADA-LV treated
iAstrocytes in a non-toxic concentration of adenosine to provide more ‘fuel’ had no effect.
Further, expression of PNP was found to be unchanged in C9orf72 iAstrocytes, so the lack of
metabolic response we observe cannot be blamed on a lack of ribose-1-phosphate output.
However, ADA-targeted gene therapy could still have some potential benefit for C9orf72 ALS

cells, as outlined in this chapter.

Here we demonstrate that lentiviral gene therapy is able to upregulate expression of ADA
and increase ADA activity and inosine output. We were unfortunately unable to translate this
into a tangible benefit in the parameters we measured. The two potentially promising
findings we made were that the amelioration of adenosine-mediated toxicity by ADA-LV may
be patient-specific, and that SRC is increased to a level comparable to inosine
supplementation in C9orf72 cells. One key experiment that we were unable to carry out was
whether ADA-LV was beneficial to the survival of MNs in MN/iAstrocyte co-cultures and will
be of utmost importance in assessing the efficacy of targeted gene therapy for the treatment
of ALS.
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6. General Discussion

The consequences of a loss of ADA function have been discussed several times throughout

this review but will be further elaborated upon here.

6.1 Loss of ADA and it’s possible contribution to ALS pathology

As previously stated, ADA downregulation in C9orf72 iAstrocytes led to an increased
susceptibility to adenosine-mediated toxicity, which was shown to correlate with ADA
expression (Allen et al., 2019a). Notably, when control lines were treated with the irreversible
ADA inhibitor pentostatin, a level of toxicity equivocal to the C9orf72 lines was observed,
indicating that C9orf72 iAstrocytes’ increased sensitivity to adenosine was, at least partially,
ADA dependent. Reduced ADA activity in astrocytes could mean accumulation of adenosine,
both intracellularly and extracellularly in the CNS during disease progression as astrocytes
and especially neurones become stressed and lose integrity. This is potentially physiologically
relevant as elevated adenosine has previously been observed in the CSF of ALS patients
(Yoshida et al., 1999). In terms of astrocyte function, as described previously, efficient carbon
flow through ADA influences several cellular mechanisms known to be disrupted in ALS. With
neuronal protection in mind, loss of ADA in astrocytes, as well as affecting purine metabolism,
salvage and synthesis, could lead to reduced DNA repair mechanisms, hypomethylation,
metabolic dysfunction and reduce defence against oxidative stress. The result of which could
impair astrocyte function, potentially promote an activated phenotype and ultimately lead to
reduced neuronal support. The ramifications of this, along with the potential links these

pathogenic mechanisms share with ALS pathology will be discussed here in full.

One of the major pathogenic mechanisms of ADA-deficient SCID is dATP accumulation,
disrupting DNA synthesis and repair. Loss of ADA has been shown to lead to an accumulation
of dATP in several in vivo models (Aldrich et al., 2003; Carson et al., 1979; Cohen et al., 1978;
Smith & Frank Henderson, 1982). Importantly, dATP accumulation has also been associated
with the reported neurological impairment observed in patients with ADA-deficient SCID
(Rogers et al., 2001). This is key for ALS because of the potential effect on DNA synthesis
and repair, and impairment of these functions could easily contribute to the pathology of the
disease. DNA damage and its effects are well characterised in ALS (for a recent review see
Kok et al., 2021). Elevated DNA damage has long been associated with SALS patients (Blasco
et al., 2017; Bogdanov et al., 2000; Ferrante et al., 1997; Fitzmaurice et al., 1996; lhara et al.,
2005; B. W. Kim et al., 2020; Mitsumoto et al., 2008; Murata et al., 2008). Several ALS causing

mutations have also been associated with DNA damage, inefficient DNA repair and a
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dysfunctional DDR (Fitzmaurice et al., 1996). Increased protein expression and staining for
phosphorylated H2AX (yH2AX), a marker of DNA double strand breaks (Rogakou et al., 1999),
has been observed in C9orf72 post-mortem spinal cord tissue, and C9orf72 neuronal and DPR
cell models, possibly caused by oxidative stress or R-loop formation (Andrade et al., 2020;
Choi et al., 2019b; Farg et al., 2017; Lopez-Gonzalez et al., 2016; Nihei et al., 2020; C. Walker
et al., 2017). Whilst DPRs have also been shown to inhibit DNA repair by inducing chromatin
compaction or interfering with non-homologous end-joining, single-strand annealing, DNA
repair via NPM1 and p53 function, that can mediate the DNA repair response (Andrade et al.,
2020; Farg et al., 2017; Maor-Nof et al., 2021; C. Walker et al., 2017). The above data indicate
a clear association between DNA damage, insufficient DDR/DNA repair and ALS pathology.
Loss of ADA, inducing dATP accumulation in ALS could represent a further link between

insufficient DNA repair and ALS and could exacerbate the effect of DNA damage on ALS cells.

