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Summary

The DNA repair scaffold protein XRCC1 orchestrates the activity of the DNA single-
strand break repair (SSBR) machinery. DNA single-strand breaks (SSBs) are primarily
detected by poly(ADP-ribose) Polymerase 1 (PARP1), which synthesises poly(ADP-
ribose) at sites of damage, promoting XRCC1 recruitment. Mutations in XRCC1 have
recently been identified in several human patients, resulting in ataxia with ocular motor
apraxia (AOA). In cells lacking XRCC1, SSBR is reduced, leading to the retention of
PARP1 at sites of damage and the continuous synthesis of poly(ADP-ribose). In
conditional knockout Xrcc1Nes€® mice, poly(ADP-ribose) accumulates in the brain,
resulting in progressive ataxia and fatal seizures. Here, | aimed to establish a cell

autonomous model of endogenous SSB induction and Parp1l activation in neuronal cells.

To do so, | developed primary cultures of hippocampal neurons from Xrcc1Nes-Cre
mouse pups. | show that Xrcc1Nes-¢® hippocampal neurons exhibit elevated Parp1/NAD+
dependent poly(ADP-ribose) accumulation, recapitulating what has been observed in
Vivo in mouse brain. | also show that this elevated activity underlies the spontaneous
death of Xrcc1NesC"® hippocampal neurons in vitro. Both the accumulation of poly(ADP-
ribose) and spontaneous cell death can be rescued via the additional deletion of one or
both alleles of Parpl, as well as with treatment by commercially available PARP
inhibitors, highlighting the potential therapeutic application of PARP inhibition in the
treatment of XRCC1-mediated neurodegeneration. In investigating the source of the
endogenous DNA SSBs characterising Xrccl-deficient cells, | highlight the nitric oxide
(*NO) dependent production of reactive nitrogen species (RNS) as a likely source of

damage.

| further demonstrate Parpl dependent deregulation of presynaptic calcium signalling
in Xrcc1Nes€® neurons, providing a compelling potential explanation for the seizures
observed in the mouse brain. This synaptic phenotype can be rescued by chronic PARP

inhibition, further indicating the therapeutic potential of PARP inhibition.

Finally, | aimed to investigate whether Parpl dependent alterations to transcription
could be identified in the Xrcc1Nest"® mouse brain. To do so, RNA sequencing was
performed, highlighting a number of differentially expressed genes. This phenotype was,
however, comparatively mild, and targets were not effectively validated in our small

sample size.

In summary, | present a cell autonomous model of endogenous DNA SSBs, and
demonstrate elevated poly(ADP-ribose) accumulation in Xrcc1Nes€® hippocampal

neurons, resulting in aberrant presynaptic calcium signalling and a mild deregulation of



transcription. These data improve our knowledge of the pathological contribution of
PARP1 to Xrccl-defective phenotypes, and the therapeutic potential of PARP in treating
XRCC1-linked disease.
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Chapter One — Introduction

1.1 — DNA Damage

Cells are constantly exposed to endogenous and exogenous sources of
genotoxic stress, and consequently the induction of DNA damage, the repair of which is
critical for the maintenance of genomic integrity (Caldecott, 2008). DNA lesions are
highly diverse, with their incidence being estimated at 70,000 per cell per day (Lindahl
and Barnes, 2000). The array of lesions capable of compromising genomic integrity
include DNA single-strand breaks (SSBs), DNA double-strand breaks (DSBs), DNA
base modifications, and DNA base mismatches (Chatterjee and Walker, 2017). SSBs
and DSBs represent discontinuities in one or both strands of the DNA double helix,
respectively. SSBs are the most commonly arising lesion in the cell, occurring more than
10,000 times per cell, per day (Lindahl, 1993, Tubbs and Nussenzweig, 2017). The
repair of SSBs occurs following their detection by poly(ADP-ribose) polymerase (PARP)
enzymes, and the recruitment of scaffold proteins and end processing factors to restore
conventional 3’ hydroxyl and 5’ phosphate termini, prior to DNA gap filling and DNA
ligation (described in detail in section 1.3) (Caldecott, 2008). DSBs are less common
than SSBs but are more cytotoxic (Cannan and Pedersen, 2016). If unrepaired, DSBs
result in cell death, and if incorrectly repaired can result in chromosomal deletions,
duplications, and translocations, which can underpin carcinogenesis (larovaia, et al.,
2014, Cannan and Pedersen, 2016). SSBs can be converted to DSBs if they are in close
proximity on opposite strands (Vilenchik and Knudson, 2003, Mehta and Haber, 2014).
Similarly, DNA polymerases encountering SSBs can lead to DNA replication fork
stalling, leading to fork collapse and the formation of DSBs (Roth and Wilson, 1988,
Pfeiffer, et al., 2000). The repair of DSBs can occur through non-homologous end joining
(NHEJ), the direct resealing of broken DNA, which occurs independently of sequence
homology, potentially resulting in the loss of genetic information (Davis and Chen, 2013).
Homologous recombination (HR) is a more accurate pathway, utilising a homologous
DNA template and extensive end processing to faithfully repair DSBs during the S and
G2 phase of the cell cycle (Wright, et al., 2018).

DNA possesses an inherent degree of instability and is prone to modification
through various processes, such as through oxidation by endogenously produced
reactive oxygen species (ROS) (Lindahl, 1993). The modification of DNA nucleobases
represents a threat to genome stability, due to their potential mutagenicity, and must be
repaired (Moriya, 1993, Kamiya, 2003). To do so, the base excision repair (BER)

pathway facilitates the removal of these lesions and their replacement (Caldecott, 2020).
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Errors in DNA metabolism, or aberrant DNA processing during DNA repair,
recombination, and replication, represent a further mechanism by which the integrity of
DNA can be compromised by endogenous sources (Li, 2008). Typically, replicative DNA
polymerase are characterised by high replication fidelity, whereas translesion DNA
polymerases, which act to bypass DNA lesions, exhibit much lower fidelity (Plosky and
Woodgate, 2004, McCulloch and Kunkel, 2008). The consequence of this decreased
replication fidelity is nucleotide misincorporation, resulting in base mismatches that must
be repaired in order to safeguard genomic integrity (Li, 2008, Vaisman and Woodgate,
2017). The repair of base mismatches occurs through mismatch repair (MMR), involving
the excision of misincorporated nucleotides, with gap filing performed by DNA

polymerases & and ¢, and ligation by LIG1 (Peéina-Slaus, et al., 2020).

Genomic integrity is also threatened by exogenous sources of DNA damage,
including ionising radiation (IR), ultraviolet (UV) radiation, and numerous chemical
agents (Hakem, 2008). lonising radiation (X-ray and gamma (y) waves, alpha (a) and
beta (B) particles, and neutrons) has sufficient energy to release electrons from atoms
and molecules, resulting in the breakage of covalent bonds, affecting the structure of
DNA by directly inducing DNA breaks (Reisz, et al., 2014, Santivasi and Xia, 2014).
Further, IR results in the formation of ROS, resulting in indirect damage through the
generation of abasic sites, SSBs, and sugar modifications (Datta, et al., 2012,
Yamamori, et al., 2012, Borrego-Soto, et al., 2015). Highly proliferative cells are
particularly sensitive to IR, and as such radiotherapy (exposure to IR) is widely used in

cancer therapy (Borrego-Soto, et al., 2015).

A separate and ubiquitous source of exogenous DNA damage is UV irradiation
from sunlight (Hakem, 2008). UV radiation is classified by wavelength, UVA (315-
400nm), UVB (290-315nm) and UVC (100-290nm), the latter of which is mostly
absorbed by the ozone layer (Yu and Lee, 2017). Both UV irradiation is a causative
agent in skin cancer, due to a capacity to induce DNA damage (Watson, et al., 2016, Yu
and Lee, 2017). Two major UV induced DNA lesions are 6-4 photoproducts and
cyclobutane pyrimidine dimers, caused by the covalent modification of neighbouring
pyrimidine nucleobases (Mouret, et al., 2006, Yokoyama and Mizutani, 2014). The repair
of UV induced DNA damage occurs through nucleotide excision repair (NER), which
facilitates the removal of bulky, helix distorting lesions (Spivak, 2015). Mutations in
several genes encoding proteins involved in NER underpin various forms of Xeroderma
Pigmentosum, disorders characterised by an elevated incidence of skin cancer and, in

some cases, neurological involvement (Cleaver and Bootsma, 1975, Anttinen, et al.,
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2008, Koch, et al., 2016). Indirectly, UV irradiation can induce DNA damage through the
production of ROS, a source of SSBs (De Lager, et al., 2017).

1.1.1 DNA Single-Strand Breaks

DNA single-strand breaks are the most prominent lesions in the cell, arising either
directly via the oxidation of the deoxyribose-phosphate backbone, indirectly through
DNA BER, or through abortive topoisomerase activity (Pogozelski & Tullius, 1998,
Caldecott, 2008, Andersen, et al., 2015, Li & Liu, 2016). The diversity of DNA lesions
arising in the cell is reflected by the variety of processes evolved to facilitate their repair.
The DNA sugar moiety is prone to direct breakage and modification by ROS, a by-
product of cellular respiration (Balasubramanian, et al., 1998, Dizdaroglu and Jaruga,
2012). Transcriptional demand, and the subsequent relaxation of torsional stress by
Topoisomerases represent a further means by which SSBs may arise endogenously, as
the formation of Top1-linked cleavage complexes can lead to Topl associated SSBs (Li
and Liu, 2015, Huang and Pommier, 2019). These endogenously arising lesions reflect
a means by which critical cellular functions are coupled to the production of DNA breaks,
which must be repaired in order to preserve genome stability (Chakarov, et al., 2014).
The physiological relevance of unresolved SSBs is perhaps best highlighted by
neurodegenerative conditions linked to hereditary defects in DNA single-strand break
repair (SSBR), which underlie the cerebellar ataxias (Yoon and Caldecott, 2018,
Beaudin, et al., 2019).

Mutations in SSBR proteins are typically associated with cerebellar degeneration,
ataxia, and ocular motor apraxia (Takashima, et al., 2002, Le Ber, et al., 2003, Shen, et
al., 2010, Hoch, et al.,, 2017, Yoon and Caldecott, 2018). These mutations are not
typically associated with an increased risk of cancer, and present primarily with
neurological involvement (Yoon and Caldecott, 2018). In proliferating cells, one
consequence of unresolved DNA damage is the stalling and collapse of DNA replication
forks, and the formation of DNA double-strand breaks (DSBs), which can be repaired
through DSBR pathways, such as homologous recombination (HR) and non-
homologous end joining (NHEJ) (Cox, et al., 2000, Alexander and Orr-Weaver, 2016).
Mature neurons are post-mitotic and may continue to accumulate unresolved DNA
damage throughout their lifespan (Kruman, et al., 2004, Bianco and Lyubchenko, 2017).
The absence of replication-dependent mechanisms of SSB conversion into DSBs, and
subsequent DSBR to restore an intact genome may explain the importance of functional
SSBR in neurons (Welty, et al., 2018). Similarly, the comparatively high rate of oxygen

consumption by the nervous system, and relatively low antioxidant capacity, might
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underpin the neurological phenotype associated with hereditary defects in SSBR
(McKinnon, 2017). Unresolved SSBs may present a blockade for RNA polymerase
progression, interfering with gene expression; the relevance of which may only become
clear in post-mitotic neurons, due to their longevity, absence of replication-dependent
repair mechanisms, and functional reliance of activity-dependent transcription (Kathe,
et al., 2004, Abbotts and Wilson, 2017, Herbst, et al., 2021). A further mechanism by
which nervous tissue might be particularly prone to defects in SSBR is through
epigenetic reprogramming, which involves BER-mediated removal of 5’-methylcytosine
and 5’-hydroxymethylcytosine (the latter of which is highly enriched in the brain) through
a SSB intermediate (Kress, et al., 2006, Kriaucionis and Heintz, 2009, Guo, et al., 2011).

In this chapter, | will provide an overview of the means by which endogenously
occurring SSBs arise, as well as the processes by which they are detected and repaired.
I will primarily focus on the roles of the SSB detector protein, poly(ADP-ribose)
Polymerase 1 (PARP1), and its binding partner; the SSBR scaffold protein X-Ray Repair
Cross- Complementing Protein 1 (XRCC1). | will highlight the effects of mutations in
these, and other proteins involved in SSBR, on the maintenance of neuronal

homeostasis and neurodegeneration.

1.2 — The Source of SSBs

1.2.1 — Oxidative DNA Damage

Reactive Oxygen Species (ROS) represent a threat to genomic integrity through the
induction of oxidative DNA damage (Cooke, et al., 2003). ROS may be generated by
both endogenous and exogenous sources; endogenously through chemical processes
undertaken during cellular metabolism, or exogenously through inflammatory processes
and environmental toxins (Mena, et al., 2009, Paiva and Bozza, 2014, Markkanen,
2017). ROS mediated oxidative DNA damage typically accompanies development and
is among the most common sources of germline mutagenesis (Crow, 2000,
Martincorena and Campbell, 2015). Further, oxidative damage is heavily linked to the
aging process, and is understood to underpin several factors in the aetiology of age-

related conditions and neurodegeneration (Finkel, et al., 2007, Lodato, et al., 2018).

The endogenous production of ROS is primarily associated with oxidative
metabolism; wherein the reduction of oxygen during aerobic respiration results in the
formation of the superoxide anion (O.™) (Hayyan, et al., 2016). Superoxide undergoes
enzymatic dismutation via Superoxide Dismutase (SOD) to form molecular oxygen (O>)
and hydrogen peroxide (H20;) (Juarez, et al., 2008). H>O- s relatively inert, with a low

potential for reactivity. However, it is endogenously converted into a toxic, highly reactive
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hydroxyl radical ("OH) through fenton-like reactions (Thomas, et al., 2008). "OH radicals
are capable of causing many oxidative lesions through base modification, such as 5’-
hydroxycytosine (Plongthongkun, et al., 2014). These degradation products may require
removal through BER, though "OH may also result in the cleavage of glycosidic linkages
and the direct formation of an abasic site (Lenz, et al., 2015, Caldecott, 2020). The
production of the superoxide anion is further associated with the activity of Nitric Oxide
Synthases (NOS), enzymes catalysing the formation of nitric oxide ("NO), which is
combined with O, to form peroxynitrite (ONOO"), a reactive nitrogen species (RNS)
(Radi, 2013, Radi, 2018). RNS are patrticularly relevant to the nervous system, due to
the prevalence of neuronal nitric oxide synthase (nNOS) in the brain, and the usage of
diffuse 'NO in neuronal signalling (Bredt and Snyder, 1994, Chachlaki and Prevot,
2020).

ROS and RNS can result in SSB formation through direct oxidation of the DNA
sugar moiety, as well as through the modification of nucleobases, such as guanine.
Guanine is highly susceptible to modification by singlet oxygen (*O.), a biologically
relevant ROS typically associated with the UVA component of solar radiation, resulting
in the formation of 8-ox07,8-dihydroguanine (8-o0xoG) (Cooke, et al., 2003, Epe, 2012,
Fleming and Burrows, 2013, Dumont and Monari, 2015). 8-oxoG may also form due to
reactivity of "OH. This reaction is estimated to occur up to 500 times per day per cell
(Lindahl, 1993, Poetsch, 2020). The accumulation of 8-oxoG can result in alterations to
the binding of transcription factors, as well as the deregulation of replication and gene
stability through the alteration of the secondary structure of DNA (the formation of G-
Quadruplex folds) (Fleming and Burrows, 2013, Poetsch, 2020). Further, 80xoG-
Adenine mismatch pairings can result in transcriptional mutagenesis and translational
error (Dai, et al., 2018). The removal of 8-0xoG occurs through BER, notably via the

activity of the bifunctional glycosylase OGG1 (Allgayer, et al., 2013).
1.2.2 — DNA Base Excision Repair (BER)

Due to the inherent instability of DNA, damage to nucleobases occurs frequently, and
a robust system by which to repair them is required. Further, the heterogeneity of DNA
base damage requires an array of DNA N-glycosylases to detect and excise small, non-
helix-distorting, base lesions (Lindahl, 1993, Jacobs and Schar, 2012, Caldecott, 2020).
Glycosylases may be monofunctional or bifunctional; the former having exclusively DNA
glycosylase activity, wherein the removal of a nitrogenous base leaves an intact
apurinic/apyrimidinic site (AP Site), which undergoes further processing via an AP
endonuclease (Mullins, et al., 2019, Caldecott, 2020) (Figure 1.1). Bifunctional
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Figure 1.1. A Model for Mammalian Base Excision Repair. A) Modified bases are
removed by either monofunctional (mDG) or bifunctional (bDG) DNA glycosylases, one
of eleven enzymes that excise small, non-helix distorting lesions in DNA. B)
Monofunctional glycosylases leave behind an intact abasic site, which is cleaved by
APE1. C) Bifunctional glycosylases, such as OGG1, also cleave the 3’ abasic site,
leaving behind either a 3’-phosphate (P) or a 3’-ap unsaturated aldehyde, which are
removed by PNKP and APE1 respectively. D) Short patch gap filling, wherein POLf
replaces a single missing nucleotide. E) Long patch gap filling, wherein POL replaces
several nucleotides, the consequence of which being the displacement of a 5’ single
strand, which is removed by FEN1. Long patch repair typically occurs in response to
oxidised abasic sites, which cannot be removed by the lyase activity of POLB. F) DNA
ligation by XRCC1 and LIG3 completes short patch BER. G) Ligation by LIG1 is the
terminal step in long patch BER. Figure taken from Caldecott, 2020.
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glycosylases, such as OGG1, possess additional lyase activity and further cleave the
AP site on the 3’ of the baseless sugar moiety; leaving a single-strand break (Ba and
Boldogh, 2018, Wang, et al., 2018, Mullins, et al., 2019, Caldecott, 2020) (Figure 1.1).
APEL1 is an AP endonuclease that functions following the activity of a monofunctional
glycosylase, wherein it cleaves the 5§ of the abasic site, creating a single-strand break
intermediate (Demple, et al., 1991, Caldecott, 2020) (Figure 1.1). APE1 is retained at
the break, possibly inhibiting the inappropriate repair of the SSB-intermediate while
promoting the activity of POLB. POLB enables gap-filling, replacing nucleotides and
removing the 5 sugar phosphate, displacing bound APE1l (Beard, et al., 2019,
Caldecott, 2020). This small-scale gap-filling constitutes short-patch repair. However, in
the case of oxidised abasic sites, during which the lyase activity of Polf cannot remove
the residual 5’-deoxyribose following APE1 activity, long-patch repair occurs. Long-
patch repair is sub-pathway involving the insertion of multiple nucleotides, resulting in
the 5’ single-strand being displaced and requiring the activity of flap endonuclease-1
(FEN1) (Klungland and Lindahl, 1997, Robertson, et al., 2009, Wallace, 2014, Beard, et
al., 2019) (Figure 1.1). DNA ligation is the final step of the BER process, facilitated by
the XRCCL1 binding partners LIG3 and APTX during short-patch repair, and LIG1 during
long-patch BER (Cappelli, et al., 1997, Levin, et al., 2000, Ahel, et al., 2006).

1.2.3-TOP1 Associated SSBs

Topoisomerases are enzymes that relax torsional stress in DNA, by creating a
transient nick in the DNA, to which the topoisomerase is covalently bound (McKie, et al.,
2021). DNA torsional stress is a consequence of several process. For example, the
unwinding of DNA strands during replication results in DNA supercoiling and torsional
stress which topoisomerase activity is required to relieve (Pommier, et al., 2006, Buzun,
et al, 2020). Similarly, and perhaps more appropriately for post-mitotic neurons, RNA
polymerase Il creates both positive (ahead of the polymerase) and negative supercoiling
(behind the polymerase) during transcription (Ma and Wang, 2016, Baranello, et al,
2016). TOP1 and TOP2 are required for the transcription of long genes linked to autism
spectrum disorders (ASD) (King, et al., 2013). Similarly, numerous neurodegenerative
conditions, as well as intellectual impairment syndromes are linked to aberrant

topoisomerase activity (Stoll, et al., 2013, Xu, et al., 2013).

Topoisomerase 1 facilitates the relaxation of torsional stress by covalently
attaching itself the DNA; whereupon the active site tyrosine of the enzyme induces
scission of the DNA phosphodiester bond (McKinnon, 2016, McKie, et al., 2021) . The

result of this TOP1 mediated nucleophilic attack is the genesis of a transient and
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Figure 1.2. The Formation of Topl Associated SSBs. Topoisomerase 1 acts to
transiently nick DNA in order to relax torsional stress, through the covalent attachment
of Top1 to the 3’ end, forming the cleavage complex (Top1cc). The anticancer drug
camptothecin is a Topl poison that stabilises the cleavage complex by inhibiting the
ligation step of Topl. In mitotic cells, the Toplcc can be converted to a DSB through
collision with the replication fork. The Toplcc can be converted into a SSB either through
proximity to an existing lesion, such as an abasic site, or through collision with the
transcription machinery, resulting in the recruitment and activity of the SSBR machinery.
Figure created with information from ElI Khamisy and Caldecott, 2006.
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reversible DNA nick to which TOP1 is covalently attached at the 3’ end; an intermediate
denoted the TOP1 cleavage complex (TOP1cc) (Figure 1.2) (Stewart, et al., 1998,
Pommier, et al., 2006). Abortive TOP1 activity, caused by the collision of an RNA
polymerase with the TOP1cc, or TOP1 cleavage at sites of pre-existing lesions which
trap the topoisomerase, results in the formation of a TOP1-associated SSB (Pourquier,
et al., 1997a, Pourquier, et al., 1997b, El-Khamisy and Caldecott, 2006) (Figure 1.2). In
order to repair the cleavage complex, trapped TOPL1 is proteasomally degraded, leaving
a TOP1 peptide-DNA linkage, a substrate for tyrosyl-DNA-phosphatase 1 (TDP1)
(Figure 1.2) (Yang, et al., 1996, Pommier, et al., 2015, Kawale and Povirk, 2018).

Similarly, TOP2 acts to cleave DNA, however this process results in the
formation of both SSBs and DSBs and is dependent on the hydrolysis of ATP (whereas
TOPL1 cleavage is an energy-independent process) (Atkin, et al., 2019). Should TOP2
be retained at the site of DNA damage, TDP2 facilitates the hydrolysis of the
phosphodiester linkage with the TOP2 adduct (Ledesma, et al., 2009). Given that
neuronal function is coupled to activity-driven changes in gene expression, it is
unsurprising that the faithful repair of DNA damage resulting from abortive
topoisomerase activity is critical for cell fate (West and Greenberg, 2011, Yan, et al.,
2015, Herbst, et al., 2021). The importance of this repair is best highlighted by the
consequence of mutation in TDP1 and TDP2, both of which are linked to hereditary,
neurodegenerative disorders (Takashima, et al., 2002, Gomez-Herreros, et al., 2014,
Zagnoli-Vieira, et al., 2018, Ericchiello, et al., 2020).

1.2.4 — The Consequences of Unresolved SSBs

Unrepaired SSBs have the capacity to threaten genomic integrity. In proliferating
cells, the presence of unresolved SSBs may lead to the collapse of the DNA replication
fork, resulting in the formation of DSBs (Kuzminov, 2001, Nickoloff, et al., 2021).
Unresolved SSBs may pose a threat to the progression of RNA polymerases during
transcription, as they have been shown to result in RNA polymerase stalling in vitro
where damaged termini are present (Kathe, et al., 2004). Similarly, SSBs at abasic sites,
and bulky lesions such as UV-induced cyclobutane pyrimidine dimers result in the
stalling of RNA polymerase, representing a threat to faithful transcription (Zhou and
Doetsch, 1993, Donahue, et al., 1994). As such, the accumulation of unresolved DNA
damage in neuronal cells which, in humans, may survive >80 years, could result in
defective transcription. A further consequence of the presence of unresolved SSBs is
due to the activity of the chromosomal SSB sensor protein poly(ADP-ribose) polymerase
1 (PARP1), which I will further explore in sections 1.3. In brief, when PARP1 detects a
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SSB it catalyses the NAD+ dependent synthesis of poly(ADP-ribose), which facilitates
the recruitment of the SSBR machinery (Hassa, et al., 2006, Azarm, et al., 2020). One
consequence of the hyperactivation of PARP1 is cell death through an apoptosis-
independent pathway known as parthanatos (Fatokun, et al., 2014, Zhou, et al., 2021).

1.3 — The Detection and Repair of SSBs

Poly(ADP-ribose) polymerases (PARPSs) constitute a family of 17 proteins that
regulate several cellular processes such as DNA repair, chromatin remodelling and
transcription, the stress response, and cell death (Krishnakumar and Kraus, 2010,
Morales, et al., 2014). SSB detection occurs primarily through the activity PARP1, with
additional detection by PARP2 and PARP3 (Chambon, et al., 1963, Amé, et al., 1999,
Hassa, et al., 2006, Boehler, et al., 2011, Grundy, et al., 2016). These enzymes bind to
DNA strand breaks and catalyse the NAD+ dependent synthesis and poly(ADP-ribose)
(Chambon, et al., 1963, Caldecott, 2008). Poly(ADP-ribosylation) by PARP-family
enzymes constitutes the synthesis of anionic poly(ADP-ribose) polymer, and
modification of target proteins such as histones and transcription factors (D’amours, et
al., 1999, Eustermann, et al., 2015). Through the steric hindrance of intramolecular
reactions by the PAR polymer, poly(ADP-ribosylation) facilitates the activation or
inhibition of protein function, the relocalisation of target proteins, or the disruption of
protein-protein interactions (Hottiger, et al., 2010). Autoribosylation, wherein PARP1
modifies itself with poly(ADP-ribose) residues, facilitates the recruitment of XRCC1 and
subsequently the SSBR machinery, a collection of proteins which process and repair
damaged DNA termini (Ueda, et al., 1982, Masson, et al., 1998, Breslin, et al., 2015,
Azarm, et al., 2020) (Figure 1.3). PARP1 activation is increased up to 500-fold in the
presence of SSBs and leads to the poly(ADP-ribosylation) of itself (autoribosylation) and
various acceptor proteins (transribosylation), such as transcription factors, histones, and
helicases (Messner, et al.,, 2010, Berti, et al.,, 2013, Palazzo, et al., 2018). The
autoribosylation of PARP1 facilitates dissociation from the detected break via

electrostatic destabilisation (Mortusewicz, et al., 2007).
1.3.1 — DNA Break Detection by PARP1

DNA-damage induced PARP1 activation is one of the earliest responses to genotoxic
stress (Polo and Jackson, 2011). Following the induction of SSBs, PARP1 responds
rapidly, and is recruited to the site of damage within seconds, whereupon it catalyses
the synthesis of poly(ADP-ribose) (Kreimeyer, et al., 1984, Eustermann, et al., 2015,

Krdger, et al., 2020). Mammalian PARPL1 is comprised of three domains; the N-terminal
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Figure 1.3. A Simplified Model for the Repair of Endogenous SSBs. Endogenously
arising SSBs are detected by PARP1, which catalyses the NAD+ dependent synthesis
of poly(ADP-ribose) (pADPr), which it attaches to itself and acceptor proteins. The
autoribosylation of PARP1 facilitates the recruitment of XRCC1, a DNA repair scaffold
protein which orchestrates the activity of SSBR enzymes, such as APTX, PNKP, and
TDP1, mutations in which are associated with neurodegeneration. In SSBR deficient
cells, such as those lacking XRCC1, PARPL1 is retained at the break, constitutively
synthesising poly(ADP-ribose). The consequences of unresolved SSBs are the
inhibition of transcription, the depletion of cellular NAD+ by PARP1 and, in mitotic cells,
the replication dependent formation of DSBs.
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DNA binding domain consists of a nuclear localisation signal and three zinc finger motifs
(Spiegel, et al., 2021). Two homologous zinc finger motifs, Zn1 and Zn2, recognise DNA
lesions and are required for DNA binding (lkejima, et al., 1990, Langelier, et al., 2011).
A third zinc finger, Zn3, is unrelated to F1 and F2 but functions in the allosteric activation
of PARP1 (Langelier, et al., 2011, Langelier, et al., 2012). Within the central PARP1
automodification domain are many of the best-characterised autoribosylation sites, and
the BRCT subdomain which, while dispensable for catalytic activity and DNA binding,
interacts with proteins such as XRCC1 (Masson, et al., 1998, Beernink, et al., 2005,
Chapman, et al.,, 2013). The C-terminal domain contains the tryptophan, glycine,
arginine (WGR) motif, which also binds DNA, and the catalytic subdomain responsible
for the poly(ADP-ribosylation) reaction (Langelier, et al., 2012, Alemasova and Lauvrik,
2019). Within the automodification domain is the BRCA C-terminal (BRCT domain),
which facilitates interactions with the protein and is critical in the recruitment of SSBR
enzymes (Loeffler, et al., 2011, Alemasova and Lavrik, 2019). The catalytic domain is
required for the binding of PARP1 to its substrate; NAD+, which it hydrolyses to catalyse
transfer of an ADP-ribose moiety to an amino acid target or to a progressively extending
poly(ADP-ribose) polymer (Langelier, et al., 2018). The catalytic domain consists of two
subdomains, the helical domain (HD), which undergoes local unfolding following
activation of PARP1 in order to bind NAD+, and ADP-ribosyltransferase (ART) domain,
which catalyses the transfer of ADP-ribose (Dawicki-McKenna, et al., 2015, Alemasova
and Lavrik, 2019). Poly(ADP-ribosylation) is further regulated by the activity of HPF1,
which remodels the catalytic domain of PARP1, restricting automodification and
promoting histone modification (Gibbs-Seymour, et al., 2016, Sun, et al., 2021). Further,
remodelling of the PARP1 active site by HPF1 alters the amino acid specificity of ADP-
ribosylation from glutamate/aspartate to serine, the major target of PARP1 during the
DDR (Sun, et al., 2021).

1.3.1.1 — PARP1 Inhibition

PARP inhibitors are a novel class of anti-cancer drug, typically acting to compete with
NAD+ for the catalytic site of PARP enzymes (Rose, et al., 2020). Given that PARP1 is
the main PARP to be active following DNA damage, it is the predominant target for
PARP inhibition; however, due to structural similarities in the NAD+ binding domain,
there is often a lack of specificity in targeting PARP1 over other family members, such
as PARP2 (Murai, et al.,, 2012). PARP inhibitors have proven to be effective in the
treatment of homologous repair (HR)-deficient tumours, such as those with BRCA1/2
mutation (Bryant, et al., 2005, Famer, et al., 2005).
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The inhibition of PARP1 results in the accumulation of unresolved SSBs, which
can be converted to DSBs following collision of replicative polymerases with the lesion
(Liao, et al., 2018). Further, the activity of PARP1 is required to facilitate the MRE-11
mediated restart of stalled replication forks (Bryant, et al., 2009). In cells that are not
HR-proficient, these collapsed replication forks cannot be repaired, resulting in the
specific killing of HR deficient cells via PARP inhibition (Bryant, et al., 2005, Liao, et al.,
2018). The trapping mechanism of PARP inhibitors is likely linked to their efficacy, as
the inhibition of PARP1 is significantly more cytotoxic than genetic deletion or depletion
(Strém, et al., 2011, Murai, et al., 2012). PARP inhibitors compete with NAD+ for the
catalytically active site, leaving PARP1 unable to autoribosylate and dissociate from the
break (Mortusewicz, et al., 2007, Langelier, et al., 2018). The trapping of PARP1 at the
SSB leaves a lesion that most likely cannot be bypassed by the replication fork, resulting
in stalled forks and inhibiting their reversal, leading to fork collapse and DSB formation
(Chaudhuri, et al., 2012, Murai, et al., 2012, Rose, et al., 2020). In HR deficient cells,
these DSBs can only be repaired through NHEJ, a potentially error prone system that
can result in genomic instability and cell death (Patel, et al., 2012, Davis and Chen,
2013). PARP inhibition also results in the phosphorylation of DNA-dependent protein
kinase substrates, selectively stimulating error prone NHEJ at replication and
transcription associated DSBs in HR deficient cells, resulting in genomic instability
and/or cell death (Patel, et al., 2012, Min, et al., 2013).