The second major pathogenic mechanism of ADA-deficient SCID is an accumulation of SAH,
leading to reduced DNA methylation (Benveniste et al., 1995). Aberrant DNA methylation has
been observed in ALS although, unlike DNA damage, the evidence is less comprehensive and
somewhat conflicting. Several studies link ALS with hypermethylation (Xi et al., 2013;
Tremolizzo et al., 2014; Coppedé et al., 2017; Hamzeiy et al., 2018) whilst other studies
suggest no difference in methylation signatures in individuals with ALS (Garton et al., 2017;
Oates and Pamphlett, 2006), and several demonstrate that there is both hyper- and
hypomethylation in ALS patients (Morahan et al., 2009; Figueroa-Romero et al., 2012;
Appleby-Mallinder et al., 2021). Other studies have also linked ALS with hypomethylation
(Wong et al., 2013; Stoccoro et al.,, 2018; 2020). Wong et al. (2013) demonstrated that
mitochondrial Dnmt3a, a DNA methyltransferase enzyme responsible for de novo methylation,
had significantly lower expression levels in the skeletal muscle and spinal cord of SOD1
mouse models in presymptomatic and early disease stages (Wong et al., 2013). Significantly
lower levels of D-loop methylation have also been observed in SOD1 and SALS patients (but
not C9orf72 patients) which inversely correlate with mitochondrial DNA copy number
(Stoccoro et al., 2018, 2020). Mice that lack Dnmt3a in the nervous system also go on to
develop an ALS-like phenotype (Nguyen et al.,, 2007). These data suggest a role for
hypomethylation in ALS, but there are clearly wide aberrations in global DNA methylation
signatures that occur in ALS that include both hyper- and hypomethylation. It is therefore
possible that there is a link between ADA-loss induced inhibition of SAM-mediated DNA
methylation and ALS, though this may only be the case in certain cohorts, as hypomethylation

is only observed in SOD1 models and SOD1 and SALS patients.
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Bypassing the ADA defect with inosine supplementation was found to be bioenergetically
beneficial in iAstrocytes, increasing ATP output, predominantly via glycolysis, which was
confirmed by measuring metabolic flux. Moreover, inosine increased both respiratory and
glycolytic capacity in these cells. Inosine supplementation also alleviated iAstrocyte-mediated
toxicity to MNs in co-culture. ADA levels negatively correlated with adenosine mediated toxicity
in ALS iAstrocytes and positively correlated with MN survival in the presence of inosine.
Inhibition of ADA in control iAstrocytes also increased their toxicity to MNs. With these data in
mind, we recently showed that inosine metabolism positively correlates with disease duration
in ALS fibroblasts (Gerou et al., 2021). This suggests that higher ADA activity, in addition to
reducing theoretically toxic adenosine and deoxyadenosine accumulation, would produce

more inosine and may therefore be protective in ALS.

Elevated inosine production could be beneficial in two major ways. Firstly, lactate produced
by astrocytes is used by MNs as a source of energy (Pellerin and Magistretti, 1994) and
dysfunctions in lactate metabolism have been linked to ALS previously (Ferraiuolo et al., 2011,
2016). This is important as inosine can be converted to ribose-1-phosphate that contributes to
glycolysis via the pentose phosphate pathway, producing ATP, NADH and eventually lactate
(Balestri et al., 2007; Jurkowitz et al., 1998; Litsky et al., 1999; Mddis et al., 2013), which was
shown to be protective to astrocytes in ischemic conditions (Balestri et al., 2007; Jurkowitz et
al., 1998; Litsky et al., 1999). This could therefore form part of the mechanism by which MN
survival is enhanced when iAstrocytes are supplemented with inosine in MN/astrocyte co-
cultures. This could also explain why enhanced inosine production is protective in ALS (Allen
et al., 2019a; Gerou et al., 2021) and aligns with data demonstrating that an upregulation of
glycolytic flux is neuroprotective in TDP-43 ALS iPSC-derived MNs and Drosophila (Manzo et
al., 2019), and mouse embryonic stem cell-derived MNs, zebrafish and mice (Chaytow et al.,
2022). Secondly, inosine can be converted to urate via conversion to hypoxanthine and
subsequently xanthine (Figure 1.5B), and the production of urate is associated with a better
prognosis in ALS (lkeda et al., 2012; Keizman et al., 2009; Nicholson et al., 2015; Oh et al.,
2015; Paganoni et al., 2018; F. Zhang et al., 2018). However, increased urate is unlikely to be
the mechanism by which inosine supplementation can reduce ALS iAstrocyte-mediated
toxicity to MNs, as it was shown that increased urate does not lead to a concomitant
improvement in MN survival (Allen et al., 2019a). Despite this, these data suggest that both