Initial observations of PARP1 inhibition were made via treatment with nicotinamide
and thymidine. Later studies highlighted NAD+ competition by benzamides as capable
of inhibiting PARP1 activity, however the clinical viability of such treatments is limited by
low specificity and potency (Purnell and Whish, 1980, Skalitzky, et al., 2003). Several
PARP inhibitors are currently approved for the treatment of BRCA1/2 mutated (HR-
deficient) breast, ovarian, prostate, and pancreatic tumours, including Olaparib,
Rucaparib, Niraparib, and Talazoparib (Rose, et al., 2020). Veliparib and Fluzoparib are
two further examples of PARP inhibitors but are not yet approved for the treatment of
human disease (Rose, et al., 2020). Pharmacodynamically, the above PARP inhibitors
are all similar in their ability to interact with the NAD+ binding site of PARP1 through a
benzamide core pharmacophore (Valabrega, et al., 2021). However, differences in size
and flexibility of the molecules result in differential trapping capacities, impact on DNA
SSBR capabilities, as well as differences in apoptosis induction and protein
phosphorylation (Valabrega, et al.,, 2021). Talazoparib is the most potent PARP1
inhibitor, with a trapping efficiency 100-fold higher than Niraparib, the second most
efficient trapper (Murai, et al., 2014, Boussios, et al., 2020, Valabrega, et al., 2021).



24

Trapping efficiency is seemingly linked to the physical properties of the inhibitor in
guestion, given their mechanism of action involves interaction with the NAD+ binding
domain, leading to alterations in the critical allosteric regulatory domain of PARP1 (the
helical domain, HD, which is adjacent to the NAD+ binding domain) (Murai, et al., 2012,
Zandarashvili, et al., 2020). Different PARP1 inhibitors have different effects on HD
stability, with some interactions leading to destabilisation of the HD, increasing the
affinity of PARPL1 for DNA, leading to its retention (Zandarashvili, et al., 2020). Different
alterations to HD stability may explain the differential trapping capacities of clinically
available PARP inhibitors, however the exact allosteric alterations caused by each of

these molecules is, as yet, unknown.

Niraparib is a highly selective inhibitor of PARP1, unlike Talazoparib, Olaparib and
Rucaparib, which are potent inhibitors of both PARP1 and PARP2 (the lack of specificity
for either protein being due to similarities in the NAD+ binding domain) (Valabrega, et
al., 2021). Other differences between clinically available PARP inhibitors include off-
target kinase activity, with both Niraparib and Rucaparib administration resulting in the
inhibition of CDK16, DYRK1s, and PIM3, important kinases (Antolin, et al., 2020).
Another difference between these inhibitors is their ability to cross the blood-brain barrier
(BBB). Niraparib is capable of permeating the BBB, sustaining PARP inhibition and
limiting intracranial tumour growth, as opposed to Olaparib, which does not efficiently
cross the BBB nor successfully maintain inhibition (Sun, et al., 2018). Similarly, both
Rucaparib and Talazoparib exhibit inefficient penetration of the BBB (Parrish, et al.,
2016, Kizilbash, et al., 2017).

A major obstacle in the clinical use of PARP inhibitors is the high degree of pre-
existing and acquired resistance (Noordermeer and van Attikum, 2019). Mutations in
PARP1 can result in a reduced degree of trapping on DNA, resulting in PARP inhibitor
resistance (Pettitt, et al., 2018). Similarly, the loss of poly(ADP-ribose) glycohydrolase
(PARG) contributes to PARP inhibitor resistance, as this results in a partial restoration
of poly(ADP-ribosylation), diminishing trapping (Gogola, et al., 2018). The loss of factors
facilitating NHEJ, such as 53BP1 and its downstream factors, RIF1 and REV7, result in
a loss of resection inhibition which promotes the BRCA1-independent reinitiation of HR,
and PARP inhibitor resistance (Bouwman, et al., 2010, Feng, et al., 2013, Xu, et al.,
2015). A further mechanism by which PARP inhibitor resistance may arise is through
the stabilisation of replication forks, for example by loss of PTIP (Noordermeer and van
Attikum, 2019). PTIP facilitates the recruitment of MRE11, a nuclease which degrades
nascent DNA strands at stalled forks, leading to fork collapse and chromosomal

aberration (Chaudhuri, et al., 2016). The loss of PTIP (among several proteins involved
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in replication stress) also induces PARP inhibitor resistance in both BRCA1 and BRCA2
cells (Chaudhuri, et al., 2016, Noordermeer and van Attikum, 2019).

1.3.1.2 — Poly(ADP-ribose) Glycohydrolase (PARG)

The catabolism of poly(ADP-ribose) is primarily mediated by poly(ADP-ribose)
glycohydrolase (PARG), which hydrolyses PAR and has been shown to protect against
PARP1 induced cell death (Koh, et al., 2004, Isabelle, et al., 2010, Feng, et al., 2013).
Despite the abundance of PARP1 activity following the induction of damage, the
degradation of poly(ADP-ribose) occurs rapidly (Feng and Koh, 2013). Several
alternatively spliced isoforms of PARG exist, with variable patterns of expression, but
full length (110kDa) PARG is located in the nucleus (Haince, et al., 2006, Meyer, et al.,
2007). Drosophila PARG knockout is viable but shows marked neurodegeneration and
the accumulation of poly(ADP-ribose) in nervous tissue, and the overexpression of
PARG has been highlighted as neuroprotective following excitotoxicity and stroke
(Hanai, et al., 2004, Cozzi, et al., 2006, Park, et al., 2020).

While PARG can efficiently cleave ribose-ribose bonds in the poly(ADP-ribose)
polymer, it is unable to remove the protein proximal, terminal ADP-ribose moiety (Slade,
et al.,, 2011). As such, ADP-Ribosyl Hydrolase 3 (ARH3) and terminal ADP-ribose
glycohydrolase (TARG) are required to remove the terminal ADP-ribose monomer from
the ribosylated serine and aspartate/glutamate residues of modified proteins,
respectively (Kasamatsu, et al., 2011, Sharifi, et al., 2013, Hanzlikova, et al., 2020).
Mutations in ADPRHL2, which encodes ARH3, were recently identified in patients
presenting with progressive neurodegeneration, episodic ataxia, and seizures
(Danhauser, et al., 2018, Ghosh, et al., 2018). Fibroblasts from patients with pathogenic
mutations in ADPRHL2 exhibit increased cell death following H.O; treatment (Mashimo,
et al., 2019). Further, Hanzlikova, et al. identified the accumulation of mono-ADP-ribose
‘scars’ in ARH3/ADPRHL2 patient fibroblasts following the induction of DNA damage,
the result of an inability to remove terminal ADP-ribose moieties following PARG

cleavage.

Much like PARP1, inhibitors of PARG have investigate for their potential as novel
cancer therapeutics (Harrision, et al., 2020). PARG inhibitors compete with poly(ADP-
ribose) for the PARG binding site, resulting in the persistence of the PAR polymer
(James, et al., 2016). PARG inhibition leads to the increased incidence of reversed forks
following replication stress, likely due to the poly(ADP-ribosylation) of RECQ1 by
PARP1, which must be removed in order to promote branch migration and replication

restart (Berti, et al., 2013, Margalef, et al., 2018). Synthetic lethality has been observed
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following the treatment of BRCAZ2 deficient cells with PARG inhibitor (as well as in other
HR deficient cells), owing to elevated replication associated DNA damage and
replication fork collapse, leading to an increased reliance on the HR pathway (Fathers,
et al., 2012, Gravells, et al., 2017).

1.3.2 - XRCC1 and the Single-Strand Break Repair Machinery

The SSBR scaffold protein XRCC1, while lacking inherent enzymatic activity,
coordinates the association and activity of multiple DNA repair proteins, and is important
for the restoration of damaged termini; interacting directly during DNA end processing
with APTX, Pol B, and PNKP (Caldecott, et al., 1996, Whitehouse, et al., 2001,
Clements, et al., 2004, Mok, et al., 2019) (Figure 1.3). XRCC1, as a DNA repair scaffold,
is responsible for the assembly of the SSBR machinery, multiple constituents of which
are mutated in various forms of cerebellar ataxia (Moreira, et al., 2001, El-Khamisy, et
al., 2005, Shen, et al., 2010, Bras, et al., 2015, Leal, et al., 2018). XRCC1 recruitment
is facilitated by PARP1 activation due to its preferential binding to autoribosylated
PARP1, subsequently allowing SSBR proteins to accumulate at sites of DNA damage
(Masson, et al., 1998, Dantzer, et al., 1999).

1.3.2.1 - XRCC1

As a consequence of the heterogeneity of lesions arising in DNA, their repair may
require several enzymatic processes (Abbotts and Wilson, 2017). Scaffold proteins are
integral to the co-ordination of these processes, ensuring that the complete repair
process can take place without the chance of releasing potentially toxic, labile repair
intermediates (Krokan and Bjgras, 2013). Scaffold proteins, such as XRCC1, form
heterogeneous complexes that enable the complete repair of various DNA lesions
(Andres, et al., 2015). XRCC1 was first identified as protective against ionizing radiation
(IR), and later UV induced damage and alkylation (Thompson, et al., 1990, Caldecott,
et al., 1992, Zdzienicka, et al., 1992).

The function of XRCC1 is facilitated by its three globular domains (London, 2015).
The central BRCT domain contains a poly(ADP-ribose) binding motif and mediates the
poly(ADP-ribose) dependent recruitment of XRCC1 to autoribosylated PARP1, and also
DNA binding activity critical for retention at sites of damage (Masson, et al., 1998, Taylor,
et al., 2002, Breslin, et al., 2015, Mok, et al., 2019). The N-terminal domain of XRCC1
facilitates binding to DNA Polymerase 3, an interaction required for efficient BER
(Kubota, et al., 1996, Dianova, et al., 2004, Cuneo and London, 2010). The C-terminal
domain interacts with another binding partner of XRCC1, DNA ligase llla, forming a

stable complex to facilitate the ligation of the DNA phosphodiester backbone (Caldecott,
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et al., 1994, Caldecott, et al., 1995, Parsons, et al., 2010). The interaction of XRCC1
with other enzymes involved in SSBR is facilitated by a linker segment between the
central and C-terminal BRCT domain, which binds the forkhead-associated (FHA)
domains of APTX, APLF, and PNKP (Date, et al., 2004, Ali, et al., 2009, Lu, et al., 2010,
Kim, et al., 2017).

1.3.3 — Hereditary Defects in SSBR

Autosomal recessive cerebellar ataxias (ARCA) represent a large group of
neurological diseases, with a phenotypic heterogeneity that reflects the numerous ways
in which cerebellar dysfunction may result in movement disorders (Beaudin, et al.,
2019). While ataxia is a characteristic symptom of cerebellar degeneration, it is also a
presenting feature of a number of encephalopathies, or inborn errors of metabolism
(Chambliss, et al., 1998, Leegwater, et al.,, 2001, Rossi, et al., 2018). Mutations in
proteins responsible for both SSBR and DSBR are associated with cerebellar ataxia;
notably APTX (Ataxia with Ocular Motor Apraxia Type 1 (AOAL)), PNKP (Microcephaly
with Seizures (MCSZ), Ataxia with Ocular Motor Apraxia Type 4 (AOA4), and Charcot-
Marie-Tooth disease (CMT2B2)), and TDP1 (Spinocerebellar Ataxia with Axonal
Neuropathy Type 1 (SCAN1)) (Moreira, et al., 2001, Takashima, et al., 2002, Leal, et
al., 2018, Yoon and Caldecott, 2018, Kalasova, et al., 2019) (Figure 1.4). While these
disorders are heterogeneous in their presentation, they are typically associated with
cerebellar atrophy and progressive ataxia (Caldecott, 2008, Beaudin, et al., 2019)
(Figure 1.4). The heterogeneity of these disorders may reflect the different subsets of

damaged termini repaired by the mutated protein in question.

TOPL1 acts to incise DNA, doing so by forming a covalent bond between itself
and the cleaved 3’-phosphate terminus (Li and Liu, 2015). TDP1 is responsible for the
hydrolysis of this linkage between TOP1 and DNA at sites of Topoisomerase 1 cleavage
leaving 3’-phosphate and 5’-hydroxyl termini for which PNKP is necessary to repair
(Yang, et al., 1996, Plo, et al., 2003, Interthal and Champoux, 2011, Pommier, et al.,
2015, Kawale and Povirk, 2018). There are several endogenous sources of lesions
which may prevent religation following Top1l incision, including abasic sites or oxidative
base lesions such as 5’-hydroxycytosine (Interthal, et al., 2005a, Zhou, et al., 2009, Flett,
et al., 2018). Further, TDP1 may act outside of the resolution of Topl1-linked cleavage
complexes, as it possesses the capacity to repair sugar fragments such as 3'-
phosphoglycolates resulting from ROS induction or UV irradiation, and has been shown

to have AP endonuclease activity, perhaps indicating it may operate as a redundancy
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for APE1 function (Interthal, et al., 2005a, Zhou, et al., 2005, Lebedeva, et al., 2013,
Flett, et al., 2018).
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A) SCAN1 (TDP1) C) MCSZ (PNKP)

E) AOA-XRCC1 (XRCC1)

Figure 1.4. Clinical Features of the Cerebellar Ataxias. MRI images showing cerebellar
degeneration and atypical brain morphology associated with hereditary defects in SSBR
enzymes. A) Sagittal section of a 36-year-old with SCAN1, caused by a mutation in
TDP1, B) a 21-year-old with AOA1, caused by mutation in APTX, C) a 7-year-old with
MCSZ, and D), a 28-year-old with AOA4, both caused by mutations in PNKP. E) Sagittal
MRI of a 47-year-old female with AOA-XRCC1, caused by mutation in XRCC1,
highlighting atrophy of the cerebellum. Figure created with images from Takashima, et
al., 2002, Le Ber, et al., 2003, Shen, et al., 2010, Paucar, et al., 2016, and Hoch, et al.,
2017.
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A mutation resulting in the inability of TDP1 to catalyse its self-hydrolysis from
DNA results in the neurological disorder SCAN1 (Takashima, et al., 2002, Pommier, et
al., 2014). Mutations in TDP1 result in an inability to repair the Topl associated SSBs
(Interthal, et al., 2005b, El-Khamisy, et al., 2005, Pommier, et al., Huang and Pommier,
2019). It has been proposed that the pathology of SCANL1 is a result of the increased
transcriptional demand in neuronal cells; as this would result in the further accumulation
of TDP1-linked DNA complexes, and unrepaired SSBs (Sordet, et al., 2010, Yap and
Greenberg, 2018). Further, transcription arrest at irresolvable complexes is likely linked
to ATM activation, double strand break formation, and subsequent cell death (Sordet, et
al., 2010, Blackford and Jackson, 2017). There is further evidence to suggest that
mitochondrial ROS production, and mitochondrial DNA damage (as the mitochondrial
form of TDP1 is identical to its nuclear form) may result in cell death (Sykora, et al.,
2012). This may explain the pronounced cerebellar involvement associated with SCANL1,

given the high metabolic demand of the cerebellum (Bolanos, 2016) (Figure 1.4).

APTX is involved in the repair of adenosine monophosphate (AMP)-linked 5’
termini, resulting from incomplete/abortive activity of DNA ligases (Ahel, et al., 2006).
During BER, the collision of DNA ligases with modified termini, such as oxidate strand
breaks and incised 5’ abasic sites, resulting in the covalent attachment of AMP to the 5’
phosphate terminus of the ligation substrate and the formation of blocked BER
intermediates (Caglayan, et al., 2014, Carroll, et al., 2015, Schellenberg, et al., 2015).
APTX is responsible for the removal of the 5-AMP moiety from these intermediates,
allowing repair to continue (Ahel, et al., 2006). Presumably, AOAL (caused by mutations
in APTX) is a result of the accumulation of these 5’ adenylated breaks, although auxiliary
repair may exist via the lyase activity of DNA polymerase B, which can remove 5
adenylated deoxyribose phosphate residues, and/or by FEN1 mediated long-patch
repair (Ahel, et al., 2006, Reynolds, et al., 2009, Caglayan, et al., 2014, Caglayan, et al.,
2015, Howard, et al., 2017). Further, the accumulation of mitochondrial DNA damage
following mutation of the mitochondrial APTX has been shown to result in decreased
APE1 expression — resulting in the downregulation of NRF1 and NRF2, and
subsequently the reduced expression of proteins involved in mitochondrial electron
transport — which may account for some aspects of the AOALl phenotype, as
mitochondrial dysfunction is also linked to cerebellar ataxia (Castellotti, et al., 2011,
Bargiela, et al., 2015, Garcia-Diaz, et al., 2015).

PNKP encodes DNA Polynucleotide Kinase/Phosphatase; mutations in which are
associated with MCSZ, AOA4, and CMT2B2 (Shen, et al.,, 2010, Nakashima, et al.,
2014, Leal, et al., 2018, Kalasova, et al., 2019). PNKP is an enzyme required for SSBR,
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as well as both NHEJ and alternative-NHEJ, catalysing both the dephosphorylation of 3’
phosphate termini and phosphorylation of 5 hydroxyl termini (Dumitrache and
McKinnon, 2016). PNKP further functions following the proteolytic degradation of Topl
cleavage-complexes and the subsequent activity of TDP1 (Jilani, et al., 1999, Plo, et al.,
2003, Shimada, et al., 2015). Mutations in PNKP result in MCSZ, a disorder
characterised by microcephaly, early-onset seizures, and neurodevelopmental delay,
and AOA4, associated with mutations in the kinase domain and characterised by
cerebellar atrophy, ataxia with ocular motor apraxia, and peripheral neuropathy
(Reynolds, et al., 2012, Bras, et al., 2015, Shimada, et al., 2015) (Figure 1.4). MCSZ is
a clinically heterogeneous disorder, with certain mutations having been found to result
in both cerebellar atrophy and early onset seizures and microcephaly (Poulton, et al.,
2013). MCSZ patient-derived fibroblasts are characterised by impaired SSBR and
hyperactivity of the SSB sensor PARP1, and this neurodevelopmental disease is most
likely the result of reduced DNA 3’ phosphatase activity (Kalasova, et al., 2020). By
contrast, neurodegeneration associated with AOA4 and CMT2B2 is most likely a result
of the loss of PNKP DNA 5’-kinase activity (Kalasova, et al., 2020). The degree of 5’-
kinase impairment is consistent with disease severity and onset of neurodegeneration,
as this reduction was found to be greater in AOA4 patient fibroblasts than in CMT2B2
(Kalasova, et al., 2020). Knockout of Pnkp is embryonic lethal in mice, due to extensive
DNA damage and subsequent p53 dependent apoptosis in the developing brain,
however Nes-Cre driven knockout produces mice viable until p5 (Shimada, et al., 2015).
That Pnkp knockout is far more detrimental than either Tdpl or Aptx may reflect the
multifaceted roles of PNKP in the DDR, being both critical for SSBR and NHEJ, or
perhaps the breadth of SSB termini that it processes (Dumitrache and McKinnon, 2016).

1.3.3.1 - Biallelic XRCC1 Mutation in a Human Patient

Recently, it was shown that biallelic mutations in XRCC1 result in a novel Ataxia
with Oculomotor Apraxia (AOA-XRCC1) (Hoch, et al., 2017, O’Connor, et al., 2018). The
disorder presents primarily with progressive cerebellar atrophy, ocular motor apraxia,
and peripheral neuropathy (Hoch, et al., 2017) (Figure 1.4). Patient fibroblasts exhibited
drastic reductions in XRCC1 levels (roughly 5% of the protein remaining) and,
subsequently, a reduction in LIG3 — consistent with observations regarding the stability
of LIG3 in the absence of its partner protein (Caldecott, et al., 1995, Hoch, et al., 2017).
Patient fibroblasts demonstrated defective recruitment of XRCC1 to chromatin following
the induction of SSBs, and subsequently delayed repair kinetics indicative of the central
role of XRCC1 in the orchestration of SSBR (Caldecott, 2008, Hoch, et al., 2017). In the

absence of XRCC1, SSBR occurs more slowly, resulting in prolonged activation of the
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SSB sensor PARP1, and elevated levels of poly(ADP-ribose) synthesis (Hoch, et al.,
2017).

1.3.3.2 — The Conditional Knockout Mouse: Xrcc1Nes-Cre

Mutations in XRCC1 result in cerebellar ataxia and ocular motor apraxia (Hoch, et
al., 2017). While germ line deletion of Xrccl is embryonic lethal, Xrcc1M*“"® mice are
viable (Tebbs, et al., 1999, Lee, et al., 2009). In Xrcc1NesC mice, the deletion of Xrccl
occurs at E15.5, through nestin driven cre recombination and, as such, Xrcc1Nes€ mice
lack the protein only in nervous tissue (Lee, et al., 2009) Xrcc1V*s" mice exhibit
elevated poly(ADP-ribose) levels in the brain, greatly reduced levels of cerebellar
interneurons, cerebellar ataxia, and juvenile mortality (ordinarily between p15 and p21)
(Lee, et al., 2009, Hoch, et al., 2017, Komulainen, et al., 2021). Cerebellar interneuron
death in Xrcc1NesC" mice can be rescued by the additional deletion of p53, a cell cycle
checkpoint and regulator of cell death; indicating that interneuron death occurs during
neurogenesis, during which time cerebellar neurons are still mitotic (Lee, et al., 2009).
Xrcc1Nes€re mice exhibit seizures which, ultimately, result in their shortened lifespan
(Komulainen, et al., 2021). The additional deletion of Parpl prevents loss of
interneurons, and reduces the extent of cerebellar ataxia (Lee, et al., 2009, Hoch, et al.,
2017). Parp1 deletion also dramatically increases lifespan in Xrcc1Nes"® mice, resulting
in an ~8-fold increase in the longevity of Parpl”/Xrcc1Nest® mice, likely due to the
absence of terminal seizures (Komulainen, et al., 2021). Heterozygous deletion of Parpl
results in a greater extension of lifespan than homozygous knockout (25-fold), potentially
indicating an additional role for Parpl in the SSBR defective brain, though whether these

mice ultimately exhibit terminal seizures is still unclear (Komulainen, et al., 2021).

1.4 — Cerebellar Function and Ataxia

Ataxia is defined as the impaired co-ordination of voluntary muscle movement,
classically associated with cerebellar dysfunction (Ashizawa and Xia, 2016). The
cerebellum is a region of the brain responsible for motor function, and its degeneration
is linked to several hereditary ataxia disorders (Beaudin, et al., 2019). The sole output
of the cerebellum occurs through the firing of Purkinje cells (PC), some of the largest
neurons in the brain (Hoxha, et al., 2016). PCs exhibit highly a highly arborised dendritic
structure, which is required for the complex co-ordination of inputs and outputs to
produce the wide range of spike patterns that form the basis of motor control (Hoxha, et
al., 2016, Attwell and Mehta, 2021). Far smaller but in much greater number are the
cerebellar granule cells (CGC), which make up roughly three quarters of the neurons in

an adult human brain (Badura and De Zeeuw, 2017). The function of CGCs is to relay
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the input of mossy fibres (the main cerebellar input, originating primarily in the cerebral
cortex) to PC dendrites via parallel fibres, the axons of the CGC (Schonewille, et al.,
2021). The degeneration of PCs is the most common clinical finding in cerebellar ataxia
models (Huang and Verbeek, 2019). Similarly, mutations resulting in alterations to the
intrinsic properties of the PC membrane can result in ataxia due to alterations in the rate
or pattern of PC firing (Hoxha, et al., 2018).

There are many different forms of cerebellar ataxia (Beaudin, et al., 2019).
Spinocerebellar ataxia 1 (SCAL) occurs as a result of mutations in ATXN1, which
encodes Ataxin 1, a DNA binding protein involved in the regulation of gene expression
and nuclear transport (Zhang, et al., 2020). In SCA1 patients, the expansion of a CAG
repeat in ATXNL1 results in an expanded polyglutamine tract in the protein, leading to the
dysfunction and degeneration of cells in the cerebellum, primarily PCs (Menon, et al.,
2013). Spinocerebellar Ataxia with Axonal Neuropathy (SCAN1) is another form of
cerebellar ataxia, caused by mutations in TDP1 (Takashima, et al., 2002). SCAN1 is
characterised by cerebellar degeneration, however it is as yet unclear why the
cerebellum in particular is affected. One possibility is that TDP1 is highly expressed in
the cerebellum, particularly in PCs, which are prone to degeneration in the Tdp1” mouse
(Hirano, et al., 2007). Alongside TDP1, mutations in several genes encoding elements
of the SSBR machinery, such as PNKP and XRCC1, result in cerebellar degeneration
and ataxia, though the mechanisms underlying this are unclear (Hoch, et al., 2017).

Recent evidence has suggested that the deregulation of calcium signalling in PCs
may underlie cerebellar ataxia (Kasumu and Bezprozvanny, 2012). Voltage-gated
calcium channels regulate the entry of calcium into the cell following depolarisation and
are highly enriched in the dendritic arbor of PCs. Ca\.2.1, or P/Q type calcium channels,
make up roughly 90% of the calcium channels in PC dendrites (Gruol, et al., 2012,
Hoxha, et al., 2018). Mutations in the alpha subunit of P/Q type calcium channels are
associated with episodic ataxia type 2 (EA2) and spinocerebellar ataxia type 6 (SCAB)
(Giunti, et al., 2015, Sintas, et al., 2017, Indelicato and Boesch, 2021). Mice with a
mutated form of the P/Q type calcium channel exhibit reduced firing frequency of PCs,
impaired pacemaking activity and, subsequently, ataxia (Todorov, et al., 2012). Ataxia
is associated with decreased excitation of PCs, and it has been proposed that the
decreased entry of Ca?*into the cell inhibits the opening of Ca?* dependent K* channels,
leading to the perpetuation of a depolarised membrane (Bushart, et al., 2018, Hoxha, et
al., 2018). Interestingly, missense mutations in inositol 1,4,5-triphosphate receptor type
1 (IP3R1) were found to result in spinocerebellar ataxia type 29 (SCA29), as well as
SCA15 (Marelli, et al., 2011, Zambonin, et al., 2017). IP3R1 is a membrane bound
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tetrameric Ca?* found at intracellular Ca?* stores such as the endoplasmic reticulum, and
highly expressed in PCs, and regulates Ca?* release following the binding of its ligand,
IP3 (Lanner, et al., 2010, Karagas and Vankatachalam, 2019). The absence of IP3R1
results in morphological defects of PCs, profound ataxia, and seizures (Matsumoto, et
al.,, 1996). Analysis of many ataxia disease genes have found distinct convergence
around both calcium and IP3 signalling (Schorge, et al., 2010). Interestingly, genes
involved in the regulation of calcium and inositol triphosphate signalling were found to
be deregulated in a Parpl/NAD+ dependent manner in the SCA7 mouse (Stoyas, et al.,
2020).

1.5 — Synaptic Transmission and Calcium Signalling

Neuronal communication occurs through two primary mechanisms; the rapid
transfer of information facilitated by synaptic transmission, and the comparatively slow
signalling mediated by messengers such neuropeptides, monoamines, and
endocannabinoids (Sudhof and Malenka, 2008). Chemical synapses are heterogeneous
junctions at which neuronal communication occurs, specialised for the conversion of
electrical signals into neurotransmitter release (Sudhof, 2012). Once an action potential
(a transient change in neuronal membrane polarity) invades the presynaptic terminal,
the depolarisation of the membrane drives the opening of voltage gated Ca?* channels
(VGCCs), and the influx of extracellular Ca?* into the presynaptic terminal down its
electrochemical gradient (Stdhof, 2012) (Figure 1.5). This highly localised increase in
presynaptic calcium results in the rapid fusion of vesicles with the presynaptic
membrane due to the binding of Ca?* with synaptotagmin, facilitating interactions with
the core release machinery (Sabatini and Regehr, 1996, Kiessling, et al., 2018, Dolphin
and Lee, 2020). Ca? signalling is such an intrinsic element of the propagation of
neuronal signalling that it has long been utilised as a reliable experimental proxy for
neuronal activity (Ali and Kwan, 2019). Synaptotagmins do not directly enable the
exocytosis of synaptic vesicles with the presynaptic membrane, but rather couple the
influx of Ca?* to soluble N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) proteins, which provide the driving force behind membrane fusion (Jackson,
2010, Kiessling, et al., 2018). Following exocytosis, synaptic transmission occurs
through the release of neurotransmitter across the synaptic cleft, where it is
subsequently detected by postsynaptic receptors, completing the conversion of an
electric impulse to chemical transmission (Dolphin and Lee, 2020). Transmitter release
is, however, probabilistic, meaning that the presence of an action potential does not
guarantee synaptic vesicle fusion (Branco and Staras, 2009). In particular, the

relationship between presynaptic [Ca?*] and release probability is highly non-linear, with
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relatively small increases in concentration being linked to significant alterations in the
likelihood of vesicle fusion (Heidelberger, et al., 1994, Sakaba and Neher, 2001).

The influx of ionic Ca?* does not occur entirely through VGCCs. Organelles, such
as the endoplasmic reticulum (ER) provide intracellular Ca?* stores that also serve to
regulate neurotransmitter release probability (Padamsey, et al., 2018) (Figure 1.5). The
release of Ca?* from the ER is facilitated in part by ryanodine receptors (RyR), a family
of Ca?' release channels on the ER membrane (Arias-Cavieres, et al., 2018). RyRs are
activated by cADPr, a calcium mobilising second messenger synthesised by CD38 from
NAD+ (Arias-Cavieres, et al., 2018, Hogan, et al., 2019). Calcium release from the ER
also occurs via IP3Rs, Ca?* release channels activated in the presence of inositol
triphosphate and Ca?*, through a phenomenon known as calcium induced calcium
release (CICR) (Lanner, et al., 2010, Karagas and Vankatachalam, 2019). The inhibition
of CICR has been shown to affect the dynamics of depolarisation induced Ca?*
responses, highlighting the additional level of regulation afforded by release

mechanisms from intracellular stores (Friel and Tsien, 1994).

Presynaptic terminals are rich in mitochondria, which generate the high levels of
ATP required for the above processes to occur. However, mitochondria also serve to
sequester cytosolic [Ca?] to regulate the spatial and temporal dynamics of
neurotransmitter release (Padamsey, et al.,, 2018). The hyperpolarised resting
membrane potential of the mitochondria allows the sequestration of Ca?* along the
electrochemical gradient, regulating release probability and recovery from synaptic
depression following activity (Contreras, et al., 2010, Zorova, et al., 2011). Similarly, the
activity of sarcoplasmic/endoplasmic reticulum Ca?*-ATPases (SERCA) act to regulate
calcium homeostasis, maintaining the concentration of Ca?*in the ER lumen at a level
three orders of magnitude greater than cytosolic [Ca?*] (Meldolesi and Pozzan, 1998,
Shen, et al., 2011).