urate and inosine have an important role in ALS pathology.

The combination of disrupted DNA repair, aberrant methylation signatures, reduced energy
output and reduced oxidative stress defence which could be induced by dysfunctional purine

metabolism would be likely to disrupt normal astrocytic function and, as toxic insult can induce
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reactivity, this may propagate astrogliosis and would be detrimental to neuronal health. We
have demonstrated here that increasing ADA expression by lentiviral gene therapy is able to
increase inosine output (Figure 5.4.1) and therefore could be beneficial to many of the ALS
related pathogenic pathways described above. Taken together, these data indicate that the
therapeutic benefits of ADA level restoration would be multifactorial for ALS patients, either
from increased toxic metabolite breakdown or through increasing inosine levels and therefore

urate and lactate output, or both.

6.2 Further links between purine metabolism and ALS

Alongside the consequences of dysfunctional purine metabolism outlined above, multiple
instances of phenotypes that may have a link to dysfunctional purine metabolism exist in the

literature. These are detailed below.

Dysfunctional immune cell regulation is a common observance in ALS. Circulating
monocytes from both sALS and fALS patients demonstrate aberrant subtype regulation,
incorrect adhesion, and dysregulated phagocytic activity (Zondler et al., 2016). Moreover,
levels of monocytes with a proinflammatory phenotype have been shown to correlate with
faster disease progression (W. Zhao et al., 2017). A reduced number of circulating dendritic
cells were observed in SALS patients but were also predicted to be proinflammatory
(Rusconi et al., 2017), whilst dendritic cell levels were significantly increased in spinal cord
tissue taken from both fALS and sALS patients, which also positively correlated with disease
progression (Henkel et al., 2004). Reduced expression of T-lymphocytes has been observed
in SALS patients (Mantovani et al., 2009), regulatory T-cells taken from patients were shown
to be dysfunctional (Beers et al., 2017) and T-lymphocyte levels may negatively correlate
with accelerated disease progression (Henkel et al., 2013). The importance of ADA in
immune cell differentiation and function has been discussed in section 1.8 and, in general,
the role that ADA plays in immune cell regulation is well established (for a review see
Antonioli et al., 2012), as evidenced by severe disruption of immune cell function in ADA-
deficient SCID (Hershfield, 2017). Immunodeficiency has recently been linked to ALS
(Béland et al., 2020) and the immune cell dysfunction outlined here could therefore be linked
to ADA dysregulation. However, it may be that the level of ADA loss in ALS is cell
dependent. Data from our laboratory suggested that ADA loss was more severe in

iAstrocytes compared to iNeurons and more severe in iNeurons compared to fibroblasts
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(Allen et al., 2019a). Therefore, it remains to be seen whether loss of ADA is observed both
in immune cells and, for example, in microglia and whether this negatively influences ALS

disease pathology.