The importance of calcium homeostasis is best exemplified by the multitude of
disorders in which it is deregulated, such as SCA, AD, PD, and epilepsy (Schapira, 2013,
Rajajulendran and Hanna, 2016, Popugaeva, et al., 2017, Hisatsune, et al., 2018). Many
variants of SCA are characterised by calcium dyshomeostasis resulting from
inappropriate Ca?* release by IP3Rs, which are highly expressed in cerebellar PCs
(Kasumu and Bezprozvanny, 2012, Hisatsune, et al., 2018). Mutations in CACNA1A,
which encodes the a subunit of Ca,2.1, the P/Q type voltage gated calcium channel
(high voltage activated, expressed highly in the PCs of the cerebellum), are associated

with episodic ataxia, and cerebellar ataxia with absence seizures (Giunti, et al., 2015,
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Sintas, et al., 2017, Indelicato and Boesch, 2021). Mutations in both CACNA1H and
CACNALG, which encode T type calcium (low voltage activated calcium channels) have
been found in cases of idiopathic generalised epilepsy (IGE) (Singh, et al., 2007, Eckle,
et al.,, 2014). Seizures can be considered a result of a distortion in the balance of
excitation and inhibition in the brain (E/I balance) (Fritschy, 2008). In the mouse
hippocampus, the maintenance of the E/I balance is coupled to the regulation of Ca,2.1
by calcium sensing proteins (Nanou, et al., 2018). Perhaps the clearest evidence of the
involvement of Ca?*in underpinning seizure mechanics comes from the observation of
sustained, elevated intracellular [Ca?*] in hippocampal neurons during status epilepticus
in vitro (Pal, et al., 1999).

The hippocampus is a region of the brain embedded in the temporal lobe, which
predominantly functions in cognition, learning and memory (Rubin, et al., 2014, Anand
and Dhikav, 2015). The most common neurons in the hippocampus are pyramidal cells,
alongside GABAergic interneurons, and the granule cells of the dentate gyrus (Keller, et
al., 2018). The hippocampus is highly plastic (owing to large quantities of NMDA
receptors), and is particularly susceptible to injury, particularly as a result of glutamate
excitotoxicity (explained in 1.6) (Anand and Dhikav, 2015, Choi, 2020). Alongside the
cerebellum, elevated levels of poly(ADP-ribose) are seen in the XrcclNescre
hippocampus, which may be of particular relevance given the frequent involvement of

the hippocampus in seizures and epilepsy (Wiebe, 2000, Komulainen, et al., 2021).

1.6 DNA Damage in the Nervous System

The nervous system constitutes an array of tissue and cell types, and represents
the most complex, and poorly understood area of human physiology. There are
purportedly up to 100 billion neurons in the human brain, and many more glial cells —
with each functional unit displaying a vast array of connections that underpin cognition,
consciousness, and autonomic function (Lent, et al., 2012). While cell proliferation
occurs during neurogenesis, occurring mostly during development, mature neuronal
cells are post-mitotic, requiring the strict maintenance of genomic integrity throughout
the lifespan of an organism (McKinnon, 2017, Frade and Ovejero-Benito, 2015). Due to
the specialised physiology of neuronal cells, they are frequently exposed to nervous

system specific, endogenous sources of DNA damage (McKinnon, 2017).

Nitric Oxide (NO) is a gaseous molecule, produced by nitric oxide synthases
(NOS), capable of easily diffusing across biological membranes (Garthwaite, et al.,
1988). In neurons, neuronal nitric oxide synthase (nNOS) is responsible for the Ca?

dependent production of NO by catalysing the oxidation of L-arginine (Schmidt, et al.,
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1992, Stuehr, 2004). Neuronal NO predominantly acts as a retrograde neurotransmitter,
where its synthesis is stimulated by the influx of Ca?* through glutamate bound NMDA
receptors, which binds CaM to activate nNOS (Schmidt, et al., 1992, Picon-Pagés, et
al., 2019). Retrograde signalling refers to the diffusion of postsynaptic NO across to the
presynaptic terminal, where it stimulates Ca?*-independent vesicle exocytosis, resulting
in an activation loop that promotes long term potentiation (LTP, the persistent
strengthening of synaptic connections due to a repeated pattern of activity) (Meffert, et
al., 1994, Arancio, et al., 1996, Bliss and Cooke, 2011). NO is particularly important for
hippocampal function, being critical in the maintenance of signalling pathways involved
in learning and memory, as well as dendritic spine growth (Dinerman, et al., 1994, Paul
and Ekambaram, 2011, McLeod, et al., 2020). This form of signalling is not, however,
without negative consequences, as NO reacts with Oz to form ONOO". ONOO" avoids
SOD activity, as the affinity of O, for NO is ten times that of SOD (Beckman, et al.,
1990, Huie and Padmaja, 1993). The protonated form of ONOO", ONOOH, produces
both nitrogen dioxide (*NO;) and OHe, capable of nitrating and oxidating nucleobases,
respectively (Coddington, et al., 1999, Niles, et al., 2006). Further, the nitration of other
proteins such as peroxiredoxin 6, can further limit the antioxidant capacity of the neuron
(Coma, et al., 2005). The elevated concentration of ONOO results in cell death, and is
associated with neurodegenerative diseases, such as AD (Smith, et al., 1997, Tajes, et
al., 2013).

Glutamate is the predominant excitatory neurotransmitter in the brain (Zhou and
Danbolt, 2014). Despite the prevalence of glutamate transmission in the brain, excessive
activation of glutamate receptors results in the accumulation of DNA damage, PARP
activation, and cell death, through a process known as glutamate excitotoxicity (Andrabi,
etal., 2011, Lewerenz and Maher, 2015). Glutamate excitotoxicity is associated with the
pathology of numerous neurodegenerative disorders but is perhaps best understood in
response to cerebral ischemia (Lewerenz and Maher, 2015, Sun, et al., 2019). In
response to the disruption of cerebral blood flow, there is disruption of oxidative
phosphorylation and, subsequently, ATP depletion and ionic imbalance that precede the
depolarisation of the neuronal membrane, and Ca?* uptake via the plasma membrane
Na*/Ca?* exchanger (NCX) (Lee and Kim, 2015, Rueda, et al., 2016). The influx of ionic
calcium regulates the inappropriate and excessive release of glutamate at the
presynaptic terminal (Zhou and Danbolt, 2014) (Figure 1.6). The subsequent activation
of NMDA receptors triggers the downstream deregulation of Ca?* dependent processes,
*NO synthesis, and the production of peroxynitrite, as well as stimulating the production

of mitochondrial ROS (Lewerenz and Mager, 2015, Wang and Swanson, 2020) (Figure
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Figure 1.6. Glutamate Excitotoxity and Nitric Oxide Induced DNA Damage. Excessive
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terminal. This causes the fusion of neurotransmitter containing vesicles, and the
excessive release of glutamate. Glutamate persistently binds NMDA receptors, resulting
in the elevated influx of Ca?" into the postsynaptic terminal. Elevated postsynaptic Ca?*
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postsynaptic Ca?* results in the elevated production of mitochondrial ROS. Nitric oxide,
in conjunction with ROS, can form peroxynitrite (ONOQO"), an RNS. These reactive
species are capable of inducing DNA damage, resulting in PARP1 activation,

NAD+/ATP depletion, and cell death.
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1.6). Peroxynitrite induced damage results in the activation of PARP1 and cytotoxicity,
linking glutamate excitotoxicity with parthanatotic cell death (Pacher and Szabo, 2008,
Mazzone and Nistri, 2011).

In recent years, increasing evidence has highlighted the importance of various
forms of epigenetic maodification in the regulation of plasticity (Karpova, et al., 2017).
One such mechanism, DNA methylation and demethylation, represents an activity-
dependent, highly dynamic epigenetic modification in neuronal cells that, in order to
modulate stimulus-driven transcriptional cues, exposes the brain to the induction of
SSBs (Gavin, et al.,, 2013, Bayraktar and Kreutz, 2018). The methylation and
demethylation of DNA at both intergenic and regulatory regions results in alterations to
gene expression (Bayraktar and Kreutz, 2017). In cycling cells, DNA can be
demethylated passively, by diluting methylated nucleobases across replication cycles in
the absence of DNMT (DNA Methyltransferase) activity (Inoue and Zhang, 2011).
Neuronal cells are, however, postmitotic, and cannot demethylate DNA in this way,
relying on a separate, biochemical demethylation process (Bayraktar and Kreutz, 2018).
The methylated form of cytosine, 5mC (5-methylcytosine) is demethylated by Ten-
eleven translocation (TET) enzymes, three proteins which regulate the successive
oxidation of 5mC to 5hmC (5-hydroxymethyl cytosine), followed by its conversion to 5fC
(5-formylcytosine), and finally 5cC (5-carboxylcytosine) (Ito, et al., 2011, Rasmussen
and Helin, 2016). Thymine DNA Glycosylase (TDG) can excise both 5fC and 5cC
through physical interaction with TET2 and GADD45B, which is expressed following LTP
induction, generating an AP site which is processed through BER (Zhu, 2009, He, et al.,
2011, Maiti and Drohat, 2011, Li, et al., 2015). Recent studies have found that active
demethylation of CpG sites at neuronal enhancers results in site-specific SSB formation,
a result of the BER process (Wu, et al., 2021). Active demethylation is a process ten
times more frequent in postmitotic neurons than in replicative cells, exposing nervous
tissue to elevated levels of endogenously occurring SSBs, that must be repaired in order

to maintain genomic integrity (Kraucionis and Heintz, 2009).
1.6.1 — Neurological Disorders Associated with DNA Damage Repair

DNA damage first came to be associated with neurodegeneration following the
discovery of neurological dysfunction in patients with Xeroderma Pigmentosum (XP), a
disorder characterised by the defective repair of UV induced damage (Cleaver, 1968,
Shabbir, 2015). XP is a result of one of several mutations in proteins regulating
Nucleotide Excision Repair (NER), and its most prominent manifestation is in the

development of skin cancer (Koch, et al.,, 2016). However, neurological disorders
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frequently manifest in patients, a result of apoptotic neuronal death, gliosis, and cortical
atrophy — owing to the accumulation of unresolved UV induced DNA-damage (Shabbir,
2015, Koch, et al., 2016).

Ataxia Telangiectasia (AT) is a disorder characterised by cerebellar ataxia,
telangiectasia, immunodeficiency, and an increased incidence of cancer, caused by
mutations in the ATM gene (Rothblum-Oviatt, et al., 2016). ATM is a member of the
phosphoinositide 3-kinase-related kinases (PIKK) family, which is activated by DSBs,
phosphorylating many proteins involved in the regulation of DNA repair, cell cycle
progression, and apoptosis (Lavin, 2009, Lovejoy and Cortez, 2009, Paull, 2015). The
mechanism underlying neurodegeneration in AT is unclear, but recent evidence has
implicated ROS/PARP1 dependent toxic protein aggregation (Lee, et al., 2018). The
location of protein aggregates in the AT brain are consistent with disease pathology,
with elevated aggregation in the cerebellum likely underlying AT-linked cerebellar ataxia
(Lee and Paull, 2021). Recently, the decreased expression of IP3R1, alongside CAS,
INPP5A, and CBLNZ1; proteins important for inositol triphosphate regulated calcium
signalling, was identified in the AT cerebellum (TUrkmen, et al., 2009, Yang, et al., 2015,
Lee, et al., 2021). There are several further neurodegenerative disorders associated
with defective DNA repair, such as Cockayne Syndrome (the result of impaired
transcription coupled repair), Nijmegen Breakage Syndrome (the result of defective
DSBR), and Seckel syndrome, among others (Tauchi, et al., 2002, Alderton, et al., 2004,
Kitsera, et al., 2014).

1.6.2 — The Role of PARP1 in Neurodegeneration

Some of the earliest investigations of PARP1 mediated neuropathology were in
models of cerebral ischemia and reperfusion injury. During and after ischemia, the
uncoupling of the mitochondrial electron transport chain results in the elevated
production of O2™, which is furthered exacerbated by the reoxygenation following
reperfusion (Narasimhan, et al., 2003, Dawson and Dawson, 2017). Further, the
neuronal depolarisation associated with ATP depletion following ischemia results in the
release of synaptic glutamate, activating NMDA receptors, resulting in excitotoxicity and
the stimulation of "NO synthase. ‘NO, in the presence of O, forms ONOO", which is
further capable of activating PARP1 (Eliasson, et al., 1999). The genetic deletion or
inhibition of Parpl significantly attenuates injury following cerebral ischemia (Eliasson,
et al., 1997, Chen, et al., 2020).

Neurodegenerative disorders are often characterised by cognitive dysfunction

and motor defects, and in recent years have come to be associated with age-related
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DNA damage and PARP1 activity (Love, et al., 1999, Pazzaglia and Pioli, 2020). PARP1
activity is linked to the regulation of autophagy, the process by which old, damaged
organelles may be disposed of in the cell (Jiang, et al., 2018). Poly(ADP-ribsylation) of
autophagy regulating proteins has been shown to inhibit degradation of a-synuclein in a
model of Parkinson’s Disease (PD) (Mao, et al., 2020). This inhibition of autophagy
represents a significant threat to cellular homeostasis, increasing the susceptibility of
neuronal cells to the aggregation of pathogenic proteins, and oxidative stress (Fujikake,
et al., 2018, Park, et al.,, 2020). Alongside the role of PARP1 as neuroprotective in
response to oxidative DNA damage, its activation is associated with the expression of
inflammatory cytokines, such as Interleukin 1 Beta (IL-1B) (Choudhury and Gard, 2020).
The activation of PARP1 in microglia is associated with neuronal injury and impaired
glutamate uptake, resulting in neuroinflammation characteristic of neurodegenerative
disorders (Suh, et al., 2007).

Recently, Kam et al., highlighted the role of PARP1 in the pathogenesis of PD,
demonstrating that the accumulation of a-synuclein in neurons results in the activation
of PARP1, and further, PARP1-dependent fibrilliation. In addition, inhibition of PARP1
results in decreased aggregation of a-synuclein in the brain. Similarly, the activation of
PARP1 results in elevated Amyloid-B plaque deposition and Tau fibrillation in AD
(Martire, et al., 2015). The aggravation of AD pathology by PARPL1 is thought to be
related to chronic neuroinflammation, notably through the transribosylation of NF-kB, a
protein complex that regulates cytokine production, cell survival, and transcription
(Bohio, et al., 2019). The binding of NF-kB to microglial DNA is regulated by PARP1
activation in AD pathology, and inhibition of PARP1 has been shown to inhibit microglial
activation and delay AD progression (Stoica, et al., 2014). Similarly, microglial activation
is mitigated in Parpl™ mice (Kauppinen, et al., 2011). A further factor is the
neuroprotective role of Sirtuin 1 (SIRT1) in AD, PD, and ALS. SIRT1 is an NAD+
dependent histone deacetylase, responsible for regulating the activity of numerous
transcription factors responsible for expression of proteins linked to metabolism, the
response to oxidative stress, and longevity (Elibol and Kilic, 2018, Herskovitzs, et al.,
2018). The decreased availability of NAD+ by PARP1 overactivation results in the
inhibition of SIRT1 activity, and the overexpression of SIRT1, supplementation of
bioavailable NAD+, or SIRT1 promotion via the inhibition of PARP1 have been shown
to be neuroprotective in AD models (Lalla and Donmez, 2013, Hou, et al., 2018, Wencel,
et al., 2018).
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1.6.3 - The Role of PARP1 in the Regulation of Transcription

Alongside the canonical role of PARP1 in the recognition of DNA SSBs, and the
subsequent recruitment of the SSBR machinery, PARP1 has been identified as a direct
regulator of transcription (Kraus, 2008, Matveeva, et al., 2019). The loading of PARP1
onto chromatin, following the recognition of damage, results in the modification of
nucleosome spacing (Sultanov, et al., 2017, Thomas, et al., 2019). This, alongside the
direct posttranslational modification of core and linker histones through transribosylation
can regulate the accessibility of RNA polymerase to histones (Kraus and Hottiger, 2013,
Verdone, et al., 2015, Ciccarone, et al., 2017). The activation of PARP1 at sites of DNA
damage is a further regulator of transcription, as the binding of PARP1 to the
nucleosome is inhibited by heavy autoribosylation, and as such it will not bind following
high levels of activation (Beneke, 2012, Muthurajan, et al., 2014). By contrast, more
moderately ribosylated PARP1 displays an affinity for the nucleosome, facilitating the
regulation of DNA-damage related alterations to transcription (Muthurajan, et al., 2014).
PARP1 acts to regulate transcription silencing during DNA damage. PARP1 facilitates
the recruitment of polycomb repressive complex 1 and 2, as well as the NuURD complex,
to modulate chromatin structure and induce transcriptional arrest at sites of DNA
damage (Chou, et al., 2010).

Further targets for transribosylation by PARP1 are sequence-specific DNA
binding factors. Smad3 and Smad4 are known to be poly(ADP-Ribosyl)ated by PARP1,
upon which they dissociate from DNA and attenuate Smad-specific gene expression
(L6nn, et al., 2010). Poly(ADP-ribosylation) of NELF (negative elongation factor)
promotes the release of NELF from stalled RNA Polymerase I, enabling the production
and elongation of RNA. PARPL1 further regulates transcription by direct binding, such as
to the FoxO1 (Forkhead box O1) promoter, which regulates the transcription of several
processes involved in cell maintenance, such as apoptosis, doing so in a polymerase
independent manner (Tikhanovich, et al., 2013, Gibson, et al., 2016, Tian, et al., 2020).
Recently, alterations to transcription have been reported in a SCA7 mouse model, which
were linked to Parpl activation (Stoyas, et al., 2020). In the SCA7 mouse, it was
proposed that Parpl activation resulted in the depletion of NAD+ in the cerebellum and
consequently the decreased activity of Sirtl, an NAD+ dependent deacetylase that
regulates chromatin structure and transcription of genes involved in longevity and cell
survival (Elibol and Kilic, 2018, Herskovitzs, et al., 2018, Stoyas, et al., 2020).
Interestingly, many aspects of the SCA7 mouse phenotype were rescued by either
NAD+ replacement therapy or Sirtl overexpression (Stoyas, et al., 2020). Recently, a

role for XRCC1 has been identified in the protection of the transcriptome. Adamowicz,
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et al., found that in the absence of XRCC1, there is a PARP1-dependent inhibition of
transcription upon induction of DNA damage, the result of decreased USP3
ubiquitylation.

In the mouse brain, Parpl has been identified as a regulator of activity-
dependent transcription. Following neuronal stimulation, Parpl activity results in the
increased expression of Fos and Arc, key transcription factors in the expression of
immediate early genes (Visochek, et al., 2016). Interestingly, this increased expression
could not be identified in Parpl-null mice, nor in the presence of PARP inhibitors
(Visochek, et al., 2016). In neurons treated with H,O, the activity-dependent expression
of these transcription factors also disappeared, implying that the function of Parpl in the
regulation of activity-dependent transcription is independent from its regulation of SSBR,
and may have implications in SSBR deficient models, such as the Xrcc1N*s€" mouse
(Visochek, et al., 2016, Cohen-Armon, et al., 2019).

1.6.4 — The PARP1/NAD+/SIRT1 Axis

NAD+ is an essential redox molecule that primarily functions in electron transfer
reactions during metabolism, though it also acts as a co-factor for several other enzymes
(Pehar, et al., 2018). Three main classes of enzyme utilise NAD+ as a substrate. These
are the PARP family, Sirtuins, and ADP-ribosyl cyclases (cCADPR) (Pehar, et al., 2018).
Redox function is reversible, and as such results in no net loss of NAD+ (Zu, et al.,
2003). However, NAD+ use by the aforementioned proteins consumes the molecule
(Pehar, et al., 2018). PARP1 hyperactivation has been previously shown to decrease
cellular NAD+ levels and inhibit glycolysis, though it is unclear if this is a direct result of
PARP1 activity and the modification of glycolytic proteins, or substrate competition
(Fouquerel, et al., 2014). In the XrcciNest® prain, the consequence of Parpl
hyperactivation is depletion NAD+ in the brain (Komulainen, et al., 2021). The depletion
of cellular NAD+ may impact the activity of other NAD+ consuming enzymes due to
substrate availability, with SIRT1 activity being particularly dependent on NAD+ levels
in the cell (Imai and Guarente, 2016). CD38 is an enzyme highly expressed in brain that
hydrolyses NAD+ to form cyclic ADP-ribose (cADPr); a calcium mobilising agent
(Pawlikowska, et al., 1996, Mayo, et al., 2008). The expression of CD38 matches closely
with that of ryanodine receptors in the central nervous system, regulators of intracellular
calcium storage, and the cADPr-dependent activation of these receptors may provide a
link between declining NAD+ levels and alterations to signalling activity in the brain (Kip,
et al, 2006, Ma, et al., 2018).
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1.6.5 - PARP1-Mediated Cell Death

Parthanatos is a caspase independent form of cell death following the activation
of PARP1 (Yu, et al., 2002, Wang, et al., 2021). It is characterised by large-scale
fragmentation of DNA following the translocation of the protein Apoptosis Inducing
Factor (AIF) from the mitochondrial membrane to the nucleus (Fatokun, et al., 2014). It
is thought that the accumulation of poly(ADP-ribose) following the induction of damage
precedes the release of branched polymers from the nucleus into the cytosol,
whereupon it may bind AIF and induce its release (Fatokun, et al., 2014). AlF binds the
DNA nuclease Macrophage Migratory Inhibitory Factor (MIF), and together translocate
to the nucleus, resulting in DNA cleavage (Wang, et al., 2016) (Figure 1.7). Alongside
the large-scale fragmentation of DNA, parthanatotic cell death is characterised by
metabolic inhibition. The modification of hexokinase 1 (HK1) by PARP1 results in
glycolytic inhibition (Andrabi, et al., 2014). The depletion of NAD+/ATP by PARP1 further
acts to induce metabolic collapse, however it is unclear whether this depletion is required
for cell death (Zhou, et al., 2011). While it is not known whether parthanatotic cell death
occurs following Parpl hyperactivation in the Xrcc1Nes-¢"® mouse, a link between PARP1
and cell death is well established as having a role in the pathologies of Parkinson’s
disease, Alzheimer’s disease, Amyotrophic Lateral Sclerosis and Huntington’s disease
(Hivert, et al., 1998, Love, et al., 1999, Vis, et al., 2005, Kam, et al., 2020). Further,
depletion of the BER glycosylase OGG1 has been demonstrated to partially rescue the
parthanatotic cell death of neurons exposed to oxidative DNA damage, likely by limiting
the detection of SSBs by PARP1 (Wang, et al., 2018).
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Figure 1.7. Parthanatotic Cell Death. The excessive activation of PARP1 at sites of DNA
damage results in a PARP1-dependent cell death pathway known as parthanatos.
Excessive poly(ADP-ribosyl)ation results in the nuclear translocation of AlF from the
mitochondria. AlF translocation also results in the recruitment of MIF to the nucleus. MIF
is a nuclease, which facilitates the large-scale fragmentation of chromatin, resulting in
cell death. Parthanatotic cell death also involves the inhibition of cellular metabolism.
Modification of mitochondrial proteins, such as hexokinase 1 (HK1) by PARP1, results
in impaired glycolysis. This, in conjunction with the depletion of NAD+ by PARP1 leads
to metabolic collapse. It is not clear whether parthanatotic cell death underlies cerebellar
degeneration in the Xrcc1NesC¢"® mouse, however it has been implicated in the pathology
of several neurodegenerative diseases, such as PD.
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1.7 — Thesis Aims

The XrcclNesCre mouse brain is characterised by elevated poly(ADP-ribose) levels,
the result of Parpl hyperactivity at endogenous SSBs. The aim of this thesis is to
investigate the impact of these endogenous breaks in vitro, investigating whether the
neurological presentation associated with hereditary defects in SSBR is the result of
altered neuron functionality. Further | aim to characterise the impact of Parpl
hyperactivation on these endpoints in neurons, utilising synaptic connections in
hippocampal circuits as a key, in vitro model. Finally, | will investigate the possible use
of clinically available PARP inhibitors in the rescue of neuron functionality in Xrccl

defective neurons.
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2. Chapter Two — Methods

2.1 Animal Welfare and Maintenance

Experiments took place in accordance the UK Animal (Scientific Procedures) Act
1986 and satisfied local institutional regulations at the University of Sussex. Parpl™,
XrcclNesCre and ApelNesC® mice were generated previously. Intercrosses between
Parpl”and Xrcc1NesCe, as well as ApelNesteand Xrcc1NesC mice were maintained in
a mixed background C57BIl/6 x S129 strain and housed on a 12 -h light/dark cycle with
lights on at 07:00. Temperature and humidity were maintained at 21°C (+ 2°C) and 50%
(x 10%), respectively. All experiments were performed under the UK Animal
(Experimental Procedures) Act, 1986. Mice were maintained under UK Home Office
Project License PP5058749.

2.2 Mouse Genotyping

Tissue samples were taken either through ear notching, or by removing roughly
2mm of tissue from the end of the tail, depending on the expedience required in
genotyping. Tissue was submerged in 75l alkaline lysis buffer (25mM NaOH, 0.2mM
EDTA), 5ul Proteinase K at room temperature for 10 minutes, prior to 5 minutes
inactivation at 95°C and subsequent addition of 75ul neutralisation buffer (40mM Tris-
HCI) and storage at 4°C until use. PCR reagents utilised were 7.5ul REDExtract-N-AMP
PCR reaction mix (containing buffer, salts, dNTPs and REDTaq DNA Polymerase), 3.2l
double-distilled H2O, 4l tissue digests, and 0.1l primers per reaction. Upon completion
of PCR, 10ul of product was run at 40-50V for between 45-60 minutes on a 1.5%
agarose, 0.2% Ethidium Bromide gel, before identifying products under UV light.

2.3 Primary Culture of Hippocampal Neurons

P1-2 mouse pups were decapitated, and brains were removed and placed in ice-
cold Hank’s buffered saline solution (HBSS), 0.1 M HEPES. Hippocampi were isolated
and then washed three times in warmed 10% FCS, 20 mM glucose and 1% Pen/Strep
Minimal Essential Media (MEM) (Gibco). Hippocampi were manually dissociated by
trituration and diluted to a density of 50,000 cells/well and plated on poly-D-Lysine
(20 pg/ml) coated 15-mm glass coverslips. 2 h after plating, the media was replaced with
2% B27, 1% glutamax and 1% Pen/Strep-supplemented neurobasal A medium (Gibco).
Cells were maintained without cytosine arabinoside, typically used to manage glial cell
count, to prevent induction of exogenous DNA damage (Zhuo et al, 2018). Cells were
maintained in 5% CO: at 37°C and fed every 3 days through half-exchange of media.

Hippocampal cells were taken for ICC experiments at DIV6 and live imaging at DIV15—
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17. Due to limited survivability, hippocampal neurons cultured from ApelNes-Cre/Xrcc1Nes-
e mice were plated at a density of 100,000 cells/well, to increase the chance of

identifying viable neurons.
2.4 Acquisition of Tissues from p15 Mice

P15 mice were culled by cervical dissociation, prior to exsanguination by
decapitation. A cut was made down the midline of the skull, and across the bridge of the
nose, allowing the brain to be removed. The cerebellum was detached from the base of
the brain prior to separation of the hemispheres and extraction of the hippocampus from
the surrounding cortical tissue. Cerebella, hippocampi, and cortices were snap frozen in

liquid nitrogen prior to storage at -80°C.
2.5 Homogenisation of Animal Tissues for Western Blotting

Tissues were removed from -80°C and suspended in 10uL/mg ice cold lysis buffer
containing 20mM HEPES pH 7.4, 2mM EGTA, 50mM B-glycerophosphate, 1% Triton-
X, 10% Glycerol, 1mM Benzamide. Fresh DTT (1mM), Phosphatase and Protease
inhibitors (1% and 2% v/v respectively) were added to buffer prior to homogenisation
until smooth with pre-cooled glass homogenisers. Lysates were left for 15 minutes with
occasional, gentle mixing. Lysates were then passed through a 27G needle 8 times.
Samples were then sonicated for 30 seconds, prior to pre-clearing of unbroken cells by
centrifugation at 4°C, 500 g, for 10 minutes. Supernatant was extracted, to which we
added 5X laemmli buffer, containing Tris base, SDS, glycerol, 2-mercapto-ethanol and
bromophenol blue dye. Protein content of lysates was quantified using the Pierce BCA

Protein Assay Kit (Thermofisher).
2.6 SDS-Page and Western Blotting of Brain Lysates

Brain extracts were resolved using pre-cast 4-20% gradient polyacrylamide gels
(Bio-Rad) by electrophoresis in 1X running buffer (25 mM Tris-HCI, 250 mM glycine,
0.01% SDS), run at 120 V. Proteins were transferred to nitrocellulose Hybond-C
membrane (GE Healthcare) in 1X TOWBIN (25 mM Tris-HCI, 192 mM glycine, 10%
methanol) for 90 minutes at 400 mA. Membranes were stained with Ponceau S stain to
confirm equal loading between samples, prior to overnight blocking in 10% TBST (20
mM Tris-HCI, 150 mM NacCl, 0.1% Tween-20), 10% non-fat dried milk powder. Primary
and secondary antibodies were applied in TBST/5% milk, followed by triplicate TBST
washes (5 minutes each) post incubation. Incubation with the appropriate primary
antibodies was done overnight, with secondary incubation for 1 hour. Following the

removal of the secondary antibody by triplicate TBST washes, the membrane was
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incubated in enhanced chemiluminescence detection reagent (ECL) (GE Healthcare),
prior to detection with autoradiography film. Quantification of immunoblot intensity was

done manually through ImageJ.
2.7 Indirect Immunofluorescence and Microscopy

For indirect immunofluorescence, RPE-1 cells were seeded at 50,000 cells per
12mm glass round coverslip 1 day prior to fixation. Cells were pre-treated for 4 hours
with 10uM PARP inhibitor KUO0058948 or NAMPT inhibitor FK866 where indicated.
Primary hippocampal cultures were plated at a density of 50,000 cells per 12mm glass
round coverslip, before being allowed to develop for 6 days (DIV6) in low serum, B27/N2
containing NB media, prior to treatment and fixation. Neuronal cultures were pre-treated
for 4 hours with PARP and NAMPT inhibitors as above, as well as well as the nNOS
inhibitor L-NAME (100uM) and the proteasome inhibitor MG132 (25uM) where indicated.
In both RPE-1 and primary hippocampal cultures, cells were treated with 10uM PARG
inhibitor PDD00017273 prior to fixation where indicated.

Cells were fixed in 4% paraformaldehyde and washed thoroughly with PBS before
permeabilising in 0.2% Triton-X for 2 minutes. They were then blocked in 10% Goat
Serum, 5% Bovine Serum Albumin (BSA), 0.3% Triton-X for 30 minutes and incubated
at room temperature with relevant concentrations of primary antibodies for 1 hours. After
washing with PBST in triplicate, 5 minutes, they were incubated with relevant secondary
antibodies for a further hour. Following another triplicate wash in PBST, nuclei were
counterstained with DAPI, dried thoroughly, and mounted with Vectashield. Images were
acquired using either a Zeiss Widefield Apotome microscope at 40x/1.4, or a Zeiss LSM-
880 Airyscan compatible microscope for super resolution acquisition. A motorised IX83
microscope with ScanR Image Acquisition and Analysis was used for automated
imaging. For immunofluorescence of brain tissue, 10-micron sections were taken from
perfused brains (E. Komulainen), which were washed in PBS before boiling in 10%
antigen retrieval solution/ddH.O (Nacalai Tesque, Histo VT One). After cooling for an
hour, sections were stained as described above. Image analysis was conducted using
the ZEN Blue (Zeiss) and ImageJ (Fiji) software. Images and figures were prepared in

Inkscape.
2.8 Determination of Neuronal Survival

For longitudinal studies, primary hippocampal cultures were fixed in 4%
paraformaldehyde at indicated times. Cultures were fixed at DIV6, which represented
our TO timepoint, DIV12, and DIV18. Viable neurons were identified based on the

presence of the neuronal markers MAP2 and NeuN. Neuronal survival was calculated
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based on the population of MAP2/NeuN positive cells across 30, separate, randomly
chosen visual fields at 40x/1.4 magnification, relative to those present in their genotype
matched TO control. In determining neuronal sensitivity to PARG inhibitor, cells were
treated at DIV6 with indicated concentrations of PDD00017273 for 3 days, prior to
fixation at DIV9. Cell survival was again quantified following staining with MAP2/NeuN,
with survival of treated cells being calculated relative to vehicle treated, genotype
matched controls. For longitudinal studies, cultures were maintained without serum in

order to prevent the overpopulation of co-cultured glia (Chou and Langan, 2003).
2.9 Clonogenic Survival Assay

Cells were trypsinised at roughly 70% confluence, and WT and XRCC1" RPE-1
cells were plated in 100mm plates at 33.3 cells/ml, to amounts of 300 cells per dish in
9ml of media. After adhering for 4 hours, the volume was made up to 10ml with the
addition of media containing varying concentrations of the PARG inhibitor. Following a
14-day incubation period, cells were washed twice in PBS, before being fixed and
stained in 0.05% Crystal Violet, 20% methanol in ddH.0, and counted manually. Survival
was calculated by dividing those colonies present in treated groups, by those in the

untreated group of their respective genotype.
2.10 PAR Immunoblot of Cultured RPE-1 Cells

RPE-1 cells were lysed in Sodium Dodecyl Sulfate containing sample buffer, and
lysates were subjected to SDS-PAGE before transfer to a nitrocellulose membrane as
described above. Membranes were blocked in 10% milk in TBST overnight, before
probing with anti-ADP-Ribose (PAN) reagent at (1:1000) for 1 hour, and incubation with
HRP conjugated secondary antibodies in 10% milk/TBST (1:1000), 1 hour. Blots were
developed in a dark-room developer. Quantification of immunoblot intensity was

achieved through manual quantification of intensity in ImageJ.
2.11 SyGCaMP6f Imaging

Hippocampal neurons were infected with AAV6_SyGCaMP6f at DIV6/7 at a
multiplicity of infection (MOI — the number of virions added per cell in culture) of 100.
Images were acquired using a 60x/1.0 NA objective on an Olympus BX61WI microscope
fitted with an electron multiplying charge coupled device Andor Ixon+ camera (40 ms
exposure, 20 Hz acquisition frequency and 4x4 binning, EM gain 7) controlled by
custom-written Micromanager routines. Coverslips were placed in a custom-built
imaging chamber and a Grass SD9 Stimulator was used to apply field stimulation

(voltage: 22.5V, 1 ms pulse width). All experiments were carried out in Extracellular Bath
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Solution (EBS) containing (in mM), 136 NaCl, 10 HEPES, 10 D-Glucose, 2.5 KCI, 2
CaCl,, 1.3 MgCl,. EBS was supplemented with 50 uM APV and 20 pM CNQX to inhibit
NMDA and AMPA receptors respectively, so as to prevent the propagation of
spontaneous signals and recurrent stimulation. Experiments were performed in a
darkened room with steps taken to minimise extraneous light, with room temperature

maintained at 23°C.

Image stacks were analyzed using IGOR Pro 8. Stacks were imported via the
SARFIA plugin and stored as single-precision floating-point arrays (termed ‘waves’)
(Dorostkar, et al., 2010). Sequential videos (image stacks) were taken from the same
regions were corrected for x-y drift using the built-in image registration function
(Thévenaz, et al., 1998). Following correction of motion artifacts, regions of Interest
(ROIs) were detected via image segmentation, using a threshold of (-3) X SD of all pixel
values in the Laplace operator (a methodology frequently used for edge sharpening and
detection of units of lower contrast) (Burger and Burge, 2008). ROIs, once detected,
were numbered and collated in a matrix referred to as the ROl mask (possessing
identical x and y values to the original image stack). Mean background intensity was
subtracted to account for alterations to background fluorescence by selecting and
averaging fluorescence values of a small, empty region of the image, allowing the
average intensity of each ROI in the ROl mask matrix to be analysed at each time point
(frame) of the captured video/image stack. In order to account for differences in initial
baseline intensity of ROIs, AF/F (fluorescence change) values were calculated using the
10 frames prior to stimulation as a baseline. A custom script was used to determine
whether ROIs had exceeded a threshold change in fluorescence intensity following
stimulation and ROls that failed to reach threshold intensity were removed from the
mask, leaving individual AF/F values of each responsive ROI in an image stack, across
all time points, ready for collation. A separate script was utilised to form average traces
from bleach corrected AF/F values. Quantification of synaptic calcium flux was achieved
through a custom script, where the area under the curve (AUC) of each generated trace,

by synapse, was calculated as an arbitrary measure of Ca?* signalling intensity.
2.12 Isolation of RNA from Frozen Brain Tissue

For gPCR samples, hippocampal tissues were acquired as described above, and
stored at -80°C prior to RNA isolation. Isolation was done utilising the RNeasy Lipid
Tissue Kit (Qiagen), following manufacturers guidelines. In brief, isolation was done in a
fume hood, liberally cleaned with RNAzap and MilliQ water. Tissue samples (up to

100mg) were homogenised on ice in 1ml provided lysis reagent, prior to the addition of
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200pM chloroform and 15 seconds of vigorous shaking, followed by 3 minutes resting
at room temperature. Samples were then centrifuged at 12,000 g for 15 minutes at 4°C.
The aqueous phase was transferred to a separate tube, which was centrifuged through
a provided RNeasy spin column, supplemented with 70% ethanol, or provided buffers
as instructed. 30uM RNAse free water was added to the prepared spin column
membrane, with isolated RNA eluted following a final centrifugation for 1 minute at 8000
g, room temperature. Isolated RNA was quantified using a nanodrop, which also allowed
for the assurance of RNA integrity and quality. Isolated RNA was stored at -80°C prior

to use.

For RNA sequencing experiments, hippocampi were extracted from 3 wild type and
4 XrcciNesCe mice, from 3 separate litters, ensuring each knockout mouse was
harvested with a wild type littermate control. Extraction was done following cleaning of
the dissection room, dissection area, and dissecting tools with RNAzap and MilliQ water
Hippocampi were lysed in the phenol containing Trizol reagent in a glass homogeniser,
on ice. Samples were stored at -80°C, before being sent for extraction at the institute of
molecular genetics (IMG), Prague. Sequencing and analysis of isolated RNA also

occurred at IMG.
2.13 cDNA Synthesis

Isolated RNA from mouse hippocampal tissue was used for cDNA synthesis using the
RevertAid First Strand cDNA Synthesis Kit (Thermofisher), following manufacturers’

instructions. cDNA was quantified using a nanodrop and stored at -80°C prior to use.
2.14 RT-qPCR

For validation of mMRNA targets identified through RNA sequencing, we utilised
RT-gPCR. To do so, we utilised the Luna Universal gPCR Master Mix, following
manufacturers’ instructions, using diluted cDNA created from isolated RNA from the
mouse hippocampus. Housekeeping genes were selected based on their expression in
the brain. The chosen housekeeping genes were NeuN, Gfap, and Gapdh. Primers used

for housekeeping genes were as follows:

Oligo Name Sequence

NeuN Forward CTACACACCCGCACAGACTC
NeuN Reverse GTCTGTGCTGCTTCATCTGC
Gfap Forward CGCCACCTACAGGAAATTG
Gfap Reverse CTGGAGGTTGGAGAAAGTCTGT
Gapdh Forward AGAACATCATCCCTGCATCC




Gapdh Reverse

CACATTGGGGGTAGGAACAC

Primers used for target genes were as follows:

Oligo Name

Sequence

Sez6 Forward

GGTTCCAGAGGTCATGTCTAAG

Sez6 Reverse

AGTGGTAATGATGGTGGTAGTG

Semaba Forward

CACTGGCACAACACAAACAC

Semaba Reverse

GGAGGAAGTAGGGAGGGAAATA

Syn3 Forward

GAGTGTGGTGTGGGAAGTAAG

Syn3 Reverse

CAGGTCATTACCCAGGCATTAG

Plcl1l Forward

CGTTGCTCTGCCTTCCTCTTA

Plcll Reverse

GGGTTCTATGAGCGGATTCTAC

Tnr Forward

CTCCCTGTCCTCTCCTATCTTT

Tnr Reverse GGTTAGATGGTGGCTGTTTCT
Dcx Forward GACCACCTGGAGCAAGAATAG
Dcx Reverse CCCTTGGTGTGATGGCTAAT
Draxin Forward CCCAGCATCTGGCTTCTAAT
Draxin Reverse GCATCTGTCCTCCATCTGTATC
Ephbl Forward AAGTCAACACGGAAGTCAGG
Ephbl Reverse CGGACAGAAAGGAGAGAGACATAC
Lrrc55 Forward CACCTTGACCTTCTCCCATTAG
Lrrc55 Reverse GGTGCTGAGGGTGATTACTT
Erbb4 Forward GCCACCCTTGCCATCCAAAC
Erbb4 Reverse TGGCCCGTCCATGGGTAGTA
Itpr2 Forward GTACCTGACGGTGAACAAGAG
Itpr2 Reverse CTTCCAGAACGGATGGATGTAG

Table 2.1 Primer Sequences for RT-qPCR.

RT-gPCR was done using an AriaMX Real Time PCR machine, using a
fluorescence-based program design, with an initial denaturation at 95°C for 60 seconds,
followed by 45 cycles of 15 seconds denaturation at 95°C and 30 seconds of extension
at 60°C, at which point a fluorescence readout was given. Program design was based

on manufacturer guidelines, with the melt curve being calculated by the AriaMX
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machine. Data was analysed using the Agilent Aria 1.8 program, based off Cq values

and normalised to each reference gene. Samples were run in triplicate.
2.15 Antibodies and Reagents

Antibodies utilised for indirect immunofluorescence and western blotting during
this study were anti-pan-ADP-ribose binding reagent Millipore (ICC & WB 1:500);
MABE1016, Chicken anti-MAP2 (ab5392; Abcam) (ICC 1:500), anti-NeuN mouse
monoclonal (Millipore MAB337) (ICC 1:500), mouse monoclonal, anti-phospho-Histone
H2A.X (Ser139) (05-636; Millipore) (ICC 1:1500), mouse anti-Dagla (E6) sc-390409
(SCBT) (1:500), mouse anti-Grid2ip (A4) sc-390952 (SCBT) (WB 1:500), anti-P/Q-type
Ca*™ CP a1A (Cacnala) Antibody (C-2) sc-390004 (SCBT) (WB 1:500), and Anti-IP3R-
I/1I/NN Antibody (B-2) sc-377518 (SCBT) (WB 1:500). Secondary antibodies utilised for
ICC experiments were goat anti-chicken Alexa 488 (Abcam; ab150173), goat anti-
mouse 488 (abcam; ab150113), and goat anti-rabbit Alexa 555 (abcam; ab150078), all
at 1:1000. Secondary antibodies used for WB were goat anti-rabbit conjug. HRP (Dako,
P0448) and rabbit anti-mouse conjug. HRP (Dako, P0260), both at 1:5000. Beta-
Nicotinamide Mononucleotide was purchased from Sigma (N3501). PARG inhibitor PDD
00017273 (Tocris), PARP inhibitor Ku-0058948. The NAMPT inhibitor FK866 was
purchased from Sigma-aldrich, cat. F8557. The 26s proteasome inhibitor MG132 was
purchased from Merck, cat. M7449. The nNOS inhibitor L-NAME was purchased from
Merck, cat. N5751. The viral construct hSyn1:SyGCaMP6f was given by the University

of Helsinki.
Data Analysis and Statistics

Tests performed are indicated in relevant figure legends, as are the number
of repeats. Statistical significance was calculated through Graphpad Prism 8. Manual
guantification of fluorescence intensity took place via measurement of selected ROIs in
ImageJ. Statistical significance is denoted as *, where p < 0.05, ** p < 0.01, *** p < 0.005,
and **** p < 0.001.
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3. Chapter Three: Parpl Hyperactivation at Sites of Endogenous SSBs in Xrccl

Deficient Hippocampal Neurons

3.1 Introduction and Aims

The inherent instability of DNA has led to the evolution of highly conserved
mechanisms by which to repair lesions (Lindahl, 1993, Caldecott, 2008). The most
commonly occurring of these lesions is the DNA single-strand break, discontinuities in a
single strand of the DNA double helix, frequently associated with damaged 5’ and 3’
termini (Caldecott, 2008). The repair of DNA single-strand breaks (SSBs) may occur
through a variety of mechanisms, however repair in post-mitotic cells is dependent on
XRCC1, PARP1, and a variety of other SSBR proteins; hereditary defects in which are
associated with neurological disorders. These disorders commonly present with
cerebellar degeneration and, in some cases, seizures (McKinnon, 2009, Dumitrache, et
al., 2018).

SSBs can arise through several endogenous mechanisms; abortive TOP1
activity leaving a SSB intermediate, direct oxidation of the DNA sugar moiety, such as
by reactive oxygen species (ROS) generated during cellular metabolism, or indirectly
through base excision repair (Caldecott, 2008, Beard, et al., 2019). The induction of
oxidative DNA damage poses a threat to genomic integrity and represents the most
common source of germline mutation during development. Endogenously, ROS are
generated during oxidative metabolism, where the reduction of oxygen during cellular
respiration results in the formation of O,". SOD catalyses the conversion of O, to O
and H»O. which, while relatively inert, is endogenously converted to "OH, a radical
capable of inducing oxidative base modification, which are repaired through BER
(Poetsch, 2020). Further, ROS can modify the sugar phosphate backbone, leading to
the direct disintegration of the oxidised sugar moiety (Poetsch, 2020). In neuronal cells,
activity-dependent oxidative damage can occur in response to nitric oxide signalling,
where "NO is combined with the superoxide anion O, to form ONOO-, which can result
in both the direct oxidation of the DNA sugar, or base modification (Szabo and Ohshima,
1997, Neitz, et al., 2015). The increased production of ‘NO also occurs during glutamate
excitotoxicity. The excessive activation of NMDA receptors by the neurotransmitter
glutamate results in elevated postsynaptic Ca?* influx, the increased activation of nNOS,
and the deregulated mitochondrial production of O,™, which forms ONOO"in conjunction
with "NO (Lau and Tymianski, 2010). Damage to nucleobases is repaired through the
action of an array of glycosylase, which catalyse the removal of modified, nitrogenous

bases, leaving behind an intact AP site (Brooks, et al.,, 2013). Monofunctional
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glycosylases, such as TDG, possess only glycosylase activity, and the resultant AP site
requires processing by an AP endonuclease (such as APE1), which cleave the 5 end
of the baseless backbone, leaving behind a SSB (Moor and Lavrik, 2018). Bifunctional
glycosylases, such as OGG1, possess additional lyase activity, cleaving the 3’ end of
the AP site, bypassing the need for an AP endonuclease, and generating a SSB
(Roychoudhury, et al., 2020).

Topoisomerases, such as TOPL1, act to relieve the torsional stress applied to
DNA during transcription and replication (McKinnon, 2016). To do so, TOP1, transiently
induce a nick to which it is covalently bound, creating a TOP1 cleavage complex
(TOP1cc), downstream of which DNA can be rotated to relieve tension (Wang, et al.,
1971, Ashour, et al., 2015, Baranello, et al., 2016, Pommier, et al., 2016). During
replication, the collision of a Toplcc with a replicative polymerase will cause the
formation of DSBs and, as such, must be removed to maintain strand continuity (Sordet,
et al., 2010). To do so, the TOP1cc is degraded by the proteasome, leaving a SSB (Lin,
et al., 2008). In neuronal cells, the transcriptional demand associated with development
and activity-driven changes in protein expression result in the comparatively high
expression of TOP1 in brain (Stott, et al., 2021).

Due to the heterogeneous nature of DNA SSBs, several enzymatic processes
may be required for their repair, the coordination of which may be dependent on a
scaffold protein to facilitate the complete process without the release of toxic
intermediates (Krokan and Bjgras, 2013). XRCC1 is a DNA repair scaffold protein which
lacks enzymatic activity but is required for the recruitment and coordination of the SSBR
machinery, interacting directly with several components of the SSBR machinery and
forming heterogeneous complexes to facilitate the repair of various types of SSB
(Caldecaott, et al., 1996, Whitehouse, et al., 2001, Clements, et al., 2004, Mok, et al.,
2019). For XRCC1 to be recruited to the SSB, it must first be recognised by PARP
enzymes, such as PARP1. PARP1 binds at the SSB, synthesising poly(ADP-ribose)
using NAD+ as a cofactor, modifying itself (autoribosylation) and other proteins
(transribosylation) such as core and linker histones (Polo and Jackson, 2011,
Eustermann, et al., 2015). XRCC1 binds preferentially to autoribosylated PARP1,
whereupon it facilitates the repair of the break through interactions with other SSBR
proteins. In cells lacking XRCC1, PARP1 is retained at the break, continuously
synthesising nuclear poly(ADP-ribose) at sites of unresolved damage (Hoch, et al.,
2017). In dividing cells, such as mitotic glia, auxiliary repair may occur through
homologous recombination (HR), or through their replication dependent conversion to

DNA-DSBs and robust mechanism by which to resolve them, such as non-homologous
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end joining (NHEJ), the primary pathway for DSB repair (Caldecott, 2008, Davis and
Maizels, 2014, Vriend and Krawczyk, 2017). In mice lacking Xrccl, Parpl
hyperactivation in the brain leads to elevated poly(ADP-ribose) in the cerebellum and
hippocampus, resulting in cerebellar degeneration, ataxia, and seizures leading to

juvenile mortality.

The hyperactivation of PARP1 has been reported in numerous disorders and
neurological conditions, notably following ischemia-reperfusion injury, and in the
pathology of AD and PD (Matrtire, et al., 2015, Hagam, et al., 2021). The accumulation
of poly(ADP-ribose), and the subsequent depletion of the cellular NAD+/ATP pool is
known to result in an apoptosis-independent cell death pathway; parthanatos (Fatokun,
et al., 2014, Zhou, et al., 2021). In parthanatotic cell death, the excessive synthesis of
poly(ADP-ribose) leads to the migration of the polymer from the nucleus of the cell to
the mitochondria, resulting in glycolytic inhibition through the PARP1-dependent
modification of enzymes involved in the regulation of glycolysis and the citric acid cycle
(Fouquerel, et al., 2014). Alongside the deregulation of metabolism, poly(ADP-ribose)
interacts with AIF, which resides in the intermembrane space of the mitochondria,
resulting in its translocation to the nucleus (Daugas, et al., 2000, Wang, et al., 2016,
Zhou, et al., 2021). The translocation of AIF facilitates the recruitment of macrophage
migration inhibitory factor (MIF), a nuclease which cleaves DNA into large fragments
(Wang, et al., 2016). It is unclear whether DNA fragmentation or glycolytic inhibition
result in death, as both depletion of MIF and the supplementation of TCA substrates
suppress parthanatos (Ying, et al.,, 2002, Wang, et al., 2016, Yang, et al., 2020).
Alongside PARP1, a further mediator of parthanatotic cell death is PARG, an
endogenous enzyme which regulates levels of poly(ADP-ribose) in the cell. PARG
catalyses the hydrolysis of poly(ADP-ribose) to free ADP-ribose units (Feng, et al.,
2013). The overexpression of PARG results in significant protection from cell death
induced by exogenous DNA damaging agents (Mortusewicz, et al., 2011, Marques, et
al., 2019). Similarly, PARG knockout is embryonic lethal, resulting in the accumulation
of poly(ADP-ribose) in cells and, subsequently, cell death (Hanai, et al., 2004, Blenn, et
al., 2006). Due to the toxicity associated with poly(ADP-ribose) accumulation, PARG
inhibitors have been developed in the hopes of exploiting the genomic instability of
cancer cells, stabilising. PARG inhibitors stabilise poly(ADP-ribose) by competing for the

PARG active site, occupying the region that binds the adenine moiety of ADP-ribose.

PARP inhibitors are used clinically for the treatment of some cancers, such as those
with BRCA mutation (Sachdev, et al., 2019, Rose, et al., 2020). The impairment of BER

in cancer cells through PARP inhibition results in the continuous accumulation of DNA
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SSBs; which go on to become DNA DSBs through replication fork collapse (Matsumoto,
et al., 2019). In particular, cells with HR deficiency (such as those with BRCA1/2
mutation) are sensitive to PARP inhibition, as they are limited in their capacity to repair
these transformed lesions (Bryant, et al., 2005, Dziadkowiec, et al., 2016, Matsumoto,
et al., 2019). Similarly, HR deficient cells are sensitive to PARG inhibitors, as the
accumulation of poly(ADP-ribose) prevents repair, promoting replication fork collapse
and DSB formation (Fathers, et al., 2012). While the use of PARP inhibitors has been
approved for the treatment of some cancers, their efficacy in the treatment of SSBR-
related neurodegeneration is unclear. Previous observations have indicated that PARP
inhibition, unlike deletion, does not rescue the decreased lifespan of the XrcclNes<re
mouse (Komulainen, E. unpublished observations). There may be several reasons for
this discrepancy, such as the maintenance of PARP inhibition in the brain. Further, the
mechanism by which commercial PARP inhibitors function is through trapping PARP1
at the break, resulting in the retention of toxic PARP-DNA intermediates, and as such
does not phenocopy Parpl deletion (Murai, et al., 2012). Toxicity associated with PARP
inhibitor treatment might also be linked to a lack of specificity for Parpl over Parp2,
which also responds to DNA damage, albeit to a lesser extent (Murai, et al., 2012). The
retention of Parp2 function likely explains the very mild phenotype associated with Parpl
deletion, however the deletion of both Parpl and Parp2 is embryonic lethal (de Murcia,
et al., 2003, Piskunova, et al., 2008).

The focus of this chapter will be on establishing a cell autonomous model of
endogenous DNA damage, in both mitotic cells and post-mitotic, cultured neurons. | aim
to investigate the role of Xrccl and Parpl in the repair of DNA SSBs, and their
contribution to the phenotype of Xrcc1Ns-¢"® mouse neurons. Using a PARG inhibitor to
stabilise poly(ADP-ribose) at sites of endogenous SSBs, | aim to investigate the activity
of Parpl in Xrccl-deficient neurons, and the underlying source of the lesions to which
Parpl is recruited. | further aim to investigate the therapeutic potential of PARP

inhibition in the treatment of XRCC1-linked disease.
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3.2 Results

3.2.1 PARG Inhibition Uncovers Elevated Levels of poly(ADP-ribose) in SSB
Repair-Defective XRCC17 RPE-1 Cells.

In this chapter, | aimed to establish a cell autonomous model by which
endogenous SSBs and their consequences could be investigated. To do so, | reasoned
that the inhibition of PARG (which prevents poly(ADP-ribose) degradation), would
enable the detection of poly(ADP-ribose) at sites of PARP1 activation at endogenous
SSBs (Feng, et al., 2013, Hanzlikova, et al., 2018). To confirm that this approach would
work, | first utilised human XRCC1” RPE-1 cells. Cells were treated with PARG inhibitor
prior to fixation and staining with PAN ADP-ribose Binding Reagent, a reagent which
selectively binds both mono and poly(ADP-ribose). Acute treatment with 10uM PARG
inhibitor for 1 hour resulted in the significant accumulation of nuclear poly(ADP-ribose)
in Xrccl” RPE-1 cells, which | reasoned to be the result of PARP1 activity at sites of
endogenous SSBs (Figure 3.1 A). Pre-treatment for 4 hours with 5uM of the PARP
inhibitor KU00058948 ablated this accumulation. In wild type controls, | observed
poly(ADP-ribose) accumulation in some nuclei, consistent with previous findings by
Hanzlikova et al., which demonstrated high levels of poly(ADP-ribose) in S phase cells,

likely reflecting a role in the ligation of Okazaki Fragments during S-phase.

Next, | measured the steady-state level of poly(ADP-ribose) using western
blotting. | incubated XRCC1” RPE-1 cells with 10 uM PARG inhibitor for 1 hour prior to
lysis and blotting, in order to investigate the accumulation of the polymer. | identified a
significant accumulation of poly(ADP-ribose) in XRCC1” RPE-1 cells following PARG
inhibition. 4-hour pre-treatment with the NAMPT inhibitor FK866, which drastically limits
the bioavailability of the PARP1 substrate; NAD+, was sufficient to significantly reduce
the accumulation of poly(ADP-ribose) in cells (Figure 3.1 B). Similarly, pre-treatment
with a PARP inhibitor eliminated poly(ADP-ribose) synthesis. Together, these data
confirm that XRCC1” RPE-1 cells undergo continuously elevated synthesis of

poly(ADP-ribose) at sites of unrepaired endogenous SSBs.

3.2.2 XRCC1” RPE-1 Cells Exhibit PARP1/NAD+-Dependent Sensitivity to PARG

Inhibition.

In order to establish the effects of poly(ADP-ribose) accumulation in XRCC1™”-
RPE-1 cells, I conducted clonogenic cell survival assays in which cells were chronically
treated with various concentrations of the PARG inhibitor. Chronic treatment with 10pM
PARG inhibitor was sufficient to induce hypersensitivity in XRCC1” human RPE-1 cells
(Figure 3.2 A). Further, additional deletion of PARP1 conferred resistance to PARG
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Figure 3.1 Elevated poly(ADP-ribose) accumulation in human XRCC1” RPE-1 cells. A)
Left, representative SCANr galleries of poly(ADP-ribose) immunofluorescence in and
XRCC1”" RPE-1 cells pre-treated for 4 hr with 5uM PARP inhibitor or DMSO vebhicle prior
to treatment with 10uM PARG inhibitor for 1hr prior to fixation. Right, quantification from
three individual repeats where ** denotes statistical significance at p <0.01 by student’s
t-test. B) Left, Western blot showing the accumulation of poly(ADP-ribose) in wild type
and Xrccl” RPE-1 cells following PARG inhibition and pre-treatment for 24 hr with
indicated concentrations of FK866, a NAMPT inhibitor, an enzyme responsible for the
bulk of cellular NAD+ production, or 5uM PARP inhibitor. Right, quantification from three
independent experiments with statistical significance determined by student’s t-test (**p
< 0.01). Histograms show mean + SEM.



62

PARP1/NAD+ Dependent Sensitivity of XRCC1-/- RPE-1 Cells to PARG Inhibition

da Clonogenic Survival b Clenogenic Survival
100 100
& Wild Type & Wild Type
M XRCCT1-/- & XRCC1-+
#| B PARP1XRCCi-/- -4 Wild Type + Pyruvate
= X% = © XRCC1- + Pyruvate
= * 2 *
e c *
3 =
@ a
S s0- S 50
= |
= c
g 8
L5 @
o o
T 1 L
0 5 10 0 5 10
PARGI (M) PARGI (M)
C Clonogenic Survival
100
& Wild Type
B XRCC1-+

-& Wild Type + NMN
¥l XRCCI-4+NMN

Percentage Survival
o
2
1

T 1
0 5 10
PARGI (M)

Figure 3.2 PARP1/NAD+ Dependent Phenotype Sensitivity of Human XRCC1” RPE-1
Cells to PARG Inhibition. A) Clonogenic survival curves demonstrating PARGI sensitivity
of cells lacking XRCC1 in comparison to wild type cells, and the rescue afforded by the
additional deletion of PARP1. B) and C) Survival curves demonstrating the rescue of
XRCC1 dependent PARGI sensitivity by the TCA substrate sodium pyruvate, and the
NAD+ precursor nicotinamide mononucleotide (NMN) respectively. All experiments
performed in triplicate. Significance calculated via one-way ANOVA, P < 0.0012, with
post-hoc Tukey-Kramer comparison of means identifying between group significance
where ** denotes p < 0.01 and *** denotes p < 0.005). Data from three individual repeats.
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inhibitor toxicity in XRCC1-deficient RPE-1 cells (Figure 3.2 A), confirming that PARP1
was the source of the PARG inhibitor sensitivity. Interestingly, the sensitivity of
XRCC1" RPE-1 cells to PARG inhibitor was partially rescued by supplementation with
the citric acid cycle substrate sodium pyruvate (Figure 3.2 B). Previous studies have
demonstrated PARP1-dependent deregulation of metabolism through modification of
HK1 (Hexokinase 1), a mitochondrial membrane protein required for glucose
phosphorylation, and the subsequent suppression of parthanatotic cell death by
supplementation with the citric acid cycle substrates sodium pyruvate and a-
ketoglutarate (Ying, et al., 2002, David, et al., 2009, Andrabi, et al., 2014, Fougerel, et
al., 2014). Similarly, several studies have implicated the consumption and subsequent
reduction of NAD+ bioavailability in parthanatotic cell death (David, et al., 2009, Huang,
et al., 2014). That sodium pyruvate supplementation rescues the sensitivity of XRCC1"
RPE-1 cells to PARG inhibition suggests a mechanism of toxicity related to metabolic
collapse. To confirm this, | repeated the clonogenic assays, supplementing cells with the
NAD+ precursor nicotinamide mononucleotide (NMN) and observe an even greater
rescue of PARG inhibitor toxicity in XRCC17 RPE-1 cells, consistent with observations
to NAD+ repletion also rescues parthanatotic cell death (Figure 3.2 C) (Ying, et al.,
2003). These data suggest that, in the case of proliferating XRCC1-deficient RPE-1
cells, PARG inhibitor toxicity is a result of the excessive consumption of NAD+ by
PARP1, resulting in PARP1/NAD+ dependent cell death following metabolic collapse.

3.2.3 Defective SSBR in Dissociated Xrcc1Nes-c¢ Hippocampal Neurons

Typically, conditions associated with hereditary defects in SSBR, such as
SCAN1, MCSZ, and AOA-XRCC1, present with neurological involvement, and have yet
to be associated with an increased risk of cancer (Caldecott, 2008). Following the
discovery that XRCC1 deletion in mitotic cells results in poly(ADP-ribose) accumulation
and PARG inhibitor sensitivity, we next sought to investigate the consequences of Xrccl
deletion in post-mitotic neurons. To do so, we created dissociated hippocampal cultures
from p1-2 wild type and XrcclNest'® mouse pups. Whole body knockout of Xrccl is
embryonic lethal (Tebbs, et al., 1999). However, by employing conditional expression of
Cre recombinase by utilising the Nestin promoter, in which the targeted protein is
conditionally deleted in nervous tissue from embryonic day (E)15.5, viable Xrcc1Nes-Cre
pups are obtainable (Tebbs, et al., 1999, Dubois, et al., 2006, Lee, et al., 2009).