Multiple studies have identified purine metabolism as a pathway that undergoes significant
changes over the course of ALS. A systematic review of all literature published investigating
metabolite-disease associations from 2006-2016 identified purine metabolism as a pathway
that becomes altered during ALS and also a unifying feature of ALS, AD and PD (Kori et al.,
2016). A metabolomic study investigating alterations in metabolic signatures in whole cell
and the mitochondrial endoplasmic reticulum (mito-ER) of fibroblasts from sALS patients
identified purine metabolism, alongside pyrimidine metabolism as having a distinct
metabolomic profile compared to controls (Veyrat-Durebex et al., 2019). Interestingly, in both
whole cells and mito-ER fractions, inosine was at a higher level than controls, whilst its
downstream product xanthine was expressed at lower levels, suggesting a potential
dysfunction in the enzyme than catalyses inosine-xanthine conversion, PNP, though this was
not observed in C9orf72 iAstrocytes (Figure 3.4). Deoxyadenosine was also reported as
higher in sALS patient fibroblast mito-ER fractions, which would align with the hypothesis
that loss of ADA leads to accumulation of its substrates, though no differences were reported
in adenosine levels (Veyrat-Durebex et al., 2019). The same group performing similar
metabolomic analysis in mutant SOD1 new-born mice spinal cord astrocytes also
demonstrated distinct purine metabolic profiles compared to wildtype in astrocyte MN co-
cultures (Hounoum et al., 2017) which was likely associated with an inflammatory state.
Purine metabolism was also identified as a pathway of interest in a multi-omics study of
SOD1%% transgenic mice against wild-type littermates (Xu et al., 2023). Metabolomic
analysis of plasma, lumbar spinal cord and motor cortex demonstrated global
downregulation in purines and purine derivatives in transgenic mice, with purine metabolism
being one of the only pathways disturbed to a significant level in the spinal cord. Plasma and
spinal cord analysis showed that purine metabolism in this model was also the only pathway
to exhibit evidence of disruption at the pre-symptomatic stage, which interestingly
demonstrated that inosine output was significantly downregulated with no alteration in
adenosine output. Proteomic analysis also identified differential expression of multiple
proteins involved in the regulation of purine metabolism, including downregulation of
cytosolic 5’-nuclectidase, the intracellular counterpart to CD73. Joint pathway analysis, as

would be expected, confirmed that purine metabolism was a pathway of interest in ALS and
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may be associated with progression of the disease (Xu et al., 2023). These data
demonstrate a precedent for aberrant purine metabolism in ALS making the pathway an
even more compelling target for therapeutics.

In possible confirmation of the therapeutic benefit of elevated ADA levels in ALS patients,
recent evidence suggests a protective role for oestradiol in ALS (Boddy et al., 2022; Klemann
et al., 2018). Moreover, women with higher lifetime endogenous oestrogen exposure were
associated with a longer survival in ALS (de Jong et al., 2012). Treatment with E2 was shown
to be protective in a SOD1 mouse model (Heitzer et al., 2017) and oestradiol was also
protective in a C9orf72 Zebrafish model (Boddy et al., 2022). E2 has also been shown to
protect against demyelination and axonal injury in MS mouse models (Aryanpour et al., 2021)
and may be generally protective in neurodegenerative diseases (Garcia-Segura et al., 2001).
As discussed in section 1.7, oestradiol has been shown to increase ADA levels (Xie et al.,
2001) insinuating a purine metabolism related mechanism for oestrogen’s neuroprotection in
ALS. Evaluating the neuroprotective effect of oestradiol in vivo and in vitro and correlating this
effect with ADA expression would offer insight into what extent of oestradiol’s neuroprotection
is mediated by ADA.

Type two diabetes (T2DM), which is caused by insulin resistance (Roglic, 2016) has been
linked to higher serum ADA activity (Hoshino et al., 1994; Kurtul et al., 2004; J. Lee et al.,
2011; Niraula et al., 2018) as ADA expression negatively correlates with insulin levels
(Rutkiewicz & Gorski, 1990). Several studies have also associated T2DM with
neuroprotection in ALS, demonstrating that people who have T2DM have a significantly
lower chance of developing ALS and a delayed disease onset (Kioumourtzoglou et al. 2015;
Mariosa et al. 2015; D’Ovidio et al. 2018; Tsai et al., 2019; Zeng et al., 2019). It has been
hypothesised the protective role of diabetes is related to electrolyte regulation (Ahn et al.,
2017). Patients suffering from diabetes often develop electrolyte disorders that cause
depletion in key electrolytes including calcium. Lower calcium levels would reduce the speed
of Ca?* build up in neurons reducing Ca?* influx into mitochondrial cells thus preserving
mitochondrial function for longer (Ahn et al., 2017) one of the major pathologies observed in
ALS. However, as T2DM has been shown to lead to an increase in serum ADA levels
(Hoshino et al., 1994; Kurtul et al., 2004; J. Lee et al., 2011; Niraula et al., 2018), it is
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possible that the neuroprotection provided by T2DM in ALS is partially related to alterations
in purine metabolism via increased ADA activity.