Given that XRCC1 deletion in human cells results in elevated poly(ADP-ribose)
accumulation and cell death following treatment SSB-inducing agents, | first aimed to

confirm the presence of elevated SSB-induced PARP activity in Xrcc1Nescre
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Figure 3.3 Methyl Methanesulfonate (MMS) Treatment Highlights Defective SSBR in
Xrcc1Nes" Hippocampal Neurons. Indirect immunofluorescence of DIV6 hippocampal
neurons cultured from p1-2 Wild Type and Xrcc1V*s¢*® mice. Cells were pre-treated with
5uM PARP inhibitor or vehicle for 4hrs prior to 1hr treatment with 0.005% MMS, and
alkylating agent, stained for NeuN, a marker of the neuronal nucleus, and ADP-Ribose.
Scale bars = 20um. Quantified in NeuN positive (neuronal) cells in B), and in NeuN
negative (glial) cells in C, significance is denoted by * where p < 0.05 by student’s t.test,
n = 3, cells were manually quantified in ImageJ, where at least 30 cells were measured
for immunofluorescence per replicate (> 90 cells). Histograms show mean + SEM.
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Xrcc1Nes" Hippocampal Neurons. Indirect immunofluorescence of DIV6 hippocampal
neurons cultured from p1-2 Wild Type and Xrcc1V*s¢*® mice. Cells were pre-treated with
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Ribose. Scale bars = 20um. Quantified in NeuN positive (neuronal) cells in B), and in
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Hippocampal neurons (Hoch, et al., 2017). To do so, | pre-treated mixed cultures
(cultures containing both primary neurons and glial cells) for 4 hrs with either PARP
inhibitor or DMSO control, prior to a further 1 hr treatment in the presence of either
0.005% (45uM) methyl methanesulfonate (MMS), a DNA-SSB inducing alkylating agent,
or 10uM Camptothecin (CPT), a Topoisomerase 1 poison. Following either treatment,
XrccaNes€re  hippocampal neurons exhibit significantly elevated poly(ADP-ribose)
accumulation when compared to wild type neurons (Figure 3.3 A & B, Figure 3.4 A & B),
consistent with the decreased SSBR capacity associated with Xrccl deficiency® neurons
(Lee, et al.,, 2009). Given that these cultures of hippocampal neurons are mixed
(containing both neuronal and glial cells), | employed the neuronal marker NeuN to
discriminate between neurons and glia. In Xrcc1Nes¢® mixed cultures, both NeuN-
positive (neurons) and NeuN-negative (glia) cells exhibited greater levels of poly(ADP-
ribose) from exogenous sources than in cell type matched wild type controls (Figure 3.3
C, Figure 3.4 C).

3.2.4 A Cell Autonomous Model of Endogenous Parpl Activation in Neuronal

Cultures

Previous observations have identified elevated poly(ADP-ribose) in the
mature hippocampus of the Xrcc1Nes° mouse (Figure 3.5) (Komulainen, et al., 2021).
Given that poly(ADP-ribose) levels are elevated in the Xrcc1Nes°® mouse hippocampus
in vivo in the absence of exogenous damaging agents (Figure 3.5 and Komulainen, et
al., 2021), | next aimed to determine whether dissociated Xrcc1Nes¢"® neurons could
provide a cell autonomous model of endogenous damage and Parpl activation. |
therefore pre-treated the hippocampal cell cultures for 4 hours with either 5uM PARP
inhibitor or vehicle control, prior to treatment with 10uM PARG inhibitor for 1 hour. | saw
increased accumulation of poly(ADP-ribose) in Xrcc1Nes™ hippocampal neurons in vitro
in the absence of exogenous DNA damaging agents (Figure 3.6 A & B). This
accumulation of ADP-ribose suggests that Xrcc1*s©" hippocampal neurons exhibit
elevated steady-state levels of endogenous SSBs, with PARG inhibition stabilising the
nascent poly(ADP-ribose) synthesised by Parp1; providing a cell autonomous model by
which we can examine endogenous poly(ADP-ribose) synthesis in neuronal cells. When
Xrcc1Nes'® neurons were pre-incubated with a PARP1 inhibitor prior to PARG inhibition,
this effect was suppressed entirely, confirming that the elevated ADP-ribosylation is a
result of constitutive synthesis of nascent poly(ADP-ribose). | also noted elevated
poly(ADP-ribose) accumulation in post-mitotic neurons compared to proliferative glial

cells when quantified based on the presence of neuronal marker (Figure 3.6 B and C).
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Figure 3.5 Poly(ADP-ribose) Accumulation in the In Vivo XrcclNesC€® Mouse
Hippocampus. A] Indirect immunofluorescence of 10 micron CA1 hippocampal sections
from p15 wild type and Xrcc1Nesc" mice, perfused transcardially with 4% PFA, stained
for ADP-Ribose and yH2AX. Elevated ADP-Ribose and yH2AX are observed in the
Xrcc1Nes € hippocampus, as previously reported by E. Komulainen. Scale bar = 50pm.
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Figure 3.6 Acute PARG Inhibition Reveals Endogenous Damage and Nascent ADP-
Ribose Synthesis A) Indirect immunofluorescence of DIV6 hippocampal neurons
cultured from p1-2 Wild Type and Xrcc1NeSC® mice. Cells were pre-treated with S5uM
PARP inhibitor or vehicle for 4hrs prior to 1lhr treatment with 10uM PARG inhibitor,
stained for MAP2 and ADP-Ribose. Scale bars = 20um. B) Quantification of ADP-ribose
intensity in MAP2+ve (neuronal) cells from Wild Type (n = 6, > 180 cells per condition),
Xrcc1NesC"® (n = 6, > 180). Quantification of ADP-Ribose intensity in MAP2 negative
(glial) cells in C) from three replicates, > 90 cells. Significance denoted by *** where P >
0.005 by student’s t.test, indicating significantly elevated poly(ADP-ribose) accumulation
in Xrcc1Nes-Cr Hippocampal neurons. Histograms show mean + SEM.
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Given that pre-treatment with a PARP inhibitor suppresses PARG inhibitor induced
poly(ADP-ribose) accumulation, thereby indicating nascent synthesis, the elevated
poly(ADP-ribose) in neuronal cells suggests that the elevated steady-state level of
endogenous DNA SSBs is higher in, or is specific to, post-mitotic neurons, when

compared to glia.

3.2.5 Parpl Deletion Supresses poly(ADP-ribose) Accumulation in XrcciNes<Cre

Hippocampal Neurons

Next, | investigated the effect of Parpl deletion on the cellular phenotype of
elevated poly(ADP-ribose) accumulation. The deletion of either one or both alleles of
Parpl is sufficient to suppress or eliminate the accumulation of poly(ADP-ribose) in the
Xrcc1NesC® mouse hippocampus (Komulainen, et al., 2021). Similarly, Parp1 deletion
drastically rescues the premature mortality that characterises the Xrcc1Nes-¢"® mouse; the
deletion of one or both alleles increasing lifespan by ~25 fold and ~8 fold respectively
(Komulainen, et al., 2021). To investigate whether Parpl deletion suppresses the
elevated PAR in dissociated Xrcc1Nes " hippocampal cells, | prepared hippocampal
neurons from Parp1*-/Xrcc1NesCe and Parp1”/Xrcc1Nes¢® mouse pups, which were then
treated as described in the previous section. | observed a partial reduction in poly(ADP-
ribose) accumulation in Parpl*/Xrcc1NesC" neurons similar to that reported in
hippocampus in brain slices from Parpl*/XrcciNesC® mice (Figure 3.7 A & B)
(Komulainen, et al., 2021). Deletion of both Parpl alleles was sufficient to reduce
poly(ADP-ribose) accumulation in Xrcc1Nes€" neurons to a level similar to or below that
in wild type neurons, as observed in Parpl’/Xrcc1NesC' prain slices (Figure 3.7 A & B)

(Komulainen, et al., 2021).

3.2.6 XrcciVestre Hippocampal Neurons Exhibit Parpl-Dependent Shortened

lifespan in vitro

Previous studies have indicated that cerebellar dysfunction in the Xrcc1Nes-Cre
mice may in part be related to death of the cerebellar interneurons, and TUNEL staining
of the mature mouse brain has also suggested elevated cell death in the cerebellar
granule layer in the pathology of this mouse (Lee, et al., 2009, Komulainen, E.
unpublished observations). Interestingly, the death of cerebellar interneurons in
Xrcc1NesC® mice can be rescued by the additional deletion of p53, a tumour suppressor
gene which induces cell cycle arrest and apoptosis in response to DNA damage,
indicating that this death occurs during neurodevelopment, when neural progenitors are
still undergoing cell division (Lee, et al., 2009). We have not, as yet, observed significant

cell loss in Xrcc1N*s°™ hippocampus in vivo. In vitro, however, Xrcc1N*™ hippocampal
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Figure 3.7 The Additional Deletion of Either One or Both Alleles of Parpl Rescues
poly(ADP-ribose) Accumulation in XrcciNest Hippocampal Neurons. A) Indirect
immunofluorescence of DIV6 hippocampal neurons cultured from p1-2 Wild Type,
Xrcc1Nes € mice, Parpl*-/XrcciNesCe and Parpl”/XrcclNesCe, Cells were pre-treated
with 5uM PARP inhibitor or vehicle for 4hrs prior to 1hr treatment with 10uM PARG
inhibitor, stained for NeuN and ADP-Ribose. Scale bars = 20um. B) Quantification of
ADP-ribose intensity in NeuN positive (neuronal) cells from Wild Type (n =6, > 180 cells
per condition), Xrcc1NeC" (n = 6, > 180), Parp1*/Xrcc1Nes"® (n = 3, > 90), and Parp1™
[Xrcc1NesC® (n = 3, > 90) mice, indicating that the accumulation of ADP-Ribose in
Xrcc1NesC'® hippocampal neurons following acute PARG inhibition is suppressed by
Parpl deletion (one-way ANOVA, p < 0.0001, Tukey’s post-hoc indicating significance
where *** denotes p < 0.005). C) Quantification of ADP-Ribose intensity in MAP2-ve
(glial) cells from Wild Type (n = 3, > 90), Xrcc1Nes€® (n = 3, > 90), Parp1*/Xrcc1Nescre
(n = 3, > 90), and Parp1”/XrcciNesC® (n = 3, > 90) mice, again indicating significant
accumulation of ADP-ribose in Xrcc1V*°"® hippocampal neurons (one-way ANOVA, p <
0.0001, Tukey’s post-hoc indicating significance where * denotes p < 0.05, ** p < 0.01,
and *** p < 0.005). Histograms show mean = SEM
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Figure 3.8 Parpl-dependent death in Xrcc1Nes°" hippocampal neurons, in vitro.
Survival curves demonstrating time-dependent loss of Xrcc1Nes¢" hippocampal neurons
in culture. Neuronal survival was calculated following fixation of cells and staining with
the neuronal marker, MAP2, at the indicated timepoints. MAP2-positive cells (neurons)
were counted at the indicated time points using a fluorescent microscope and expressed
graphically as a fraction of cells present relative to their T(0) DIV6 timepoint. Survival
curves demonstrate the effects of additional Parpl deletion (left) and Parpl inhibition
(right) on neuronal survival. Statistical significance was determined using one-way
ANOVA and Tukey’s post-hoc multiple comparisons * p < 0.05, ** p < 0.01, and *** p <
0.005. Wild Type n = 6 cultures, XrccINsC®n = 4, Parpl*™/XrcciN*sc® n = 3, Parpl™
IXrccaNes€ n = 3, Wild Type + PARP inhibitor, n = 4, Xrcc1Nes® + PARP inhibitor, n =
4.



72

neurons exhibited shortened lifespan, as indicated by a time-dependent decrease in
MAP2 positive cells, when compared to wild type neurons (Figure 3.8 A). Parp1l deletion
resulted in significant rescue of hippocampal neuron lifespan, although deletion of either
one or both parpl alleles restored survival to wild type levels (Figure 3.8 A). In addition,
chronic incubation of Xrcc1Nes€" hippocampal cells with a PARP inhibitor throughout the
time course of the experiment was sufficient to rescue the survival of XrcclNes<cre
hippocampal neurons (Figure 3.8 B). These data would suggest that Parpl activity at
sites of endogenous SSBs results in the decreased lifespan of Xrcc1NesC™ hippocampal

neurons in vitro.

3.2.7 Parp-Dependent Sensitivity of XrcciNes¢re Hippocampal Neurons to PARG
Inhibition

| next examined whether, similar to proliferating XRCC1” RPE-1 cells,
Xrcc1NesCre hippocampal neurons were sensitive to chronic PARG inhibition. Cells were
treated at DIV6 for 3 days with various concentrations of the PARG inhibitor. | observed
highly significant sensitivity to PARG inhibitor in Xrcc1Nes-¢"® hippocampal neurons and
glia when compared to wild type hippocampal neurons (Figure 3.9). This drastic
sensitivity to PARG inhibition would indicate that poly(ADP-ribose) accumulation in
neuronal cells is highly toxic, as wild type neurons did exhibit sensitivity at high doses of
PARG inhibitor. Chronic treatment with a PARP inhibitor was sufficient to rescue the
sensitivity of both Xrcc1Nest and wild type neurons to PARG inhibitor (Figure 3.9).
Hippocampal neurons cultured from Parp1’/Xrcc1Nes-C' mice exhibited complete rescue
of PARG inhibitor sensitivity, surpassing wild type neuronal survival. We observed partial
rescue of sensitivity in neurons cultured from Parp1*/Xrcc1Nes¢e mice, with intermediate
survival likely owing to their retention of one allele of Parpl, and their still-elevated
poly(ADP-ribose) accumulation. We also investigated the sensitivity of co-cultured glia
to PARG inhibition. Xrcc1Nes¢"e glia do exhibit sensitivity to PARG inhibition, with roughly
50% of cells surviving following 3-day incubation with 50uM PARG inhibitor (Figure
3.10). This sensitivity was also rescued by the additional deletion of Parpl. The
increased sensitivity of Xrcc1Nes¢® neurons compared to co-cultured glia might be
related to the elevated poly(ADP-ribose) accumulation in neuronal cells. Interestingly,
PARP inhibition rescued the sensitivity of XrcciNesCre glial cells to PARG inhibitor,
despite reports of PARP1 blockade being synthetically lethal in XRCC1 deficient
proliferative cells due to replication fork collapse and DSB accumulation (Horton, et al.,
2014, Ali, et al., 2020). In order to reduce proliferation during longevity experiments, cells
were maintained in serum free medium, limiting cell cycle progression and thus

bypassing PARP inhibitor induced replication fork collapse (Chou and Langan, 2003).
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Figure 3.9 Parpl Dependent Phenotypic Sensitivity to PARG Inhibition in Xrcc1Nes<cre
Hippocampal Neurons. Survival curve demonstrating sensitivity of XrcclNes<re
hippocampal neurons to PARG inhibition. Cells were treated at DIV6, with PARGI
present for 72hrs prior to fixation, whereupon MAP2 positive cells were counted in
relation to their respective genotype’s DMSO control. Survival curves demonstrate the
effect of Parpl inhibition (right) and deletion (left). Xrcc1N*“"® hippocampal neurons
exhibit significant sensitivity to PARG inhibition, which is rescued by the additional
deletion of Parp1 (Wild Type n = 7 cultures, Xrcc1N®¢®n = 5 Parp1*/Xrcc1Nesten = 3,
Parpl”/Xrcc1NesC®n =3, PARPI conditions n = 3, one-way ANOVA, p < 0.0001, Tukey’s
post-hoc indicating significance as * where p < 0.05, ** p < 0.01, and **** p < 0.005).
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Figure 3.10 Phenotypic Sensitivity to PARG Inhibition in Xrcc1V*s¢™ Glial Cells. Survival
curve demonstrating sensitivity of Xrcc1Nesc glial cells to PARG inhibition. Cells were
treated at DIV6, with PARG inhibitor present for 72hrs prior to fixation, whereupon MAP2
negative cells were counted in relation to their respective genotype’s DMSO control.
Xrcc1NesCre glial cells exhibit significant sensitivity to PARG inhibition, which is rescued
by the additional deletion of Parp1, or through PARP inhibition (Wild Type n =5 cultures,
XrccNesCren = 5, Parpl*/XrccaNesC"® n = 3, Parpl”/Xrcc1N®sC*®n =3, PARPI conditions
n =3, one-way ANOVA, p < 0.005, student’s t-test indicating ** where p < 0.01, and ****
p < 0.005).
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3.2.8 NMN Supplementation Rescues PARGi Sensitivity, but is Insufficient to

Rescue Spontaneous Cell Death in Xrcc1N®s¢"¢ Hippocampal Neurons

My previous experiments suggested that the increased sensitivity to PARG
inhibition in XRCC17 RPE-1 cells is a result of chronic depletion of cellular NAD+, and
that supplementation with the precursor NMN can rescue this (Figure 3.2 C). | next
sought to investigate whether the spontaneous cell death observed in XrcclNescre
hippocampal neurons might also be rescued by supplementation of the NAD+ precursor,
NMN. Xrcc1Nes€e hippocampal neurons were examined at DIV6, DIV12, and DIV18 in
the absence/presence of 500uM NMN, and surviving neurons counted and plotted as a
fraction of those in the respective DIV6 controls. However, NMN treatment did not rescue
the spontaneous death observed in Xrcc1NesC hippocampal neurons, suggesting that
the cause of death is unlikely to be NAD+ depletion (Figure 3.12).

To confirm that NMN was functioning in my cell system, | examined its ability
to restore Parpl activity in Xrccl defective neurons that were first depleted of NAD+ by
incubation with the NAMPT inhibitor FK866. This idea was based on my earlier
experiments in which | showed that FK866 ablates poly(ADP-ribose) synthesis in
XRCC17 RPE-1 cells (Figure 3.1). Indeed, 4hr pre-treatment with FK866 suppressed
the elevated endogenous level of poly(ADP-ribose) in Xrcc1Nes® neurons, and this was
restored by additional supplementation with 500uM NMN (Figure 3.11 A, B & C).
Moreover, NMN treatment partially rescued the sensitivity in Xrcc1Nes¢" hippocampal
neurons to PARG inhibitor, as it did in XRCC1” RPEL1 cells (Figure 3.12), confirming the
efficacy of NMN in my hippocampal neurons. Collectively, these data suggest that, in
contrast to the impact of PARG inhibition on reduced survival of Xrccl defective
neurons, the intrinsic/spontaneous decrease in lifespan of Xrcc1Nes" hippocampal

neurons is unlikely to be due to NAD+ depletion (Figure 3.12).

3.2.9 Abortive Top1 Activity is Unlikely to be the Source of Endogenous DNA SSBs

in Xrccl1NesCre Hippocampal Neurons

Next, | exploited the elevated endogenous Parpl activity to address the source
of the endogenous SSBs that trigger this activity. Neurons exhibit an elevated
transcriptional demand, a consequence of their longevity, plasticity, and range of
function (Stott, et al., 2021). Given that transcription is linked to the reorganisation of
chromatin and the subsequent generation of topological stress, | reasoned that perhaps
the elevated steady-state level of DNA SSBs observed in XrcclNest hippocampal
neurons is the result of abortive Topl activity, as the neuronal expression of long genes

is reliant on Topl (King, et al., 2013, Baranello, et al., 2016, Pommier, et al., 2016).
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Figure 3.11 NAD+ Dependent poly(ADP-ribosyl)ation in Xrcc1*s“*® Hippocampal
Neurons. Indirect immunofluorescence of DIV6 hippocampal neurons cultured from p1-
2 Wild Type and Xrcc1*s“® mice. Cells were pre-treated for 4hrs with either the NAMPT
inhibitor FK866, the NAD+ precursor NMN, both compounds, or vehicle controls prior to
1hr treatment with a PARG inhibitor. FK866 is shown to significantly impair poly(ADP-
ribose) synthesis. NAD+ repletion with NMN following FK866 is sufficient to restore
poly(ADP-ribose) accumulation, indicating it is being utilised by the cell. Scale Bar =
20pM. Quantification of poly(ADP-ribose) intensity in neuronal cells in B) where ***
denotes significance, p < 0.005 by student’s t.test. Quantification in glial cells in C),
where *** denotes significance, p < 0.005 by student’s t.test. Histograms show mean *
SEM. Data from three individual repeats, > 90 cells quantified in each group.
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Figure 3.12 NAD+ Repletion Rescues PARGi Sensitivity, but not Spontaneous Cell
Death. Survival curves of cultured hippocampal neurons, one being cells measured for
spontaneous cell death from DIV6 to DIV18, the other having been calculated following
3 days treatment with PARG inhibitor. Cells were chronically treated with either 500uM
NMN or PBS vehicle. Wild Type n = 3 cultures from separate mice, XrcciNestren =3, +
PARPI n = 3. NMN repletion does not significantly rescue spontaneous cell death (p =
0.18). NMN treatment does, however, significantly rescue death attributed to PARG
inhibitor sensitivity, where p < 0.05 by student’s t.test
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Figure 3.13 Inhibition of TOP1cc Degradation by the Proteasome Does Not Rescue
poly(ADP-ribose) Accumulation. Indirect immunofluorescence of DIV6 hippocampal
neurons cultured from p1-2 Wild Type and Xrcc1N*s" mice. Cells were pre-treated for
4hrs with either the proteasome inhibitor MG132, or DMSO control prior to 1hr treatment
with either a PARG inhibitor or CPT. MG132 treatment did not significantly reduce
poly(ADP-ribose) accumulation following PARG inhibition, however the significant
reduction in CPT induced PARP activity would indicate its efficacy in the inhibition of
Toplcc degradation. Scale bar = 20uM. Quantification of poly(ADP-ribose) intensity in
neuronal cells in B) where *** denotes significance, p < 0.005 by student’s t.test.
Quantification in glial cells in C), where *** denotes significance, p < 0.005 by student’s
t.test. Data quantified from three replicates, > 90 cells quantified. Histograms show mean
+ SEM.
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Topl regulates the breakage of a single strand of DNA to regulate torsional stress, by
forming transient cleavage complexes in which Top1 is covalently linked to the 3’
terminus of the single strand break (Wang, et al., 1971, Ashour, et al., 2015, Baranello,
et al., 2016, Pommier, et al., 2016). These complexes are intrinsic in ordinary
transcription, and are degraded by the proteasome, at which point Parpl may identify
the break and, in wild type cells, facilitate the recruitment of the SSBR machinery
(Redinbo, et al., 1998, Lin, et al., 2008, Das, et al., 2016). In order to investigate whether
the endogenously occurring DNA SSBs arise as a result of abortive Topl activity, we
pre-treated wild type and Xrcc1Nes<r® hippocampal neurons with the 26s proteasome
inhibitor MG132, prior to PARG inhibition. For Parpl to recognise Topl-linked SSBs, the
Toplcc must first be degraded by the proteasome, and as such will not induce PARP1
activity in the presence of MG132 (Lin, et al., 2008). Indeed, pre-treatment of
hippocampal neurons with MG132 was sufficient to significantly reduce PARP1 activity
induced by CPT, a Topl poison which results in the genesis and stability of the Toplcc
(Figure 3.13 A, B & C). However, MG132 pre-treatment did not suppress the elevated
PARP1 activity in Xrcc1NesC" neurons or glia, indicating that the source of endogenous
DNA SSBs is unlikely to be a result of abortive Topl activity (Figure 3.13 A, B & C).

3.2.10 Inhibition of Nitric Oxide Synthesis suppresses the elevated poly(ADP-

ribose) in Xrcc1Nes-¢¢ Hippocampal Neurons

Since Topl-linked DNA SSBs are unlikely to be the source of endogenous
damage in Xrcc1Nes-Ce hippocampal neurons, | investigated a separate means by which
neuronal processes may underlie this elevated Parpl activity. Nitric Oxide ("NO) is a key
signalling molecule in the brain, regulating the intrinsic excitability of neuronal cells and
directly acting in the maintenance of synaptic plasticity (Steinert, Chernova and
Forsythe, 2010, Chachlaki and Prevot, 2020). In the brain, this molecule is generated by
neuronal Nitric Oxide Synthase (nNOS), a calcium-calmodulin controlled enzyme which
generates "NO predominantly from L-arginine and NADPH (Zhou and Zhu, 2009). In
conjunction with the superoxide anion, O>™, "NO forms peroxynitrite, a reactive nitrogen
species (Burney, et al., 1999). In DNA, purine nucleotides are prone to oxidation and the
formation of adducts; one such being 8-nitroguanine in the presence of peroxynitrite,
which is rapidly depurinated to form abasic sites, which will ultimately result in DNA
SSBs following their removal by Ape proteins (Yermilov, et al., 1995, Ohshima, et al.,
2006, Thakur, et al., 2014). Peroxynitrite also results in the oxidation of deoxyribose,
resulting in DNA SSBs through the direct degradation of the DNA sugar backbone (ul
Islam, et al., 2015).
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Figure 3.14 nNOS Inhibition Rescues poly(ADP-ribose) Accumulation in Xrcc1Nescre
Hippocampal Neurons. Cells were cultured from p1-2 Wild Type and Xrcc1Ns¢"® mouse
pups. Cells were imaged at DIV6 and stained for NeuN and ADP-Ribose. Cells were
pre-treated with 100uM nNOS inhibitor L-NAME, 5uM PARP inhibitor, both, or vehicle
control for 4 hrs prior to 1 hr treatment with PARG inhibitor. Pre-treatment with L-NAME
was sufficient to significantly reduce poly(ADP-ribose) accumulation in XrcclNescre
hippocampal neurons. Wild Type n = 3, > 90 cells, XrcclNes€® n = 3, > 90 for all
treatments. Scale bar = 20uM. Quantified in neuronal cells (NeuN positive) in B), where
* denotes p < 0.05 by student’s t-test. Quantified in glial cells (NeuN negative) in C),
where the reduction afforded by L-NAME in PARG inhibitor induced poly(ADP-ribose)
accumulation is not significant, p = 0.06 by student’s t.test. Data from three replicates, >
90 cells quantified. Histograms show mean + SEM.
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To investigate whether neuronal "NO signalling may underlie the elevated
induction of endogenous DNA SSBs in Xrcc1Nes¢'® hippocampal neurons, | pre-treated
cells with the nNOS inhibitor L-NAME for 4hrs prior to PARG inhibition. L-NAME was
sufficient to greatly reduce poly(ADP-ribose) accumulation in Xrcc1Nes¢" neuronal cells,
suggesting that a fraction of the endogenous SSBs arising in Xrcc1Ns" hippocampal
neurons are the result of "NO induced RNS (Figure 3.14 A & B). Interestingly, | did not
see a significant reduction in poly(ADP-ribose) accumulation in non-neuronal cells
following L-NAME pre-treatment (Figure 3.14 C), consistent with the comparative lack
of "NO synthesis in non-neuronal cells (Yuste, et al., 2015). However, evidence has
suggested that "NO diffusion between neuronal cells and glia may result in peroxynitrite
accumulation in peripheral cells, and as such may be a cause of endogenous SSB
formation in cells absent nNOS (Haselden, et al., 2020). "NO has been implicated in
numerous disorders, such as AD, PD, and ALS; however, the contribution of 'NO to
these conditions is typically confined to the genesis of neuroinflammation, rather than
the pathology being a direct result of RNS induced DNA SSBs (Togo, Katsuse, and Iseki,
2004).

3.2.11 The Additional Deletion of Apel Does Not Rescue poly(ADP-ribose)

Accumulation in Xrcc1Nes-¢¢ Hippocampal Neurons

Having highlighted a potential role for "NO in the genesis of endogenous DNA
SSBs in our neuronal model, | reasoned that radical-dependent base modification, and
subsequent AP site formation may underlie endogenous SSB formation in Xrccl-
deficient models. Following this, | posited that the additional deletion of Apel would halt
the formation of these SSBs, thereby reducing Parpl activity. Apel is a multifunctional
enzyme that acts to incise the DNA backbone at AP sites, so that these lesions may be
replaced by undamaged nucleotides during BER (Whitaker and Freudenthal, 2018).

To investigate this hypothesis, Xrccl->P>F mice were crossed with
ApeltoPlo mice, along with the introduction of the nestin-cre driver, enabling the setup
of breeding pairs capable of producing both ApelNesCtre and ApelNes-Cre/XrcclNes-Cre
mouse pups. The ApelNesCremouse is similarly characterised by the degeneration of the
cerebellum and juvenile mortality, however this is the result of the loss of
thermoregulation following the selective death of serotonergic neurons, rather than
terminal seizures (llluzzi, et al., 2018). Hippocampal neurons were cultured from p1-2
ApelNesCtre/Xrcc1NesC® mouse pups prior to their treatment at DIV6. Interestingly,

however, neurons from double knockout mice exhibited drastic cell death, with fewer
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Figure 3.15 The Additional Deletion of Apel Does Not Rescue poly(ADP-ribose)
Accumulation. Cells were cultured from p1-2 Wild Type, XrcclNescre  ApelNes<re and
ApelNesctre/Xrec1NesC® mouse pups. Cells were imaged at DIV6 and stained for NeuN
and ADP-Ribose. Cells were pre-treated with 5uM PARP inhibitor or DMSO control for
4 hrs prior to 1 hr treatment with PARG inhibitor. Additional deletion of Apel did not
rescue accumulation, but rather increased poly(ADP-ribose) intensity in XrcclNes<re
neurons. Single Apel deletion also induced significant accumulation of poly(ADP-
ribose). Wild Type n = 3, > 90 cells, XrcciNesCte n = 3, > 90, ApelNescen = 3, > 90,
ApelNesCre/XreciNestre n = 3, > 50 cells. Neuronal viability was noticeably decreased in
ApelNescre/XrccaNes<re cultures. Scale bar = 20uM. Quantified in neuronal cells (NeuN
positive) in B), one way ANOVA where p < 0.001, followed by Tukey’s post hoc
comparison where significance is denoted by ** where p < 0.01, *** where P < 0.005,
and **** where P < 0.001. Glial (NeuN Negative) quantification in C, one way ANOVA
where p < 0.001, followed by post hoc comparisons as above where * denoted p < 0.05,
and *** denotes p < 0.005. Histograms show mean + SEM.
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Figure 3.16 Decreased Viability of ApelNesCt®/XrcciM*s“" Hippocampal Neurons.
Hippocampal neurons were cultured from p1-2 mouse pups and plated at a density of
100,000 cells per well. At DIV6 cell were stained for NeuN, a neuronal marker, and
counted in comparison to the wild type control, represented in the histogram as viability
relative to wild type. Significance is denoted as **** where p < 0.001 by student’s t-test.
Histogram shows mean + SEM. Data from three individual replicates.
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than 1% of plated cells surviving to treatment, at which point we increased plating
density. When plated at 100,000 cells/well, there was a greater degree of survival,
however there was a roughly 90% reduction in viability compared to wild type cells,
indicating significant cell death (Figure 3.16).

Still, we aimed to investigate whether the absence of Apel would limit SSB
formation through the impaired genesis of abasic sites. Following an increase in plating
density, we treated wild type, ApelNesCtre XrcciNesCtre and ApelNes-Cre/XrcclNescre
hippocampal neurons with a PARG inhibitor. Interestingly, we note elevated Parpl
activity in all three mutant cell lines (Figure 3.15 A & B). Partial elevation of Parpl activity
in ApelNesCre neurons was unexpected, given that the deletion of Apel should result in
an inability to incise abasic sites, but should not result in SSB formation (llluzzi, et al.,
2018). ApelNescre/XreciNesCre hippocampal neurons exhibited an even greater
accumulation of poly(ADP-ribose) than in Xrcc1Nes¢ cells, suggesting that the formation

of endogenous DNA SSBs in Xrcc1Nes-C® neurons is not Apel dependent.
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3.3 Discussion

One of the more puzzling elements of SSBR-related pathology is their almost
exclusively neurological phenotype. Hereditary defects in SSBR result in cerebellar
degeneration and ataxia and, unlike in the case of disorders of DSBR (such as AT), are
not commonly associated with an increased incidence of cancer (Caldecott, 2008).
There are several theories as to why disorders of SSBR present in this way. The brain
is a highly metabolically active organ, and as such may be more prone to ROS induced
DNA-SSBs that might accumulate over cell lifespan (Caldecott, 2008, Watts, et al.,
2018). Neuronal cells are highly transcriptionally active, in part due to activity-dependent
alterations to protein expression. This transcription is intrinsically linked to DNA repair,
as both Topl and Top2 are required for the transcription of long, neuronal genes (King,
et al., 2013, Stott, et al., 2021). Similarly, the longevity of neuronal cells may play a role;
with some exceptions, there is very little turnover of neurons in the brain, and neurons
are unique in their longevity (Magrassi, et al., 2013). As such, this longevity may facilitate
the accumulation of DNA SSBs in the cell to a point of criticality that could not be reached
in the lifespan of a mitotic cell. Previously, the majority of investigations of SSBR-related
pathology had occurred in mitotic cells which, for the above reasons, are perhaps an
unsuitable model for the investigation of a neurological phenotype. As such, we sought
to establish a neuronal cell autonomous model of endogenous Parpl activity to
investigate the incidence of DNA SSBs in post-mitotic cells, in hopes of better

understanding the mechanisms underlying SSBR-related neuropathology.

Previous studies of mitotic cells had indicated that the deletion of XRCC1 resulted in
defective DNA-SSBR, where induction of DNA damage by exogenous damaging agents
resulted in elevated poly(ADP-ribose) accumulation, indicating that PARP1 was retained
at unresolved breaks in SSBR-deficient cells (Hoch, et al., 2017). The further discovery
that the conditional deletion of Xrccl resulted in Parpl-dependent juvenile mortality and
the accumulation of poly(ADP-ribose) in the mouse brain presented compelling evidence
that endogenously occurring DNA-damage could result in pronounced neuropathology
(Hoch, et al., 2017, Komulainen, et al., 2021). However, while Parpl deletion was
sufficient to rescue many aspects of this phenotype, chemical manipulation by PARP
inhibitors seemingly did not (likely through either difficulty in accessing cells, or
maintaining PARP inhibition), further highlighting the need for a cell autonomous model
by which we could further study the effect of Xrccl deletion in neuronal cells in vitro

(Komulainen, E. unpublished observations).
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Upon establishing that hippocampal neurons cultured from Xrcc1Nes® mice were,
indeed, characterised by defective SSBR (Figure 3.3 and Figure 3.4), we sought to
investigate whether they replicated the accumulation of poly(ADP-ribose) at sites of
endogenous damage that was observed in the mouse brain. While we did not observe
this accumulation in untreated cells, treatment with the PARG inhibitor (which stabilises
poly(ADP-ribose) chains on autoribosylated Parpl) facilitated the large-scale
accumulation of poly(ADP-ribose) in neuronal nuclei within only 1 hour (Figure 3.6). This
highly dynamic accumulation is indicative of the scale of Parpl activity at sites of
unresolved endogenous DNA-damage in Xrccl-deficient cells. Interestingly, pre-
treatment of cells with a PARP inhibitor was sufficient to completely remove this
accumulation, indicating that the accumulation we observe is the constitutive synthesis
of nascent polymer at sites of endogenous damage, rather than previously synthesised
poly(ADP-ribose). Of further note is the discrepancy between neurons and co-cultured
glial cells; where there is a greater accumulation of poly(ADP-ribose) accumulation in
post-mitotic cells, perhaps indicating that neurons exhibit elevated steady-state levels of
endogenous DNA-damage (Figure 3.6 B & C). In some non-neuronal cells, we do
observe highly elevated poly(ADP-ribose) accumulation, however these are present in
both wild type and Xrcc1Nesc glia, and likely represent Parpl activation at unligated
Okazaki fragments during S-phase (Hanzlikova, et al., 2018). The elevated steady-state
level of poly(ADP-ribosylation) in neurons is of particular interest, due to the question of
the exclusively neurological phenotype characteristic of hereditary defects in SSBR.
Following these observations, we cultured hippocampal neurons from Parp1*/Xrcc1Nes:
creand Parpl”/Xrcc1NesC mice which, when treated with the PARG inhibitor, replicated
either the partial or total rescue of poly(ADP-ribose) accumulation that we see in the
mouse brain, further establishing the validity of our cellular model (Figure 3.7)

(Komulainen, et al., 2021).

One of the key features of the Xrcc1Nes¢" mouse model is the degeneration of the
cerebellum, accompanying cell death in the granule layer, as well as the selective death
of cerebellar interneurons (Lee, et al., 2009). While the death of interneurons is p53
dependent and, as such, likely occurring during development, cell death in the
cerebellum may underlie the progressive ataxia that characterises the XrcclNes-cre
mouse (Lee, et al., 2009). Despite this, cell death in the hippocampus (the other main
structure in which we observe elevated poly(ADP-ribose) accumulation) has not been
observed. Strikingly, however, upon culturing hippocampal neurons from Xrcc1Nes-Cre
mice, we observed significantly reduced viability of neuronal cells in comparison to wild

type. This phenotype could be rescued by the additional deletion of one or both alleles
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of Parpl, as well as by chronic co-incubation with a PARP inhibitor (Figure 3.8).
Interestingly, PARP inhibitor treatment provided greater rescue than deletion, perhaps
due to a lack of selectively for Parpl over Parp2/3. While we have yet to observe
hippocampal death in vivo, Parpl-dependent death in vitro indicates the toxicity of
poly(ADP-ribose) accumulation in neuronal cells. Repletion of cellular NAD+ did not
rescue the spontaneous cell death observed in Xrcc1Nes¢'® hippocampal neurons,
however it did significantly rescue PARG inhibitor sensitivity, indicating that when
poly(ADP-ribose) accumulates to a point of criticality, cell death occurs due to NAD+
depletion, but that this is not the case at endogenous levels (Figure 3.9 and Figure 3.12).
These data may provide mechanistic insight into cell death observed in other structures
of the mouse brain in vivo, as well as provide compelling support for the utilisation of

PARP inhibitors in the treatment of SSBR-related neuropathology.

The elevated accumulation of poly(ADP-ribose) in post-mitotic cells and selective
death of neurons in vitro each support the conclusion that neuronal cells are
characterised by an elevated steady-state level of endogenous damage compared to
glial cells (Figure 3.6). It is well established that neuronal cells exhibit elevated
transcriptional demand, however through inhibition of cleavage complex degradation,
we show that abortive Topl activity is unlikely to be the source of this damage (Figure
3.13). This is perhaps unsurprising, given that in comparison to the Xrcc1Nes¢"® mouse,
the Tdpl” mouse, which is characterised by an inability to repair Topl-linked SSBs,
displays a much milder phenotype, though it does exhibit a gradual decrease in brain
volume and a sensitivity to Topl poisons (Katyal, et al., 2007). We reasoned that a
separate source of endogenous DNA-SSBs might be "NO signalling. "NO signalling is a
critical process in neuronal cells and is involved in the regulation of many key processes,
such as LTP (Chachlaki and Prevot, 2020). "NO signalling does, however, result in the
production of RNS, capable of attacking DNA and resulting in SSB induction (Ohshima,
et al., 2006, ul Islam, et al., 2015). Upon inhibition of NNOS (the enzyme responsible to
the production of "NO in neurons), we note a significant decrease in poly(ADP-ribose)
accumulation in Xrcc1Nes-¢® hippocampal neurons (Figure 3.14 A & B). The observation
that nNOS inhibition is capable of rescuing poly(ADP-ribose) accumulation is significant,
as it provides a compelling explanation for the elevated accumulation of poly(ADP-
ribose) in neuronal nuclei in comparison to glia, which do not utilise "NO to the same
extent (Yuste, et al., 2015). This data may improve our understanding of the neurological
phenotype associated with hereditary defects in SSBR, as it provides an exclusively
neuronal mechanism by which SSB induction may contribute to the XrcclNes<re

phenotype.
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To further investigate this induction, neurons were cultured from a newly created
strain of Apel1Nes<re/Xrcc1NesC mice. We reasoned that the RNS-dependent production
of DNA adducts would likely be processed by Apel, an endonuclease which processes
the AP site prior to Parpl recruitment (Caldecott, 2008, Whitaker and Freudenthal,
2018). Interestingly, however, we observed an even greater accumulation of poly(ADP-
ribose) in these double knockout cells (Figure 3.15). Further, ApelNes<re/XrcclNescre
mice exhibited a similar phenotype to the Xrcc1N®s‘"® mouse, and displayed near total
death of neurons in vitro (Figure 3.16). This result is perhaps unsurprising, given that
both XrcciNeste and ApelNes€ mouse pups are notably small and feeble at birth, and
that the ApelNescre/Xrcc1NesC was born at a sub-mendelian rate, indicating possible
death during development. Those ApelNesCtre/Xrcc1NesCe mice that were born and not
cultured at p1-2 were assessed for lifespan, and did not demonstrate any increase in
longevity, but rather died or were culled within the range expected of both mutant strains
(Komulainen, Badman, and Ju, unpublished observations). Interestingly, single
knockout ApelNes€re hippocampal neurons also exhibit elevated poly(ADP-ribose)
accumulation in the presence of PARG inhibitor. Apel has a wide variety of both RNA
and DNA substrates, and there is much yet unknown about the interactions between
Apel and these targets. The depletion of Apel in neurons has been shown to result in
an accumulation of ROS and RNS due to glutamate excitotoxicity, which may underlie
the elevated poly(ADP-ribose) that we observe in ApelNes<re/Xrcc1NesCe hippocampal
neurons (Yang, et al., 2010). One possible mechanism by which Parpl activity might
follow Apel deletion is through the collision of transcriptional polymerases with SSBs at
abasic sites, which may induce poly(ADP-ribosylation) (Zhou and Doetsch, 1993).

| had thought that, should the majority of endogenous DNA SSBs be the result of
"NO-derived radicals, then the resultant base modification would ultimately be
processed by Apel. | propose that, either a separate protein is involved in the processing
of these ONOO" induced modifications, or that the damage being caused is due to the
direct oxidation of the DNA sugar moiety, rather than base modification (ul Islam, et al.,
2015). The repair of SSBs induced by direct oxidation would not be directly dependent
on Apel and, as such, we would not expect to see any decrease in poly(ADP-ribose)
accumulation in Ape1Nes-tre/Xrcc1Nes-Cre hippocampal neurons (Caldecott, 2008, Cadet,
et al., 2017). Elevated Parp1 activity might also be linked to the spontaneous hydrolysis
of elevated abasic sites, or perhaps the use of a bifunctional glycosylase (an APE1-
independent BER mechanism) (Wiederhold, et al.,, 2004, Greenberg, 2014).
Interestingly, nNOS only partially rescued poly(ADP-ribose) accumulation, with both

hippocampal neurons and glia still retaining some degree of elevated Parpl activity. This
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residual activity may represent a separate mechanism by which endogenous DNA SSBs
occur in Xrccl-deficient models. Perhaps these remaining breaks are due to ROS

generated during cellular metabolism.

A consistent observation made during these experiments is that many aspects of the
XrcciNes€e neuronal phenotype can be rescued by PARP inhibition. Notably, the
inhibition of Parpl is protective against neuronal death in vitro, consistent with the
ablation of poly(ADP-ribose) accumulation following PARP inhibitor treatment. These
data highlight the therapeutic potential of PARP inhibitors in the treatment of XRCC1-
related neuropathology and may have further applications in the treatment of other
hereditary defects of SSBR. The development of PARP inhibitors that do not engage in
PARP trapping, but rather phenocopy PARP1 deletion is, however, required for limiting

potential toxicity.
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Figure 3.18 A Model of Endogenous DNA Damage in the Xrccl-Deficient Neuron. Our
data suggests that a significant portion of the endogenously occurring DNA SSBs
occurring in Xrcc1Nes-C hippocampal neurons are the result of nitric oxide dependent
production of RNS. We propose that these RNS induce DNA SSBs, likely through
oxidation of the sugar moiety. It is likely that SSBs are also being generated concurrently
through ongoing cellular processes, such as ROS generated during metabolism.
Following this attack, Parpl localises to the unresolved break, whereupon it is retained;
continuously synthesising poly(ADP-ribose) in the absence of Xrccl. As the break goes
unrepaired, poly(ADP-ribose) accumulation leads to the depletion of cellular NAD+
which, in cells unable to recycle poly(ADP-ribose) due to PARG inhibition, is cytotoxic.
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3.3.1 Conclusion

XrccaNes€re hippocampal neurons represent a cell autonomous model of
endogenous DNA damage and Parpl activation that replicates elements of the
phenotype associated with the Xrcc1Nes¢® mouse. The accumulation of poly(ADP-
ribose) in XrcciNest neurons following PARG inhibition indicates that Xrccl deletion
results in an elevated, steady state level of endogenously arising DNA SSBs and
subsequent Parpl activity. We highlight elevated poly(ADP-ribose) in neuronal cells,
compared to proliferative glia, perhaps indicating an elevated degree of endogenous
SSB induction, and providing a potential explanation for the exclusively neurological
phenotype associated with hereditary defects in SSBR. The Parpl activity associated
with these breaks results in elevated neuronal death in vitro, providing a possible
explanation for the cell death observed in certain structures of the Xrcc1Nes-C'® prain. We
propose that a fraction of these breaks, and the subsequent activation of Parpl, are the
result of "NO signalling, a critical process in neurons resulting in the production of
reactive nitrogen species, the inhibition of which is sufficient to largely reduce poly(ADP-
ribose) in the neuronal nucleus (Figure 3.18). Both the accumulation of nuclear
poly(ADP-ribose) and the spontaneous cell death observed in Xrcc1NesC hippocampal
neurons can be also be rescued by the deletion or inhibition of Parpl, suggesting
potential therapeutic application in the treatment of XRCC1 dependent

neurodegeneration.
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4. Chapter Four — Results: PARP1 Dependent, Aberrant Presynaptic Calcium

Signalling in Xrccl-Deficient Hippocampal Neurons

4.1 Introduction and Aims

As demonstrated in the previous chapter, the deletion of Xrccl in mouse
hippocampal neurons results in the accumulation of unrepaired, endogenous DNA
SSBs, and subsequently the increased synthesis of poly(ADP-ribose) by Parpl.
Furthermore, | detected elevated poly(ADP-ribose) accumulation in post-mitotic neurons
when compared to co-cultured glia, indicating that this defect is enhanced in neurons.
Endogenous DNA SSBs may occur through a variety of mechanisms, some of which
are linked to neuronal function, such as their induction by RNS, a by-product of NO
signalling, and through glutamatergic excitotoxicity (Didier, et al., 1996, Yang, et al.,
2011, Radi, 2013, Radi, 2018). Similarly, the excessive metabolic demand that
characterises nervous tissue may result in an elevated degree of endogenous SSB
induction (Caldecott, 2008, Vakharia, et al., 2018, Murata, et al., 2019).

One of the most striking elements of the Xrcc1V*>" phenotype is the incidence
of intractable seizures. The Xrcc1V*s°™ mouse lifespan is dictated by the prevalence of
these seizures (Komulainen, et al., 2021). The exact mechanism of death is unclear,
although it likely occurs due to cardiac or respiratory disruption; much like in human
Sudden Unexpected Death During Epilepsy (SUDEP) (Komulainen, et al., 2021).
Despite this, AOA-XRCCL1 has yet to result in seizures in a human patient, presenting
primarily with cerebellar degeneration and progressive ataxia, though this may be
indicative of patients retaining residual XRCC1 activity (Hoch, et al., 2017). Interestingly,
patients with MCSZ, a disorder related to mutations in the SSBR protein PNKP exhibit
epileptic seizures and delayed motor development (Shen, et al., 2010).

The synapse is the functional unit of neuronal connectivity, a junction through which
neuronal communication can occur. Following an action potential, presynaptic
membrane depolarisation results in the opening of voltage gated Ca?* channels (VGCC)
(Sudhof, 2012). The subsequent influx of ionic Ca?* through these presynaptic calcium
channels in the presynaptic terminal is a key step in the translation of an electrical
impulse into neurotransmitter release across the synapse for signal propagation
(Sudhof, 2012). Following this highly localised, transient increase in presynaptic [Ca?'],
membrane fusion of vesicles rapidly occurs (Sabatini and Regehr, 1996). Synaptic
vesicles are not functionally uniform, a fact discovered in 1961, following observations
by Birks and Maclntosh that synaptic vesicles in the cat sympathetic ganglia, noting that

some vesicles were not as readily released as others. Neurotransmitters are stored at
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the synapse in the readily releasable vesicle pool (RRP), bound to the cell membrane
by SNARE proteins, which mediate vesicle fusion, effectively docked at the presynaptic
terminal and primed for release (Kaeser and Regehr, 2017). Beyond the RRP, the
recycling pool constitutes 10-20% of synaptic vesicles, and is recruited once the RRP
has been depleted, upon moderate stimulation (Rizzoli and Betz, 2005). The remaining
vesicles make up the resting, or reserve pool, which are reluctant to release; doing so
only following high-frequency stimulation, ones the recycling pool is depleted (Denker,
et al., 2011).

The transient elevation of presynaptic [Ca?*] results in the binding of Ca?* to
synaptotagmin, displacing complexin; which acts as a fusion clamp inhibiting
spontaneous vesicle release, from the SNARE complex (Li, et al.,, 1995, Yu, et al.,
2018). The result of this process is that, following the invasion of an action potential into
the nerve terminal, an increase in presynaptic [Ca?'] precedes vesicle fusion and,
ultimately, the release of neurotransmitter-containing vesicles across the presynaptic
membrane. As such, alterations of presynaptic calcium homeostasis would result in
deregulation of synaptic transmission (Scullin, et al., 2012, Atlas, 2013). Further,
residual presynaptic [Ca?'] regulates release probability, as well as paired-pulse
facilitation, a means by which repetitive impulses increase the strength of postsynaptic
potentials (Mongillo, Barak, and Tsodyks, 2008, Scullin, et al., 2012). The relationship
between [Ca?'] at the presynaptic terminal and release probability is highly non-linear,
with small increases in ionic calcium resulting in large-scale alterations in vesicle
exocytosis (Heidelberger, et al., 1994, Sakaba and Neher, 2001). The deregulation of
Ca?* signalling is implicated in the pathology of several neurodegenerative disorders,
such as AD and PD (Schapira, 2013, Popugaeva, et al., 2017). Recently, Parpl-
dependent deregulated calcium homeostasis in cerebellar PCs was found to underlie
the pathology of the SCA7 mouse (Stoyas, et al., 2020) In summary, the transient rise
in intracellular [Ca?'] occurs downstream from action potential-evoked presynaptic
depolarisation, and upstream from neurotransmitter release. As such, presynaptic

calcium flux is a pivotal event enabling rapid information signalling in the brain.

The influx of calcium into the presynaptic terminal does not occur exclusively through
external sources. Internal stores, including the endoplasmic reticulum (ER),
mitochondria, and acidic Ca?" stores, such as lysosomes, play a crucial role in the
regulation of the spatial and temporal dynamics of Ca?* signalling (Padamsey, et al.,
2018). Sarcoplasmic/Endoplasmic Reticulum Ca?*ATPases (SERCAs) maintain calcium
concentration in the ER lumen at three orders of magnitude higher than cytosolic [Ca?*]
(Meldolesi and Pozzan, 1998, Shen, et al., 2011). The release of Ca?* from the ER is
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regulated by either IP3Rs, which are activated by the presence of Ca?" and inositol
triphosphate, or ryanodine receptors (RyRs), which are activated by cADPR (Lanner, et
al., 2010, Karagas and Vankatachalam, 2019). SERCAs act to uptake Ca?' into the
lumen of the ER, buffering presynaptic [Ca?*] following activity evoked influx (Scullin and
Partridge, 2010). Mitochondrial calcium release occurs through the opening of the
mitochondrial permeability transition pore (MPTP), facilitated by an increase in
mitochondrial [Ca?*] (Mnatsakanyan, et al., 2017). The mitochondria also play a key role
in the shaping of the presynaptic Ca?* signal; their hyperpolarised resting membrane
potential (-180 mV) facilitates the rapid sequestration of Ca?* across an electrochemical
gradient (Contreras, et al., 2010, Zorova, et al., 2011). Acidic Ca?" stores, such as
lysosomes, also sequester Ca?* through a H* gradient generated by H*-ATPase and
Ca?'/H* exchange (Morgan, et al., 2010). This sequestered Ca?* can be released from
acidic stores via the second messenger, NAADP, although the mechanism through
which this occurs is unclear (Galione, et al., 2010). The deregulation of Ca?* release and
sequestration from intracellular stores has been implicated in the pathology of several
neurodegenerative conditions, such as AD and PD, spinocerebellar ataxia, and epilepsy
(Liu, et al., 2009, Feng and Yang, 2017, Britti, et al., 2018, Purroy, et al., 2018, Yap and
Smith, 2019). The various means by which Ca?* release and sequestration can be
regulated, and the consequence of mutation in proteins involved in this regulation,
emphasise the intricacy of calcium signalling, which enables the fine tuning required for

information processing in the brain.

In this chapter, | aim to characterise the effects of Xrccl deletion and subsequent
Parpl hyperactivation on presynaptic calcium signalling. Given that XrcclNes<re
hippocampal neurons exhibit elevated steady-state levels of poly(ADP-ribosylation),
replicating the poly(ADP-ribose) accumulation | observe in the mutant mouse brain, |
sought to examine whether synaptic manifestations of the Xrcc1Nes-C® seizure phenotype
could be identified in cells. To do so, | adopted a sensitive optical readout approach
based on expression of SyGCaMP6f; a synaptically targeted, genetically encoded
calcium indicator (GECI). This allowed me to quantify the effects of Xrccl deletion on
presynaptic calcium changes at the level of individual synaptic terminals, allowing me to

test for a cellular signalling correlate of the Xrcc1Nes-Cr® seizure phenotype.



95

4.2 Results

4.2.1 Investigating Calcium Signalling at the Presynaptic Terminal of Wild Type

Hippocampal Neurons

GCaMP is an optical reporter of calcium flux, consisting of circularly permutated
EGFP, connected C-terminally to Calmodulin and N-terminally to the M13 domain of
Myosin light chain kinase (the sequence targeted by Calmodulin). Following increased
[Ca?*] and the subsequent binding of Ca? to the reporter, the Ca?" dependent
interactions of Calmodulin-M13 induce conformational alterations to cpEGFP, resulting
in GFP fluorescence (Nakai, Ohkura, and Imoto, 2001). For the purposes of investigating
presynaptic Ca?* fluctuations, | utilised a fast variant of GCaMP fused to synaptophysin,
a ubiquitous synaptic vesicle protein, known as SyGCaMP6f (Figure 4.1 A) (Dreosti, et
al., 2009). To utilise such a reporter, | generated dissociated hippocampal cultures from
wild type and, following optimisation of the reporter, mutant mouse pups (Figure 4.1 B
i). Ordinarily, primary hippocampal cultures will be maintained in the presence of
cytosine arabinoside (AraC), which inhibits DNA synthesis and limits the proliferation of
co-cultured glial cells (Patel, et al., 1988). However, this treatment results in single-
strand breakage, and so in order to avoid the induction of DNA damage in Xrcc1Nescre
neurons, | did not treat our hippocampal neurons with AraC (Geller, et al., 2001, Owen,
et al., 2021). Neurons were infected from DIV6/7, with an MOI of 100, and incubated
until DIV15-17 prior to recording. Neurons were recorded at this age as synaptogenesis
and maturation occur roughly two weeks after plating. Following this, neurons were
transferred to an imaging chamber consisting of two, parallel platinum wires positioned
10mm apart, across which a voltage of 22.5V was applied. Initially, | established the
efficacy of the reporter in demonstrating activity evoked Ca?* transients in wild type
puncta. To do so, cells were bathed in EBS designed to physiologically mimic the
extracellular environment, albeit containing the NMDA and AMPA receptor antagonists
AP-v and CNQX (at 50 uM and 20 pM concentrations respectively) both to inhibit

spontaneous action potential induction, as well as limit network feedback.

Once optimal expression of SyGCaMP6f was achieved (Figure 4.1 B ii), wild type
neurons were exposed to field stimulation (10 x 1 ms square wave pulses, frequency:
20 Hz), corresponding to 10 action potentials (APs), repeated three times. These
stimulus parameters are known to evoke a Ca?* rise that drives the recruitment of
vesicles in the readily releasable pool; the subset of synaptic vesicles immediately
available to undergo fusion, allowing us to assess the physiologically relevant signalling

response at each synaptic terminal. Synaptic regions of interest (ROIs) were determined
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Figure 4.1 Characterisation of SyGCaMP6f Responses in Wild Type Hippocampal
Neurons. A) Cartoon schematic illustration of SyGCaMP6f targeting and action. B) (i)
Representative brightfield image of dissociated, wild type hippocampal neurons used.
Scale bar, 100uM. (ii) false-colour SyGCaMP expressing hippocampal neurons prior to
and following 10Aps, 20Hz freq. stimulation. Arrows highlight example regions of
fluorescence intensity flux. Scale bar, 20uM. C) automated IGOR overlay of recording
highlighting synaptic regions of interest (ROIs), i.e responsive synapses. D) Example
traces from three individual recordings, following 10AP stimulation of wild type
hippocampal neurons cultured from three separate animals. Red bars along x-axis
represent the starting point and duration of stimulation. E) Cumulative distribution of
response amplitudes following stimulation. Peak amplitudes represent maximal AF/F
values of responses to stimulation in wild type hippocampal neurons from three,
individual animals.
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using the SARFIA Igor Pro plugin, using correlates of STDEV between proximal pixels,
facilitating the automated and non-subjective identification of responsive synapses
(Figure 4.1 C). Utilising this reporter expression approach, | demonstrated transient
increases in fluorescence at the synapse characteristic of activity evoked Ca?* flux at the
wild type presynaptic terminal, reported as mean responses from coverslips of neurons
cultured from three different wild type mouse pups (Figure 4.1 D and 4.1 E). Having
validated the baseline characteristics of wild type activity evoked Ca?* influx, | next

sought to investigate presynaptic Ca?* signalling in Xrcc1Nes€" hippocampal neurons.

4.2.2 Alterations to Presynaptic Ca?" Signalling in Dissociated Xrccl1Nes-Cre

Hippocampal Neurons

Wild type and Xrcc1NesC® hippocampal neurons expressing SyGCaMP6f were
subjected to 10AP field stimulations, with the fluorescence change measured in
SyGCaMP6f positive puncta. Following repeated trains of 10AP stimuli, Wild Type
SyGCaMP6f positive puncta exhibited transient changes in fluorescence, indicative of
stimulation induced presynaptic calcium influx (Figure 4.1 D, Figure 4.2 A and B). | chose
to subject neurons to three repeats of 10APs for two reasons; to investigate the
consistency of the responses, and to explore the possibility of activity-dependent effects,
such as whether depression following initial stimulation was notably different between
genotype and treatment groups. Strikingly, the amplitude of activity-evoked responses
in Xrcc1NesC® puncta was ~2 fold higher than that of wild type synapses, consistent with
a much greater Ca?* influx following stimulation. | did not observe any obvious and
consistent difference between the initial, secondary, and tertiary stimulus responses. |
further report a significant elevation in the total Ca?* flux combined from the three
responses, determined by measuring the area under the curve for each profile (Figure
4.2 C). As individual synapses cannot necessarily be considered independent replicates,
a comparison between coverslips provides a more robust quantification of differences.
In representing data by coverslip, | also highlight responses of strikingly large amplitude

and duration in Xrcc1Nes® synaptic puncta (Figure 4.3).

Given that calcium signalling is a critical step in the rapid processing of
information in the brain, a 2-fold increase in the amplitude of activity-evoked calcium
transients could have dramatic consequences for network activity in the brain. | propose
that this aberrant presynaptic calcium flux represents a signalling defect in the Xrcc1Nes-
Cre prain, providing a possible explanation for the seizures that characterise this mouse

model. The hippocampal neurons in the above experiments were stimulated in EBS
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Figure 4.2 Deregulated Presynaptic Calcium Signalling in Xrcc1V*s"™ Hippocampal
Neurons. Investigations of wild type and mutant hippocampal neurons infected at DIV6
with SyGCaMP6f expressing AAV, prior to further incubation. A) Representative images
of fluorescence responses in synaptic terminals expressing SyGCaMP6f to 10 AP (10
Hz) stimulation in DIV15-17 dissociated hippocampal neurons derived from wild type
and Xrcc1NesCre mouse pups. Scale bar: 5 um. B) Mean SyGCaMP6f responses to three
rounds of 10 APs stimulation from mice of the following genotypes; Wild Type (n = 1946
synapses, 9 coverslips, 3 animals) in blue, XrcciN*s¢*® (n = 3313 synapses, 12
coverslips, 4 animals) in red. Response profiles plotted as AF/F, fluorescence intensity
flux. Black bars along x-axis represent the starting point and duration of stimulation C)
Integrated Fluorescence as calculated by area under the curve in B), where one data
point represents a single, recorded synapse. Mean and Standard Deviation represented
in red.
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Figure 4.3 By Coverslip Analysis of Deregulated Presynaptic Calcium Signalling in
XrccaNes€® Hippocampal Neurons. Left: SyGCaMP6f responses from individual
replicate coverslips, wild type (3 mice) in blue, Xrcc1Nes-C (4 mice) in red. Dotted traces
represent individual replicates, continuous traces represent mean response as seen in
Figure 4.2. Response profiles plotted as AF/F, fluorescence intensity flux. Black bars
along x-axis represent the starting point and duration of stimulation. Right: Integrated
fluorescence Integrated Fluorescence as calculated by area under the curve in B),
where one data point represents mean responses from individual replicate coverslips.
Histogram shows mean + SEM, significance denoted as ** where p < 0.01 (as reported
by post-hoc Tukey-Kramer comparison of means identifying between group significance
following one way ANOVA (p < 0.0033) test with data from further genetic backgrounds).
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Figure 4.4 Unstimulated Activity in Xrcc1V*s®™ Hippocampal Neurons. Left: Graph
showing cumulative, unstimulated events in three separate, individual recordings on
Xrcc1NesCre hippocampal neurons. These replicates are highlighted due to the presence
of these unstimulated events, but do not represent the whole data set. Right: Percentage
of individual replicates wherein unstimulated activity was recorded. Unstimulated activity
was only observed in Xrcc1NesC"® hippocampal neurons and was absent from all other

genotypes and treatments.
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Figure 4.5 Increased Stimulation Exacerbates Aberrant Presynaptic Calcium Phenotype
of Xrcc1N*sC® Hippocampal Neurons. Wild type and mutant hippocampal neurons were
infected as previously before being stimulated with repeated trains of 40AP stimuli. A)
Representative images of fluorescence responses in synaptic terminals expressing
SyGCaMP6f to 40AP (10Hz) stimulation in DIV15-17 dissociated hippocampal neurons
cultured from wild type and XrcclNes® mouse pups. Scale bar = 5uM. B) Mean
SyGCaMP6f responses to three rounds of 40APs stimulation in wild type (726 synapses,
5 coverslips, 3 animals), and Xrcc1Nest (1229 synapses, 7 coverslips, 3 animals)
hippocampal neurons. Overlaid in dotted lines are mean response profiles of wild type
and Xrcc1NesCe hippocampal neurons to 10AP stimuli for reference, as reported in
Figure 4.2. Response profiles plotted as AF/F, fluorescence intensity flux. C) Integrated
fluorescence as calculated by area under the curve in B), where one data point
represents a single, recorded synapse. Mean and Standard Deviation represented in
red, significance denoted where p < 0.05 (as reported by students T-test).
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containing AMPA and NMDA receptor blockers, which inhibit most
unstimulated/spontaneous signalling. Nonetheless, it was striking to see that, in some
cases, XrcclNesCe hippocampal synapses were still prone to unstimulated (signalling
during the decay of a previous, activity evoked transient) event activity (as can be seen
in (Figure 4.3, where further, small peaks appear late into the decay of the evoked Ca?*
transient, and Figure 4.4). This suggests that Xrcc1Nes€" hippocampal neurons may be
more prone to spontaneous activity, a sensitivity which could, in turn, relate to increased
seizure-like activity in the brain. Given that these unstimulated events were independent
of AMPA/NMDAR activity, they could potentially correspond to the release of Ca?* from

intracellular stores.