As evidenced here, ADA might still provide an area for therapeutic intervention. Enzyme
replacement therapy is already a safe and efficacious treatment for ADA-deficient SCID which
could be translated into the treatment of ALS. Regardless of the data showing lack of any true
effect of ADA-LV therapy, ADA is clearly an important regulator of neuronal function, and sits
at the crux of multiple pathways that have been implicated in ALS pathogenicity, which has
been summarised in Figure 6.1. It therefore remains as an undeniable target for therapeutic

intervention in ALS.
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Figure 6.1. Possible mechanisms of ADA-mediated MN degeneration. Loss of ADA in ALS
may lead to MN degeneration via several mechanisms. First DPR accumulation, can lead to
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incorrect RNA transcription of the ADA protein, and direct binding to ADA in the cytoplasm may
reduce protein function. Alternatively, transcriptional regulation could interfere with ADA
expression. This would lead to a decrease in inosine output and an accumulation of adenosine
and deoxyadenosine. Loss of inosine would result in a reduction in both inosine-mediated lactate
and ATP output, and therefore energy generation in MNs which has been linked to ALS
pathogenesis previously. It would also result in a reduction in urate levels, a potent antioxidant,
which would contribute to the oxidative stress that has also been linked to ALS pathogenesis.
Accumulations of deoxyadenosine and adenosine may also induce inflammation, cause immune
cell dysfunction, affect DNA synthesis and repair, and methylation in ALS astrocytes, another
potential pathogenic mechanism behind MN degeneration. Figure taken, with permission, from
Hall et al., (2022).

6.3 Future Directions

As described previously, the purine salvage and DNPB pathways are strongly linked (Camici
et a., 2018; Zhou et al., 1994). Further experimentation investigating DNPB regulation has
been discussed briefly but may play a more extensive role in aberration we observe in the
wider pathway. We observe that endogenous inosine output is reduced in C9orf72
iAstrocytes (Figure 3.1) which could point to reduced purine salvage due to insufficient
upstream substrate production, despite observing a significant increase in HGPRT (Figure
3.4) iAstrocytes. If this was the case, then DNPB would be required to counteract reduced
purine output from purine salvage. PPAT has been shown to be elevated in FUS and TDP-
43 mutant mouse models (Mateeva et al., 2023), suggesting elevated DNPB in these
models, though purinosome formation would be a more robust measure of DNPB activity.
Therefore, dynamic characterisation of purine salvage and DNPB would be required to
answer these questions. Interestingly, the purinosome is thought to be a biomolecular
condensate forming through LLPS, as it shares several characteristics with other liquid-like
condensates (Pedley et al., 2022). As discussed, arginine containing DPRs are known to
disrupt biomolecular condensate formation by interacting with low complexity domains
(Boeynaems et al., 2017; K. H. Lee et al., 2016; Lin et al., 2016; Molliex et al., 2015; White et
al., 2019; Y. J. Zhang et al., 2018). It would therefore be interesting to observe purinosome
formation in DPR expressing cells. If they disrupt formation of the purinosome then this could
have significant implications for purine salvage and may be an instigator of downstream

purine metabolism dysfunction.

Increasing ADA activity, as we demonstrate here (Figure 5.4.1) and therefore increasing

adenosine or deoxyadenosine breakdown, could prevent the toxic build-up of adenosine
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dATP and SAH, which we hypothesise disrupts astrocyte homeostasis, leading to MN
degeneration. Further investigation of the cytotoxic mechanisms arising from a loss of ADA
is also required. It would be interesting to investigate, firstly whether C9orf72 iAstrocytes are
more susceptible to toxicity mediated by deoxyadenosine accumulation, as we observed
with adenosine. And, secondly, to investigate whether ADA-LV gene therapy can alleviate
any toxicity we hypothesise would be observed by culturing iAstrocytes in the presence of
abnormal levels of deoxyadenosine. ADA-LV might also prove more protective when
iAstrocytes are cultured in toxic levels of both adenosine and deoxyadenosine in tandem.
Additionally, it would be interesting to observe whether higher concentrations of adenosine,
that we know induce toxicity in C9orf72 iAstrocytes, have any effect on the methylation
profiles of these models. It is possible that ADA-LV treatment could protect against
alterations in methylation that do not lead to tangible changes in cell survival, but provide a
benefit to iAstrocytes nonetheless. Assays examining methylation in virally and non-virally
treated iAstrocytes, cultured in adenosine, would potentially provide a more subtle measure
of the effect of gene therapy. We could also investigate inflammation and DNA damage
markers which would reveal whether ADA-LV protects against toxic insult arising from

adenosine and dATP accumulation respectively.
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