Previous studies of the SCA7 mouse model have implicated Parpl-dependent
aberrant Ca?* signalling in a model of progressive cerebellar ataxia. While the Xrcc1Nes-
€ mouse is characterised by cerebellar degeneration and ataxia, we have previously
reported the cause of juvenile mortality to be terminal seizures (Komulainen, et al.,
2021). Itis interesting to note that seizures are not as ubiquitous a symptom of hereditary
SSBR disorders as cerebellar degeneration (mutations in PNKP may result in the
manifestation of seizures, however this is not universal), and have yet to be reported in
the limited cohort of patients with XRCC1 mutation. The currently reported patients do
retain some functionality of the XRCC1 protein, however, which may underlie the
discrepancy between comparatively long-lived human patients, and the conditional
knockout mouse. Despite this discrepancy, these data represent a synaptic model of
elevated activity that may underlie the terminal seizures characteristic of the Xrcc1Nes-¢re

mouse.

To further investigate this newly discovered synaptic phenotype, | increased the
stimulation from 10 to 40APs to see if this phenomenon was replicated at higher intensity
stimulation. | showed that repeated trains of field stimulation at this higher intensity
replicate the elevated amplitude of evoked Ca?* transients in Xrcc1Nes¢® hippocampal
neurons (Figure 4.5). Interestingly, the increased stimulation that was applied to the cells
was sulfficient in both cases to cause a plateau in Ca?* flux, indicating maximal release
at the synapse (Figure 4.5 B). In Xrcc1NesC® synapses, this plateau occurred following a
much greater initial release of Ca?', perhaps indicating an increased sensitivity to
stimulation, or perhaps that alterations in calcium homeostasis result in an increased
releasable pool of Ca?* at the synapse, which could translate to the inappropriate release

of neurotransmitter.
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A separate interpretation of this result could be that we are observing probe
saturation. SyGCaMP6f is a high affinity Ca?* probe with an equilibrium dissociation
constant (Kd) of 0.22uM + 0.01 at 20°C (Helassa, et al., 2016). Industrial testing has
shown linear increases in the dynamic range of the SyGCaMP6f up to 40AP stimulation
at 20Hz frequency (de Oliveira Borges, 2017). The experiments performed in Figure 4.5
are done under stimulation parameters at the upper limits of the detection capacity of
the reporter. While we may be able to achieve relative comparisons between genotypes
at this stimulation, given the plateau in intensity observed under these conditions the
potential for probe saturation makes it difficult to draw robust conclusions as to the
concentration of Ca?* at the presynaptic terminal, as this may underlie prolonged signals

and slow decay.

4.2.3 Genetic Rescue of Aberrant Presynaptic Ca?* Signalling in Xrccl1Nes-Cre

Hippocampal Neurons by the Additional Deletion of Parpl

Previous data has highlighted that the hyperactivation of the SSB sensor protein Parpl
causes the accumulation of poly(ADP-ribose) in Xrcc1Nes-C® neurons both in vitro and in
the whole brain (Figure 3.5 and Figure 3.6). It has been reported that the additional
deletion of one or both alleles of Parpl is sufficient to prevent both the excessive
accumulation of nuclear poly(ADP-ribose) (Figure 3.7), and the juvenile mortality
associated with Xrcc1Nes-C® mice, with Parpl’/XrcciNesC and with Parpl’/Xrcc1Nes-Cre
exhibiting an 8-fold and 25-fold increase in lifespan respectively (Komulainen, et al.,
2021). Given that Parp1”/Xrcc1Nes€" mice do not exhibit seizures, and that the deletion
of Parpl also rescues the spontaneous death observed in cultured XrcclNes-cre
hippocampal neurons (Figure 3.8), | reasoned that perhaps cells cultured from Parp1*
IXrccaNesCre and Parpl”/Xrcc1NesC® mice may not exhibit aberrant presynaptic Ca?*
signalling. Indeed, | found that the additional deletion of Parpl suppresses activity-
evoked Ca?*influx at Xrcc1NesC"® hippocampal synaptic puncta to wild type levels (Figure
4.6 and Figure 4.7) (Komulainen, et al., 2021). This ablation of aberrant presynaptic Ca?*
signalling provides a potential mechanism for the rescue of lifespan seen in Parpl”
[Xrcc1NesCre mice, as these mice do not exhibit the terminal seizures observed in
Xrcc1NesCe mice during the first few weeks of life. Interestingly, the deletion of only one
allele of Parpl, as in the Parpl*/XrcclNest® mouse, partially rescued aberrant
presynaptic signalling, both in terms of peak amplitude and total calcium flux, consistent
with the intermediate accumulation of poly(ADP-ribose) in both Parp1*/Xrcc1Nescre
neurons and the Parpl*/Xrcc1NesC prain (Figure 3.2.7, Figure 4.6, and Figure 4.7)
(Komulainen, et al., 2021). It is unclear whether Parpl*/Xrcc1NesC® mice exhibit
seizures later in life, however the partial rescue of aberrant presynaptic calcium
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Figure 4.6 The Impact of Additional Parpl Deletion on Aberrant Presynaptic Calcium
Signalling in Xrcc1N*s°" Hippocampal Neurons. Investigations of mutant hippocampal
neurons infected as above with SyGCaMP6f expressing AAV, prior to further incubation.
A) Representative images of fluorescence responses in synaptic terminals expressing
SyGCaMP6fto 10 AP (10 Hz) stimulation in DIV15-17 dissociated hippocampal neurons
derived from wild type and mutant mice, including those with the additional deletion of
the SSB sensor protein Parpl. Scale bar: 5 uym. B) Mean SyGCaMP6f responses to
three rounds of 10 APs stimulation from mice of the following genotypes: Xrcc1Nesc™ (n
= 3313 synapses, 12 coverslips, 4 animals), Parp1* /Xrcc1Nes" (n = 2272 synapses, 9
coverslips, 3 animals) in green, and Parpl™” /XrcciNesC"® (n = 2122, 11, 3) in yellow.
Response profiles plotted as AF/F, fluorescence intensity flux. Black bars along x-axis
represent the starting point and duration of stimulation. C) Mean peak amplitudes taken
from individual synaptic recordings, **** denotes significance where p < 0.001, as
reported by multiple T-tests. D) Integrated Fluorescence as calculated by area under the
curve in B), and in Figure 4.2. Mean and Standard Deviation represented in red. Due to
the limitations and rarity associated with hippocampal culture of mice from multiple
genetic backgrounds, data are pooled from multiple cultures, and recorded in each
instance with at least a wild type control.
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Figure 4.7 By Coverslip Analysis of Deregulated Presynaptic Calcium Signalling in
Parpl*/XrcciNeste and Parpl”/XrcciNesC  Hippocampal Neurons. Integrated
Fluorescence as calculated by area under the curve in 4.2.3.1 where one data point
represents responses from individual replicate coverslips. Histogram shows mean +
SEM, significance denoted as ** where p < 0.01, *** where p < 0.005 (as reported by
post-hoc Tukey-Kramer comparison of means identifying between group significance
following one way ANOVA (p < 0.0033)). Due to the limitations and rarity associated with
hippocampal culture of mice from multiple genetic backgrounds, data are pooled from
multiple cultures, and recorded in each instance with at least a wild type control.
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signalling may underlie the rescue observed both in seizure-like activity ex vivo, and the
extension of their lifespan (Komulainen, et al., 2021). A further point to note is the
absence of unstimulated activity in Parpl deleted neurons, as opposed to that seen in
the XrcclNesCe cells, as these cells do not exhibit additional peaks of unstimulated
activity during signal decay (Figure 4.4). While this network activity is notably rare in
XrccNes€e hippocampal neurons, occurring following roughly 20% of recorded
stimulations, they were not observed in either Parp1*/Xrcc1Nes¢® and Parpl”/Xrcc1Nes

cre cells, suggesting that this unstimulated activity is a result of Parpl hyperactivation.

These data suggest that Parp1l activity at sites of irreparable, endogenous SSBs,

results in elevated activity-evoked Ca?* signalling at presynaptic terminals. To my

knowledge, this is the first data to suggest a mechanistic link between DNA single strand
breaks, Parp1, and aberrant Ca?* signalling at the synapse, and may provide insight into

the intractable seizures and subsequent shortened lifespan of the Xrcc1N*$°"® mouse.

4.2.4 Investigating the Efficacy of PARP Inhibitors in the Treatment of Aberrant

Presynaptic Ca?* Signalling in Xrccl Deleted Hippocampal Neurons

Following this genetic rescue, | aimed to investigate whether clinically available
PARP inhibitors could be utilised to rescue the observed presynaptic phenotype.
Previous studies of Xrcc1NesC™ mice have suggested that clinically available PARP
inhibitors, many of which trap Parpl at the DNA break, are ineffective in rescuing
organism lifespan, and do not phenocopy the deletion of Parpl (Komulainen,
unpublished) (Murai, et al., 2012). Utilising our cellular model of elevated synaptic
activity, | chronically administered XrcciNes€® hippocampal neurons with 1puM
KU0058948, a highly potent inhibitor of both Parpl and Parp2, for 9-11 consecutive days
prior to recording, following their infection with SyGCaMP6f (Murai, et al., 2012).
Interestingly, chronic PARP inhibition was sufficient to suppress activity-evoked Ca?
transients to wild type levels in Xrcc1N*s°" puncta, with both peak amplitude and total
evoked calcium release being significantly reduced (Figure 4.8 and Figure 4.9), without
affecting those evoked in wild type neurons (Figure 4.8 C). Further, chronic PARP
inhibition suppressed the partially elevated Ca?* response in Parpl*/XrcciNes<cre
neurons, suggesting that the retention of one allele of Parpl, and the resultant elevated
poly(ADP-ribose) accumulation, underlies the partially elevated presynaptic Ca?
signalling observed in heterozygous knockout cells, and that the ablation of this
accumulation rescues this residual defect (Figure 4.10). As observed in the Parpl*"
[XrccaNesCre and Parpl”/Xrcc1NesCe neurons, the continuous incubation with the PARP

inhibitor rescued unstimulated activity in Xrcc1Nes-C® hippocampal neurons (Figure 4.4).



107

The data suggests that PARP inhibition is sufficient to rescue Parpl-dependent
synaptic dysfunction in Xrcc1Nes" hippocampal neurons in vitro, indicating the potential

viability for their use in the treatment of XRCC1-linked disease.

4.2.5 Parpl-Dependent Slowing of [Ca?*] Decay in XrcclNes-C® Hippocampal

Neurons

By normalising the amplitudes of mean responses to one another, | was able to
highlight a further element of the Xrcc1Ns" synaptic phenotype; the increased duration

of signal decay, or calcium reuptake at the synapse (Figure 4.11). Deficits in decay rate
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Figure 4.8 The Impact of PARP Inhibition on Aberrant Presynaptic Calcium Signalling
in Xrcc1NesC*® Hippocampal Neurons. Investigations of mutant hippocampal neurons
infected as above with SyGCaMP6f expressing AAV, prior to chronic incubation with a
PARP inhibitor. A) Representative images of fluorescence responses in synaptic
terminals expressing SyGCaMP6f to 10 AP (10 Hz) stimulation in DIV15-17 dissociated
hippocampal neurons derived from wild type and Xrcc1Ns¢"® mouse pups. Scale bar: 5
pm. B) and C) Mean SyGCaMP6f responses to three rounds of 10 APs stimulation in
Wild Type control, Wild Type PARP inhibitor treated (1264 synapses, 6 coverslips, 3
animals) in dotted black, Xrcc1N®s¢™ control (n = 3313 synapses, 12 coverslips, 4
animals) and XrcciNes¢® PARP inhibitor treated (2231 synapses, 9 coverslips, 3
animals) in purple. Response profiles plotted as AF/F, fluorescence intensity flux. Black
bars along x-axis represent the starting point and duration of stimulation D) Mean peak
amplitudes taken from individual synaptic recordings, **** denotes significance where p
< 0.001, as reported by Student’s t-test. E) Integrated Fluorescence as calculated by
area under the curve in B). Mean and Standard Deviation represented in red.
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Figure 4.9 By Coverslip Analysis of Deregulated Presynaptic Calcium Signalling in
PARP Inhibitor Treated Xrcc1N*s“" Hippocampal Neurons. Left: SyGCaMP6f responses
from individual replicate coverslips, XrcclNesC® control (4 mice) in red, and PARP
inhibitor treated (3 mice) in black. Dotted traces represent individual replicates,
continuous trace represents mean response as seen in Figure 4.8. Response profiles
plotted as AF/F, fluorescence intensity flux. Black bars along x-axis represent the
starting point and duration of stimulation. Right: Integrated fluorescence Integrated
Fluorescence as calculated by area under the curve in B), where one data point
represents responses from individual replicate coverslips. Histogram shows mean +
SEM, significance denoted as *** where p < 0.005 (as reported by post-hoc Tukey-
Kramer comparison of means identifying between group significance following one way
ANOVA (p < 0.0033) test with data from further genetic backgrounds).
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Figure 4.10 The Impact of PARP Inhibition on Residual Aberrant Presynaptic Calcium
Signalling in Parp1*/Xrcc1N*s“"* Hippocampal Neurons. Investigations of mutant
hippocampal neurons infected as above with SyGCaMP6f expressing AAV, prior to
chronic incubation with a PARP inhibitor. A) Representative images of fluorescence
responses in synaptic terminals expressing SyGCaMP6f to 10 AP (10 Hz) stimulation in
DIV15-17 dissociated hippocampal neurons derived from Parpl™/XrcciNes¢ mouse
pups. Scale bar: 5 um. B) Mean SyGCaMP6f responses to three rounds of 10 APs
stimulation in Parpl™/XrcciNesCre control (2272 synapses, 9 coverslips, 3 animals) in
green, and Parp1*/XrcciNesCe PARP inhibitor treated (1805 synapses, 8 coverslips, 3
animals) in orange. Response profiles plotted as AF/F, fluorescence intensity flux. Black
bars along x-axis represent the starting point and duration of stimulation. C) Integrated
Fluorescence as calculated by area under the curve in B). Mean and Standard Deviation
represented in red, significance denoted as * where p < 0.05 (as reported by post-hoc
Tukey-Kramer comparison of means identifying between group significance following
one way ANOVA (p < 0.0033)).
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Figure 4.11 Normalisation of Peak Amplitudes Highlights Elongated Decay Rate of
Xrcc1Nes€® Ca?* Transients. Traces were each normalised to equivalent amplitudes to
investigate length of decay rate. Amplitude represented as AF/F. Frames of response
videos represented on the x axis. Data was pooled from all responses shown in 4.2, 4.6,
and 4.8. Traces were overlayed, and show the slight, Parpl-dependent elongation of
decay rate characteristic of activity-evoked Ca?* transients in Xrcc1Nes¢'® hippocampal
neurons.
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unrelated to amplitude may reflect alterations in the machinery that regulate Ca?*
balance in the cell, such as the sequestration of calcium by Ca?* ATPase pumps in the
ER, or through mitochondrial voltage-dependent anion channels (VDAC), which
facilitate the rapid reuptake of Ca?*, modulating the amplitude and duration of cytosolic
Ca?* signalling (Vos, et al., 2010, Vandecaetsbeek, et al., 2011). This is potentially
important because a delayed rate at which Ca?*is removed from the presynaptic terminal
could impact on the likelihood of future signal induction, especially given the highly non-
linear relationship between [Ca?'] and the probability of vesicle fusion; and that the
presence of calcium at the presynaptic terminal can result in the increased efficiency of
Ca?* currents in subsequent evoked neurotransmitter release (Heidelberger, et al., 1994,
Sakaba and Neher, 2001). Interestingly, this decreased decay rate is rescued by the
deletion of either one or both alleles of Parpl, as well as by chronic PARP inhibition with
KU0058948 (Figure 4.11), potentially implicating Parpl-dependent alterations to the
mechanisms of calcium buffering and sequestration. This elongated decay rate may
explain the presence of the unstimulated, AMPA/NMDA independent activity occurring
exclusively in Xrcc1Nes-Ce hippocampal neurons. The release of calcium from intracellular
stores is partially linked to calcium concentration, as both the IP3R mediated release of

calcium from the ER and the opening of the MPTP are calcium dependent.

4.2.6 Acute Modulation of poly(ADP-ribose) Levels Does Not Alleviate the

Synaptic Phenotype in XrcciNesCre Hippocampal Neurons

I next sought to investigate the mechanism by which Parpl activity might result
in aberrant presynaptic Ca?* signalling. To do so, SyGCaMP6f expressing hippocampal
neurons were acutely treated for 1 hr with 10uM PARPI, which was washed out
immediately prior to recording. Previously, | have showed that acute pre-treatment with
a PARP inhibitor for 1 hr was sufficient to prevent the elevated accumulation of
poly(ADP-ribose) at sites of DNA SSBs in the presence of a PARG inhibitor, indicating
that polymer synthesis is constitutive and ongoing in Xrcc1Nes¢*® hippocampal neurons
(Figure 3.6). However, an acute, 1 hr treatment with PARP inhibitor had no effect on
the amplitude of activity-evoked presynaptic Ca?* signalling in Xrcc1*s°" hippocampal
(Figure 4.12 A and B). This suggests that an acute increase in poly(ADP-ribose) is not
sufficient to trigger aberrant presynaptic Ca?* signalling, but rather it is likely the
consequence of constitutive Parpl activity for prolonged periods at sites of endogenous
DNA SSBs in neurons. As such, aberrant presynaptic Ca?* signalling can be chemically
rescued through chronic, rather than acute, PARP inhibition (Figure 4.8 and Figure
4.12).
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Figure 4.12 The Acute Presence of poly(ADP-Ribose) Residues Does Not Result in
Aberrant Presynaptic Calcium Signalling in Xrcc1V*“"® Hippocampal Neurons.
Investigations of mutant hippocampal neurons infected as above with SyGCaMP6f
expressing AAV, prior to acute incubation with PARP and PARG inhibitors. A)
Representative images of fluorescence responses in synaptic terminals expressing
SyGCaMP6fto 10 AP (10 Hz) stimulation in DIV15-17 dissociated hippocampal neurons
derived from wild type and Xrcc1NesC" mouse pups, additionally treated for 1Hr with
either a PARP or PARG inhibitor. Scale bar: 5 um. B) and C) Mean SyGCaMP6f
responses to three rounds of 10 APs stimulation from wild type control (n = 1541
synapses, 5 coverslips, 3 animals) in blue, Xrcc1Nesc® control (2635 synapses, 8
coverslips, 3 animals) in red, XrcciNesC® PARP inhibitor treated (2278 synapses, 7
coverslips, 3 animals) in dotted black, and XrcciNes¢® PARG inhibitor treated (2359
synapses, 8 coverslips, 3 animals) in pink. Response profiles plotted as AF/F,
fluorescence intensity flux. Black bars along x-axis represent the starting point and
duration of stimulation. D) Mean Integrated Fluorescence as calculated by area under
the curve in B) and C). Mean and SEM represented in red, p > 0.05 by Student’s T-Test
indicates non-significant data.
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To confirm that the acute presence of poly(ADP-ribose) at sites of endogenous
DNA-damage is not the source of elevated, aberrant presynaptic Ca?* signalling, |
treated cells with 10uM PARG:I for 1 hr. | have shown that this acute treatment results in
the accumulation of nuclear poly(ADP-ribose) in Xrcc1Nes-Cre cells (Figure 3.6), but found
that this had no significant effect on the amplitude of activity-evoked Ca?* transients in
either wild type or mutant hippocampal neurons (Figure 4.12 C and E). This result
confirms the previous hypothesis that the aberrant calcium signalling observed in
XrccaNes€re hippocampal neurons is unrelated to the acute presence of poly(ADP-

ribose), and more likely a result of its constitutive synthesis by Parpl.

Taken together, our findings suggest that it is not the toxicity of poly(ADP-ribose)
itself that results in aberrant Ca?* signalling, and this provides further insight into the
mechanism that is driving this deregulation. Chronic poly(ADP-ribosylation) may
interfere with the transcription of genes regulating Ca?* homeostasis, such as voltage-
gated calcium channels, some of which have been implicated in the aetiology of
spinocerebellar ataxia and epilepsy (Giunti, et al., 2015, Sintas, et al., 2017, Indelicato
and Boesch, 2021). Similarly, the constitutive synthesis of poly(ADP-ribose) might also
result in the chronic depletion of cellular NAD+. Consistent with this, the Xrcc1Nes-C'e prain
is characterised by a significant decrease in NAD+ (Komulainen, et al., 2021).

4.2.7 Supplementation of XrcciNes¢® Hippocampal Neurons with the NAD+

Precursor NMN Partially Rescues Aberrant Presynaptic Ca?* Signalling

I have previously shown that the supplementation with the NAD+ precursor NMN is
sufficient to rescue PARG inhibitor toxicity in Xrcc1” RPE-1 cells, and previous studies
have implicated NAD+ depletion in PARP1 mediated cell death (Figure 3.2) (Alano, et
al., 2010). Further, brain NAD+ levels are significantly decreased in the XrcclNescre
mouse (Komulainen, et al., 2021). Given the importance of NAD+ in the cell, and the
rescue associated with NAD+ repletion in the Parpl-mediated deregulation of calcium
homeostasis in the SCA7 mouse, | examined next whether NAD+ supplementation
might restore normal Ca?* signalling in Xrcc1N®s°"® neurons (Stoyas, et al., 2020). To
investigate this, | supplemented wild type and XrcciNesC® hippocampal neurons
expressing SyGCaMP6f with NMN for 9-11 days prior to recording. | observed that
supplementation of cells with 500uM NMN partially suppressed the amplitude of activity-
evoked Ca?* transients in Xrcc1V®s°" hippocampal neurons (Figure 4.13). These data
suggest that PARP1 hyperactivation at sites of endogenous DNA damage may trigger
aberrant presynaptic Ca?* signalling through the chronic depletion of cellular NAD+. It is

interesting to note that NAD+ repletion achieved only partial rescue, reducing the
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Figure 4.13 The Impact of NAD+ Repletion on Aberrant Presynaptic Calcium Signalling
in Xrcc1N*s™ Hippocampal Neurons. Investigations of wild type and mutant
hippocampal neurons infected as above with SyGCaMP6f expressing AAV, prior to
chronic incubation with the NAD+ precursor NMN. A) Representative images of
fluorescence responses in synaptic terminals expressing SyGCaMP6f to 10 AP (10 Hz)
stimulation in DIV15-17 dissociated hippocampal neurons derived from wild type and
Xrcc1NesC® mouse pups. B) Mean SyGCaMP6f responses to three rounds of 10 APs
stimulation in Wild Type control (1870 synapses, 8 coverslips, 3 animals), and NMN
treated (1976 synapses, 8 coverslips, 3 animals) in orange, Xrcc1V®s¢" control (n = 2163
synapses, 9 coverslips, 3 animals) and NMN treated (2602 synapses, 11 coverslips, 3
animals) in dotted black. Response profiles plotted as AF/F, fluorescence intensity flux.
Black bars along x-axis represent the starting point and duration of stimulation. C)
Integrated Fluorescence as calculated by area under the curve in B), Mean and
Standard Deviation represented in red, significance denoted as * where p < 0.05 as
reported by Student’s t-test.
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amplitude of activity-evoked transcripts to roughly 1.5-fold that of wild type hippocampal
neurons. | suggest that this may be explained by the limitations of cellular NMN uptake,
or the highly dynamic nature of poly(ADP-ribose) accumulation in XrcclNes<cre
hippocampal neurons (Figure 3.6).
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4.3 Discussion

The Xrcc1NsC"® mouse suffers intractable seizures that represent the primary
limiting factor in its lifespan (Komulainen, et al., 2021). In chapter 3, | highlighted an
elevated steady-state level of endogenous DNA SSBs in XrcclNesCre hippocampal
neurons, which exhibit an increased accumulation of nuclear poly(ADP-ribose). This
Parpl-dependent accumulation in Xrcc1Nes°"® hippocampal neurons replicated previous
observations of poly(ADP-ribose) accumulation in the mouse hippocampus
(Komulainen, et al., 2021). Given this accumulation, | aimed to investigate whether our
cellular model of endogenous DNA SSBs could further be used to investigate signalling

correlates of the Xrcc1NesC seizure phenotype at a synaptic level.

Alterations to Ca?" homeostasis are found in several neurodegenerative
diseases, such as Alzheimer's disease, Huntington’s disease, and Spinocerebellar
Ataxia (Small, 2009, Kasumu and Bezprozvanny, 2012, Kolobkova, et al., 2017, Stoyas,
et al., 2020). The SCA7 mouse model is characterised by progressive cerebellar ataxia
that has been linked to Parp1l/NAD+ dependent aberrant Ca?* signalling (Stoyas, et al,
2020). | identified a Parpl dependent manifestation of seizure-like activity in dissociated
Xrcc1Nes€re hippocampal neurons; using SyGCaMP6f, demonstrating the increased
amplitude of activity-evoked presynaptic Ca?* transients (Figure 4.2, Figure 4.6 and
Figure 4.8). To our knowledge, this is the first evidence to demonstrate a direct link
between endogenous, nuclear DNA damage, Parpl hyperactivation and alterations to
synaptic signalling, and provides a cellular signalling correlate for the terminal seizures
observed in the XrcciNest® mouse. The additional deletion of Parpl rescues the
Xrcc1NesCe mouse lifespan ~8-fold in Parp1”/Xrcc1Nes¢ mice, and ~25 fold in Parp1*"
IXrccaNesCe mice (Komulainen, et al., 2021). This data would suggest that the absence
of Parpl rescues the synaptic defect underlying this juvenile mortality, thereby greatly
extending mouse lifespan. Interestingly, the intermediate rescue of both poly(ADP-
ribose) accumulation, and excessive activity-evoked Ca?* transients afforded by the

heterozygous deletion of Parp1l is sufficient to rescue lifespan.

PARP inhibitors are used clinically to treat a variety of cancers, their efficacy
linked to their ability to trap PARP1 on DNA (Murai, et al., 2012, Sachdev, et al., 2019).
While PARP inhibitors have been unable to significantly improve the lifespan of the
XrccaNes€® mouse (Komulainen, unpublished), | show here that PARP inhibition
replicates Parpl deletion in our cellular model, resulting in a reduction in amplitude of
activity-evoked Ca?* transients to the level which | observed in wild type hippocampal

neurons (Figure 4.8 and Figure 4.9). While there are major limitations related to the
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treatment of SSBR pathologies through PARP inhibition, namely an absence of clinically
available, non-trapping inhibitors, these data would suggest that PARP inhibition might
have potential as a viable therapy for XRCC1-mediated disease, as well as other SSBR-
linked seizure pathologies, such as MCSZ, a disorder caused by mutations in PNKP
(Shen, et al, 2010). Interestingly, while | show that chronic inhibition of Parpl can rescue
aberrant presynaptic Ca?* signalling in Xrcc1NesCre hippocampal cells, the fact that acute
inhibition (which | have shown to ablate poly(ADP-ribose) accumulation in the cell) does
not, would indicate that synaptic dysfunction is a consequence of long-term Parpl
activation, and likely unrelated to the acute presence of poly(ADP-ribose) at sites of
endogenous DNA SSBs (Figure 4.12). Limitations in the treatment of Xrcc1Nes¢" mice
may be linked to the ability for PARP inhibitors to effectively cross the BBB, the toxicity
associated with Parp1l trapping in the nervous system (potentially resulting in the stalling
of transcriptive polymerases), and difficulties in the maintenance of inhibition; we show
that poly(ADP-ribose) accumulation is highly dynamic and may require continuous
administration of PARP inhibitors to effectively limit accumulation (Figure 3.6) (Shen, et
al., 2015). The development of PARP inhibitors that limit PARP trapping and more
closely phenocopy Parpl deletion might decrease the toxicity associated with PARP
inhibitor treatment in mice. The administration of a PARP inhibitor in vitro affords an
ideal cellular environment to test the efficacy of Parpl inhibition on synaptic defects.
Overcoming these obstacles in intact brain would be a major advancement in our
understanding of the therapeutic potential of PARP inhibitors in XRCC1-mediated
disease. Recently, successful maintenance of Parpl inhibition has been shown to
suppress seizure-like activity in the ex vivo Xrcc1Nes" hippocampus (Komulainen, et
al., 2021).

There are several potential mechanisms through which alterations to presynaptic
calcium signalling could occur. Given that the amplitude of activity-evoked calcium
transients is increased in Xrcc1NesC hippocampal neurons, perhaps this reflects the
deregulated activity of neuronal ion channels. VGCCs are responsible for the influx of
extracellular calcium following depolarisation (Atlas, 2013). The deregulated activity of
VGCCs could explain the rapid influx of Ca?* into the presynaptic terminal, and mutations
in genes encoding VGCCs have been linked to both epilepsy and ataxia (Atlas, 2013,
Morino, et al., 2015, Rajakulendran and Hanna, 2016). It is possible that the elevated
influx of Ca?*is a result of elongated depolarisation of the neuronal membrane, which
could result in the persistent opening of VGCCs. Prolonged depolarisation could be
linked to the deregulation of voltage gated K* channels (VGKCs) that facilitate the efflux

of K" from the cell and, following an action potential, restore the membrane from a
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depolarised level back to its resting potential (K6hling and Wolfart, 2016, Benarroch,
2021). In humans, VGKCs are encoded by 40 genes, mutations in many of which result
in epilepsy and ataxia phenotypes (Lai and Yan, 2006). One notable VGKC is the large
conductance calcium-activated potassium (BK) channel, which acts to transmit large
volumes of K" ions across the membrane (Kshatri, et al., 2018). BK channels open in
response to both electrical stimulation and increased cytosolic [Ca?], and function to
restore the depolarised membrane to resting potential, thereby influencing the timing of
membrane recovery following an action potential (Kshatri, et al., 2018). BK channels
were found to be downregulated in the SCA7 mouse model, potentially implicating a role
in the cerebellar calcium dyshomeostasis that characterises the ataxic mouse (Stoyas,
et al., 2020). Due to the role of BK channels in restoring resting membrane potential,
they are key regulators of neuronal excitability, and mutations in BK channels have been
shown to result in a variety of phenotypes, including ataxia and epilepsy (Du, et al., 2005,
Du, et al., 2020). Another potential source of irregularity in membrane excitability are
voltage gated sodium channels (VGSCs), which are critical for the generation and
propagation of APs throughout the neuron (de Lera Ruiz and Kraus, 2015). While
VGSCs predominantly function in the depolarisation of the membrane, the persistent
Na* current (leakage of a small percentage of Na*ions through inactivated channels)
during the repolarising downstroke of an action potential contributes to neuronal
excitability (Wengert and Patel, 2021). Alterations to the persistent Na* current result in

aberrant excitability and have been linked to epilepsy (Hargus, et al., 2010).

The defective activity of any of these channels could result in the elevated influx
of presynaptic calcium observed in Xrcc1NesCe hippocampal neurons, either through
direct (i.e the deregulation of VGCC activity resulting in the elevated influx of
extracellular Ca?*) or indirect means (through the elongation of depolarisation and
subsequent increase in neuronal excitability), and mutations in many of the genes
encoding these channels result in ataxia and epilepsy phenotypes similar to that which
we observe in the Xrcc1Ns® mouse. There are, as such, many different candidate
proteins that could underlie the elevated activity-evoked calcium transients observed in
Xrcc1NesCe hippocampal neurons. To investigate whether the defect underlying aberrant
presynaptic calcium signalling in these neurons is related to ion channels dysfunction,
we should investigate the expression of these channels in the Xrcc1Nes<" hippocampus.
For such a purpose, RNA sequencing is likely the most suitable method, as it will allow
the high-throughput screening of genes encoding ion channels in the brain, which will

be covered in the following chapter.
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Another mechanism by which this dyshomeostasis may occur could be through
deregulation of Ca?* release from organelles, as well as sequestration and buffering
mechanisms. The release of Ca?* from the mitochondria occurs primarily through the
Ca?* dependent opening of the mitochondrial permeability transition pore, which allows
the rapid efflux of small molecules (Mnatsakanyan, et al., 2017). Both the deregulation
of the MPTP, and mutations in proteins facilitating mitochondrial Ca?* uptake have been
linked to ataxia and neurodegeneration (Logan, et al., 2014, Kalani, et al., 2018). The
release of Ca?* from the ER occurs primarily through IP3Rs, which facilitate the release
of ER-calcium in the presence of both calcium and inositol triphosphate, and RyRs,
which are activated by cADPr (the NAD+ dependent synthesis of which is catalysed by
CD38) (Padamsey, et al., 2018, Hogan, et al., 2019). Both IP3Rs and RyRs have been
implicated in cerebellar ataxia and epilepsy (Matsumoto, et al., 1996, Liu, et al., 2009,
Kushnit, et al., 2018). Intracellular organellar calcium stores, such as the ER,
mitochondria, and acidic lysosomes, also act to buffer and sequester ionic calcium at
the presynaptic terminal, allowing the spatial and temporal modulation of the calcium
signal (Padamsey, et al., 2018). The presynaptic terminal is rich in mitochondria which,
when hyperpolarised, facilitate the sequestration of cytosolic calcium via a uniporter
across the electrochemical gradient (Datta and Jaiswal, 2021). Similarly, the ER acts to
sequester cytosolic Ca?* through SERCAs, Ca?*-ATPases which maintain the [Ca?'] in
the ER lumen (Karagas and Vankatachalam, 2019). Given that the relationship between
[Ca?*] and release probability is highly non-linear, the effects of defective buffering and
sequestration could have drastic consequences upon further stimulation (Heidelberger,
et al., 1994, Sakaba and Neher, 2001). To examine whether defective mechanisms of
buffering and sequestration may underpin the Ca?* dyshomeostasis and
elongation of Ca?* transient decay rate in Xrcc1Nes¢" hippocampal neurons, we could
utilise optical reporters to investigate Ca?* dynamics in organelles. To investigate
whether the influx and efflux of Ca?*in the mitochondria may be deregulated in Xrcc1Nes-
e hippocampal neurons, future work could involve the utilisation of Rhod-2/AM, a Ca?*
sensitive dye (Lopez-Manzaneda, et al., 2021). Similarly, we could utilise CatchER to
investigate the dynamics of Ca?*flux in the ER (Tang, et al., 2011). Through these dyes,
we could investigate whether the organelle mediated release or sequestration of Ca?
upon stimulation is deregulated in Xrcc1Nes-C® hippocampal neurons. We could further
utilise these dyes to investigate the source of unstimulated Ca?* signalling in Xrcc1Nes<re
hippocampal neurons; given that Ca?* release from both the mitochondria and ER are
Ca?" dependent, perhaps the excessive activity evoked influx of Ca?* results in smaller,

spontaneous Ca?* release events from organelles (Padamsey, et al., 2018).
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Previous work in mitotic, human RPE-1 cells has demonstrated that XRCC1-
dependent sensitivity to PARG inhibition could be rescued via the repletion of NAD+ with
the precursor NMN. Stoyas, et al., suggested that the aberrant Ca?* signalling underlying
the cerebellar pathology of the SCA7 mouse was a result of cellular NAD+ depletion,
proposing that the limited bioavailability of the molecule resulted in the inhibition of
SIRTL1. SIRT1 is an NAD+ dependent, nuclear deacetylase, which works to deacetylate
transcription factors involved in regulating the expression of genes linked to longevity
and cellular homeostasis (Elibol and Kilic, 2018). While SIRT1 and PARP1 have a similar
affinity for NAD+, given that the induction of DNA-damage can significantly increase
PARPL1 levels, elevated endogenous SSBs will likely result in PARP1 outcompeting
SIRT1 for use of the co-factor, which likely explains the significantly decreased levels of
NAD+ in the Xrcc1NesC" prain (Mendelsohn and Larrick, 2017, Komulainen, et al., 2021).
One target of SIRT1 is PGC-1a, which is a further regulator of several genes involved in
Ca?" homeostasis, such as ITPR1; which encodes the IP3 receptor, and CACNA1G,
which encodes Ca,3.1, a low-voltage activated, t-type calcium channel primarily found
in the cerebellum and thalamic neurons, and linked to progressive ataxia, but still
expressed in the hippocampus (Rodgers, et al., 2005, Gao, et al., 2012, Stoyas, et al.,
2020). In the case of the SCA7 mouse, both NAD+ repletion and SIRT1 overexpression
are sufficient to rescue the aberrant calcium signalling that characterises the model
(Stoyas, et al., 2020). CD38 also utilises NAD+ as a cofactor, catalysing the synthesis
of both cADPr and NAADP from NAD+ and nicotinic acid respectively, both of which act
as second messengers to modulate cytosolic [Ca?*] via its release from organelles, such
as the ER (Hogan, et al., 2019, Guerreiro, et al., 2020). Through the supplementation of
the NAD+ precursor, NMN, | show significant suppression of elevated activity-evoked
Ca?* transients, suggesting that NAD+ depletion by chronic poly(ADP-ribosylation) may
be partly responsible for aberrant Ca?* signalling in Xrcc1Nes¢" hippocampal neurons
(Figure 4.13).

To investigate the effects of NAD+ repletion in the Xrcc1Nes-C"® mouse, | undertook
a small pilot study investigating the impact of intraperitoneal NMN administration. Mice
were injected daily with either 30pug/kg NMN, 50ug/kg NMN, or a PBS control. Our pilot
study failed to identify any clear indication of the efficacy of NMN administration in the
elongation of the Xrcc1Nes |ifespan, with all treated mice reaching humane endpoint
by p21, within the range expected of the Xrcc1Ns¢"® mouse (data not shown). While we
did not directly observe seizures in NMN treated mice, they continued to exhibit profound
ataxia and progressive weight loss characteristic of the Xrcc1N®s"® mouse (Badman, J.

Komulainen, E. unpublished observations). The limitations of this treatment may be
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similar to those of PARP inhibitor administration, perhaps the uptake of NMN into the
brain is limited in capacity and cannot keep up with the critical demand for NAD+ in cells
that are constitutively synthesising poly(ADP-ribose). Regardless, we cannot, as yet,
conclude whether NAD+ may have therapeutic applications in the treatment of Xrccl-
linked pathology

In future, to further investigate the synaptic phenotype of XrcciNes-Cre
hippocampal neurons, separate optical reporters should be employed. These reporters,
such as SypHy (a pHluorin based reporter that enables the visualisation of vesicle exo-
and endocytosis through pH-linked fluorescence change) and iGluSnFr (a fluorescence-
based reporter of synaptic glutamate transmission), may highlight the downstream
consequences of aberrant presynaptic calcium signalling on vesicle fusion and
neurotransmitter release (Hempel, et al., 2011, Marvin, et al.,, 2013, Jackson and
Burrone, 2016, Marvin, et al., 2018). Both vesicle fusion and neurotransmitter release
are key elements of synaptic signalling, and as such may provide greater insight into the
synaptic irregularities that underlie the Xrcc1Nes"® seizure phenotype. We are, however,
limited in scope by the inherent sensitivity of dissociated Xrcc1Nest" hippocampal
neurons. As | have previously reported, XrcclNesC hippocampal neurons exhibit
spontaneous death in vitro, and my previous attempts made to induce expression of
SypHy and iGluSnFr resulted in the total death of cultured mutant neurons. It is, as yet,
unclear why | was able to achieve consistent expression of SyGCaMP6f in viable
XrcciNesCe neurons, while other reporters resulted in cell death. Another reporter of
interest would be PSDGCaMP6f, an indicator of postsynaptic calcium flux (NMDAr
mediated postsynaptic calcium signalling is a key regulator of activity-dependent
plasticity and, by extension, the excitability of neuronal systems); however, this again
resulted in the death of Xrcc1Nes¢® hippocampal cultures (Topolnik and Camiré, 2019).
Given the infrequent acquisition of cultured, mutant neurons, future work on separate
optical reporters might be more viable in wild type neurons, with Xrccl knocked down,
or in IPSCs expressing the disease mutation associated with AOA-XRCC1. This would,
however, still be limited in scope; as the AOA-XRCC1 patients retain a residual degree
of XRCC1 function, a factor which may explain the absence of seizures in disease
patients when compared to the Xrcc1Nes¢"® mouse, which has total deletion of the protein
in brain (Hoch, et al., 2017).
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4.3.1 Conclusion

Following from the observation that dissociated XrcclNes¢® hippocampal
neurons exhibited elevated steady-state levels of endogenous DNA SSBs, as in the
Xrcc1Nes€® mouse brain; | sought to investigate whether synaptic signalling correlates
of the Xrcc1NesCre seizure phenotype could be identified in vitro. To do so, | utilised a
genetically encoded, optical reporter of calcium flux to highlight aberrant, presynaptic
calcium signalling in Xrcc1Nes-¢e hippocampal neurons, providing a compelling potential
explanation for the seizures observed in the mutant mouse, as well as being, to our
knowledge, the first mechanistic link between endogenous DNA damage, Parpl
activation, and synaptic dysfunction. Genetic rescue of this synaptic phenotype via the
deletion of Parp1 may underlie the absence of observed seizure activity and subsequent
drastic increase in lifespan associated with both the Parp1*/XrcciNesce and Parpl”
IXrcc1NesCre mouse (Komulainen, et al., 2021). | propose that this phenotype may, in
part, be caused by the depletion of cellular NAD+ through the continuous synthesis of
poly(ADP-ribose) and highlight partial rescue through the administration of the NAD+
precursor, NMN. A separate, though not mutually exclusive, possible mechanism
underlying this synaptic phenotype could be through Parpl-dependent alterations to
transcription, and subsequent alteration to the expression of proteins critical in the
regulation of neuronal signalling and calcium homeostasis. Finally, | note the efficacy of
PARP inhibition in the treatment of this observed synaptic phenotype, and as such again
highlight the potential viability of PARP inhibitors in the treatment of XRCC1-mediated
neurodegeneration. The data in this chapter therefore contribute to our understanding
of SSBR mediated neuropathology and may have consequences for its treatment in

future.
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5. Chapter Five: Results — Altered Gene Expression in the Xrcc1Nes-C® Mouse

Brain

5.1 Introduction and Aims

PARP1 is a ubiquitous nuclear enzyme that, alongside facilitating the recruitment of
the SSBR machinery, acts in the regulation of gene expression due to its interaction with
chromatin (Kraus, 2008, Matveeva, et al., 2019). Chromatin is comprised of arrays of
nucleosomes (a section of DNA tightly wrapped around histone octamers) and
nucleosome binding proteins that function to regulate gene expression by regulating
RNA Pol Il loading at gene promoters and facilitating the initiation of transcription from
transcription start sites (TSS) (Kulaeva, et al., 2007, Nagai, et al., 2017). PARP1 binds
the nucleosome, promoting alterations to chromatin structure to facilitate the regulation
of gene expression through changes to nucleosome spacing (Sultanov, et al., 2017,
Thomas, et al., 2019). While the enzymatic activity of PARPL1 is predominantly linked to
autoribosylation, numerous other targets of transribosylation have been described, such
as core histones, linker histone, and numerous other proteins involved in the regulation
of gene expression (Kraus and Hottiger, 2013). poly(ADP-ribosylation) of SNF2 Family
ATPase Amplified in Liver Cancer 1 (ALC1) results in the formation of a stable
ALC1:PARP1 intermediate that acts to regulate nucleosome remodelling (Gottschalk, et
al., 2012, Ooi, et al., 2021). Autoribosylation further acts to regulate the effects of PARP1
on the transcriptome, as highly ribosylated PARP1 is limited in its ability to bind
nucleosomes, with the high turnover of poly(ADP-ribose) facilitating a dual role for active
PARP1 in the regulation of transcription and in the repair of DNA damage (Beneke,
2012, Muthurajan, et al., 2014). Through the regulation of histone acetylation, PARP1
can also regulate posttranslational covalent modification of the nucleosome core, further
impacting chromatin organisation and, subsequently, gene expression (Verdone, et al.,
2015, Ciccarone, et al., 2017).

The poly(ADP-ribosylation) of sequence-specific DNA binding factors further
enables the direct regulation of transcription by PARP1 (Pahi, et al.,, 2020). The
inherently labile nature of poly(ADP-ribose) modification has made the identification of
poly(ADP-ribosyl)ated substrates difficult (Bock and Chang, 2016). SMAD3 and SMAD4
are known substrates of PARP1 (Dahl, et al., 2014). SMAD3/4 are poly(ribosyl)ated by
PARP1, resulting in the dissociation of the SMAD complex from DNA, attenuating
SMAD-specific gene expression, thereby acting in the indirect regulation of TGF-$
signalling (downstream effectors of which include regulators of cell death and
differentiation) (L6nn, et al., 2010, Dahl, et al., 2014). Similarly, the poly(ADP-
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ribosylation) of NELF (negative elongation factor) promotes its release from stalled RNA
Pol Il to facilitate RNA production and elongation (Gibson, et al., 2016). The interaction
of PARP1 with transcription factors is not always the result of poly(ADP-ribosylation), as
PARP1 has been reported to bind two separate motifs of the FOXO1 (Forkhead box O1)
promoter, a transcription factor critical in the regulation of many cellular processes, such
as gluconeogenesis and apoptosis, in a polymerase independent manner (Tikhanovich,
et al., 2013, Tian, et al., 2020). In response to DNA damage, poly(ADP-ribosylation)
leads to the recruitment of both repressive polycomb and NURD complexes, regulators
of gene transcription, to facilitate repair (Chou, et al., 2010, Hoffman and Spengler,
2019, Piunti and Shilatifard, 2021). From these studies, it is clear that PARP1 plays a
key role in the regulation of gene expression, either by structural alteration of the
nucleosome or by posttranslational modification of transcription factors. In the case of
Xrccl deficiency, we propose that the hyperactivation of Parpl at sites of endogenous
DNA damage may interfere with the intrinsic role of Parpl in the regulation of

transcription.

In XrcciNesCre hippocampal neurons, | detected the Parpl/NAD+ dependent
deregulation of synaptic signalling. NAD+ is a co-factor of Parp1l, utilised in the synthesis
of poly(ADP-ribose) (Murata, et al., 2019). Previous studies of the Xrcc1NesC" prain have
identified a ~50% reduction in total brain NAD+ (Komulainen, et al., 2021). NAD+ is used
as a co-factor by several other proteins in the cell, one such being SIRT1. The sirtuins
are a family of ADP-ribosyltransferases and NAD+ dependent protein deacetylases,
functioning as critical regulators of metabolism, senescence, and the cell stress
response (Elibol and Kilic, 2018). SIRT1 has been shown to regulate chromatin structure
through the NAD+ dependent deacetylation of core histones (Zhang and Kraus, 2010,
Bosch-Presegue and Vaquero, 2015). Similarly, SIRT1 facilitates histone and DNA CpG
methylation to repress transcription via the recruitment of nuclear enzymes to chromatin,
suggesting a broad function in epigenetic regulation (Rifai, et al., 2018, Li, et al., 2020).
SIRT1 also functions to deacetylate many transcription factors and coregulators (Zhang
and Kraus, 2010). These targets are varied and contribute to the heterogeneous nature
of epigenetic regulation by Sirtuins. For example, the NAD+ dependent deacetylation of
PGC-1a results in the co-activation of various transcription factors, such as FOXO1,
resulting in the regulation of numerous cellular processes, such as gluconeogenesis,
mitochondrial biosynthesis, and cellular respiration (Tikhanovich, et al., 2014, Zhou, et
al., 2017).

Alterations in the Sirtl/PGC-1a signalling pathway have been linked to synaptic
failure in AD models (Panes, et al., 2020). The key regulator of SIRT1 function is the
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cellular energy state, specifically NAD+ metabolism, as the decreased bioavailability of
NAD+ (or, it has been proposed, the elevated presence of nicotinamide (NAM), a
byproduct of PARP1 and SIRT1 activity), inhibits the activity of SIRT1 (Imai and
Guarente, 2016). Recently, Stoyas et al., proposed that Parpl-dependent NAD+
depletion in the SCA7 mouse model preceded the reduced activity of Sirtl and,
subsequently, the decreased expression of several genes involved in calcium
homeostasis, downstream of transcription factors containing Sirtl binding sites. In the
SCA7 mouse, both the overexpression of Sirtl and treatment with the NAD+ precursor
nicotinamide riboside (NR) resulted in the partial elongation of mouse lifespan, and the

reversal of calcium-dependent motor impairments (Stoyas, et al., 2020).

A further mechanism by which Xrccl deficient cells might exhibit deregulated
transcription is through the challenges faced by transcriptive polymerases, such as RNA
Pol Il, in bypassing unrepaired SSBs. The induction of oxidative DNA damage in nuclear
extracts has been shown to inhibit RNA Pol Il progression, indicating that the elevated
presence of DNA SSBs in cells might result in deregulated transcription (Kathe, et al.,
2004). Interestingly, the ability of RNA Pol Il to bypass breaks appears to be dependent
on 3’ end chemistry of the lesion, with the chemistry of the 5’ end lesion being of
seemingly little importance (Sordet, et al., 2008, Neil, et al., 2012). Similarly, SSBs
introduced at AP sites result in stalled polymerase progression (Zhou and Doetsch,
1993). Bulky 3’ lesions are sufficient to induce transcriptional arrest. These bulky lesions
include the Top1cc and 3’-phosphoglycolates formed by radical-mediated cleavage of
DNA and processed by TDP1 and APE1, respectively (Parsons, et al., 2004, Zhou, et
al., 2005, Sordet, et al., 2008). The ability of certain forms of SSB to induce transcription
arrest could be relevant to Xrccl-deficient cells, particularly neurons, as they may
continue to accumulate unrepaired breaks across their lifespan, potentially resulting in
the stalling of RNA Pol Il during transcription. Wu, et al., recently identified site-specific
SSBs at sites of neuronal enhancers in Xrccl deficient rat and human neurons. They
propose that these site-specific breaks may be the result of active demethylation (the
epigenetic modification of CpG enriched sites via the TET-dependent progressive
oxidation of 5-methylcytosine through TDGL1 initiated BER and the formation of XRCC1-
associated SSB intermediates) (He, et al.,, 2011, Wu and Zhang, 2017). Increasing
evidence has suggested that active demethylation in the brain is dependent on neuronal
activity, and tenfold more frequent in neuronal cells, possible explaining the appearance
of site-specific SSBs predominantly in neuronal enhancers (Kraucionis and Heintz,
2009, Bayraktar and Kreutz, 2018, Wu, et al., 2021). Recently, PARP1 activation as a

consequence of XRCC1 loss was found to directly result in transcription inhibition during
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BER, by promoting the excessive recruitment and activity of ubiquitin protease USP3,
resulting in decreased levels of monoubiquitinated histones required for transcription
regulation (Adamowicz, et al., 2021). These data have identified PARP1-dependent
alterations to transcription in cells lacking XRCC1 and support the notion that aberrant

transcription may be identified in the Xrcc1Nes€" prain.

PARPL1 is capable of regulating transcription through many mechanisms, such
as direct interaction with the nucleosome, and through the posttranslational modification
of histones and transcriptional regulators. Similarly, the potential downstream
consequences of poly(ADP-ribosylation), such as NAD+ may interfere with ordinary
transcription. Given these roles of PARPL1 in the regulation of transcription, we propose
that hyperactivity of Parpl associated with Xrccl deficiency may result in alterations to
transcription in the Xrcc1Nes-C'® prain. The aim of this chapter is to investigate whether
aberrant gene expression in the brain might underlie the episodic ataxia and terminal
seizures that characterise the Xrcc1Nes¢"® mouse, as well as the aberrant presynaptic
calcium signalling identified in cultured Xrcc1Nes¢® hippocampal neurons. To do so, |
examined the expression of numerous proteins involved in neuronal function and
calcium homeostasis in the brain. Following this, using RNA sequencing, | investigated
MRNA levels in the XrcclNes€® hippocampus, to examine whether transcriptional

alterations may contribute to the mouse phenotype.
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5.2 Results

5.2.1 Alterations in Protein Levels in the Xrcc1Nes-¢"¢ Mouse Brain

Following the observation that Xrcc1Nes" hippocampal neurons exhibit altered
pre-synaptic calcium signalling, and with evidence of aberrant gene expression in
separate models of cerebellar ataxia, | reasoned that alterations in protein expression
might underlie defective signalling in the Xrcc1Ns" mouse brain (Stoyas, et al., 2020)
(Figure 4.2). To investigate this, I first verified that Xrcc1Nes" mice were lacking Xrccl
in whole brain extracts, and that Parpl was expressed in these extracts but absent from
those in which the Parpl gene was additionally deleted (Figure 5.1). Following this, mice
were sacrificed at p15, at which point their brains were dissected into cortices, cerebella,
and hippocampi which were snap frozen in liquid nitrogen prior to protein lysates being
fractionated by SDS-PAGE and immunoblotted with appropriate antibodies.

5.2.1.1 IP3R

Alongside intractable seizures, the XrcciNes¢® mouse is characterised by
progressive ataxia. Ataxia is highly heterogeneous, with several mutations known to
result in cerebellar ataxia phenotypes (Pilotto and Saxena, 2018, Bird, 2019). Inositol
triphosphate receptors (IP3R) are membrane glycoproteins that act as Ca?* channels
upon binding inositol triphosphate, leading to the release of calcium from intracellular
stores (Foskett, et al., 2007, Paknejad and Hite, 2018). Mutations in ITPR1, which
encodes IP3R1, the main neuronal isoform of the receptor, result in the autosomal
dominantly inherited spinocerebellar ataxias, SCA15 and SCA29 (Marelli, et al., 2011,
Zambonin, et al., 2017). IP3R1 expression is 7-fold lower in the cerebellum of human
AT patients (Lee, et al., 2021). Recently, a mouse model was reported in which DNA
polymerase B (POLB) and Atm deletion resulted in profound ataxia and juvenile
mortality, purportedly due to the deregulation of Itprl transcription and the subsequent
effects of IPsR1 loss in cerebellum, possibly due to the impact on calcium homeostasis
(Kim, et al., 2020). Further, IP3related alterations to cytosolic calcium are linked to both
SCA2 and SCA3 (Bezprozvanny, 2010). IPsR1 is most abundantly expressed in
cerebellar PCs, where its role in the modulation of Ca?* release from intracellular stores
regulates dendritic spine morphology and the maintenance of cerebellar circuitry,
however it is expressed across the brain (Sugaware, et al., 2013, Segal and Korkotia,
2014). In the mouse hippocampus, genetic deletion of IP3K-A, a protein kinase
responsible for the regulation of inositol triphosphate signalling, results in pronounced

synaptic plasticity defects, likely the result of deregulation of the cytosolic calcium pool
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Figure 5.1 Confirmation of Xrccl and Parpl deletion in mutant mice. Western blot
analysis of Xrccl and Parpl expression in whole brain extracts taken from p15 wild type,
XrcciNesCre and Parpl”/XrcciNes-C® mice. B-actin used as loading control.
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Figure 5.2 Decreased Levels Inositol Triphosphate Receptors in the XrcclNes<re
Cerebellum. Left: Western blot analysis of IP3R in cortical, cerebellar, and hippocampal
tissues taken from p15 wild type and Xrcc1Nes¢® mice, highlighting decreased IP3R in
the Xrcc1Nes-Cre cerebellum. Blots shown are representative of 1 wild type and 2 separate
Xrcc1NesCre prains. Ponceau S staining served as a loading control. Right: Quantification
of IP3R expression in cortical, cerebellar, and hippocampal tissues from wild type and
Xrcc1NesCe prains, n = 3 mice, blot images from remaining brains not shown in (A).
Statistical significance is denoted as * where p < 0.05 by student’s t-test. Histogram

shows mean = SEM.



130

(Choli, et al., 2018). Indeed, overexpression of IP3K-A kinase results in the amplification
of vesicle pool size, and an increase in evoked presynaptic release probability (Choi, et
al., 2018). Given that | have demonstrated aberrant presynaptic calcium signalling in
cultured XrcciNes€e hippocampal neurons, | wondered if alterations in calcium
homeostasis may underlie the cerebellar ataxia that characterises the XrcciNes-Cre
mouse, which could be linked to defective InsP3 signalling.

For the above reasons, | proposed that | might observe alterations in IP3R
expression in Xrcc1NesC® mouse brain, and that such an alteration might underlie
elements of both progressive cerebellar ataxia and aberrant presynaptic calcium
signalling. Following lysis and immunoblotting of Xrcc1Nesc" cortical, cerebellar, and
hippocampal samples. | observed a significant reduction in the level of the 250kDa IP3R
isoform in the Xrcc1Nesr cerebellum (Figure 5.2). IP3R expression was not altered in
either cortical or hippocampal tissue. The reduced expression of IP3R is interesting, as
it may explain certain elements of the Xrcc1Nes¢" phenotype, such as cerebellar ataxia,
given the ubiquity of IP3R deregulation in cerebella ataxia phenotypes (Bezprozvanny,
2010).

5.2.1.2 GRID2IP

Following the discovery that the cerebella of Xrcc1Nes¢"® mice exhibit decreased
expression of IP3R, | sought to investigate the expression of further proteins involved in
the regulation of PC signalling. Glutamate Receptor lonotropic Delta 2 Interacting
Protein (GRID2IP) is involved in the regulation of GRID signalling, expressed exclusively
at parallel fibre PC synapses (Miyagi, et al., 2002, Takeuchi, et al., 2008). The name is
a misnomer, as GRID signalling is unrelated to glutamate, with their endogenous ligand
suggested to be D-serine which, upon binding, induces conformational changes required
for non-ionotropic signalling (Chin, et al., 2020). GRID and GRID2IP are predominantly
expressed in PCs, and function in the regulation of motor co-ordination, synaptogenesis,
and synaptic plasticity (Takeuchi, et al., 2008, Ichikawa, et al., 2016). Mutations in Grid2
result in the ‘lurcher’ mouse, characterised by defective co-ordination and ataxia as a
result of apoptotic PC death (Vogel, et al., 2007, Zanjani, et al., 2009). In humans,
GRID2 mutation is linked to progressive ataxia, ocular motor apraxia, and lower motor
neuron involvement, demonstrating striking similarity to several conditions associated
with hereditary defects in SSBR, including patients harbouring mutations in XRCC1
(Coutelier, et al., 2015, Hoch, et al., 2017, Veeranpandiyan, et al., 2017). While the
function of GRID2IP is somewhat unclear, it appears to facilitate the surface expression
of GRID2 at parallel fibre PC synapses (Matsuda, et al., 2006).
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Figure 5.3 Decreased Levels of Grid2ip in Xrcc1M*s“" Cerebellum. Left: Western blot
analysis of Grid2ip (Delphilin) in cortical, cerebellar, and hippocampal tissues taken from
p15 wild type and Xrcc1NesC® mice, demonstrating decreased Grid2ip in the Xrcc1Nes<re
cerebellum. Blots shown are representative of 1 wild type and 2 separate Xrcc1Nes-Ccre
brains. Right: Quantification of Grid2ip in cerebellar tissue from wild type and Xrcc1Nes-
e prains, n = 3 mice, blot images from remaining brains not shown in (A). Statistical
significance is denoted as * where p < 0.05 by student’s t-test. Histogram shows mean
+ SEM.
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As with IP3R, following blotting | observed that the levels of Grid2ip was
significantly decreased in the cerebellum of the Xrcc1Nes¢® mouse (Figure 5.3). Grid2ip
is required for the surface expression of Grid2, mutations in which are associated with
cerebellar ataxia. This decreased level may also underlie elements of the Xrcc1Nescre
ataxia phenotype, as defective Grid2 trafficking may interfere with the function of PC
parallel fibore synapses. As Grid2ip expression is limited to cerebellar PCs, the
decreased level of this protein would not explain the defects observed in hippocampal

neurons.

5.2.1.3 Cacnala

Having previously established that the seizures characterising the Xrcc1Nescre
mouse may reflect aberrant presynaptic calcium signalling in hippocampal neurons, |
next examined levels of the protein Cacnala, a which encodes the transmembrane
pore-forming subunit of Cay;2.1, the P/Q Voltage Dependent Calcium Channel (Diriong,
et al., 1995, Stampfl and Fee, 2021). Ca.2.1 is widely present throughout the brain,
located at the presynaptic terminal, where it regulates the voltage-dependent entry of
calcium into the presynaptic terminal following an action potential, preceding the fusion
of neurotransmitter containing vesicles (He, et al., 2018, Mochida, 2019). | identified
Ca2.1 as a potential target due to the pathologies associated with mutations in
CACNAL1A, which encodes the channel, notably spinocerebellar ataxia type 6 (SCA6),
episodic ataxia type 2 (EA2), and epilepsy with multiple seizure types (Giunti, et al.,
2015, Sintas, et al., 2017, Indelicato and Boesch, 2021).

| detected a striking decrease in Cacnala levels in the Xrcc1Nes¢ cerebellum
(Figure 5.4). The pore-forming subunit, Cacnala, is required for Ca..2.1 function (Guida,
et al., 2001). Mutations in CACNA1A are associated with SCA6 and increasing evidence
has suggested that alterations in calcium signalling may be mechanistically linked to
multiple forms of cerebellar ataxia. The decreased level of Cacnala is consistent with
the notion that deregulated calcium homeostasis in the cerebellum of the XrcclNescre
mouse may contribute to the aetiology of its ataxia phenotype (Giunti, et al., 2015,
Hisatsune, et al., 2018). Interestingly, | also detected a decrease in this protein in
XrccaNesCre cortex (Figure 5.4). The phenotype of the Xrcc1NesC*® mouse has, so far,
indicated only the involvement of the cerebellum (progressive degeneration and ataxia)
and the hippocampus (poly(ADP-ribose) accumulation linked to terminal seizures),
however there is moderate accumulation of poly(ADP-ribose) in the Xrcc1Nes' cortex

(Komulainen, et al., 2021). | did not detect any significant change in levels of Cacnala
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Figure 5.4 Decreased Levels of Cacnala in the Xrcc1N*s“* Cortex and Cerebellum.
Left: Western blot analysis of Cacnala (P/Q Type voltage gated Ca?* channel subunit
a1) in cortical, cerebellar, and hippocampal tissues taken from p15 wild type and
Xrcc1NesCe mice, demonstrating the decreased levels of Cacnala in the XrcclNescre
cortex and cerebellum. Blots shown are representative of 1 wild type and 2 separate
Xrcc1NesCe prains. Right: Quantification of Cacnala expression in cortical, cerebellar,
and hippocampal tissues from wild type and Xrcc1Nes°" brains, n = 3 mice, blot images
from remaining brains not shown in (A). Statistical significance is denoted as ** where p
< 0.01 by student’s t-test. Histogram shows mean + SEM.
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in Xrcc1NesCre hippocampus, and as such it is unlikely to be related to the aberrant

presynaptic calcium signalling observed in Xrcc1Nes¢" hippocampal neurons.

5.2.1.4 DAGLa

Another protein that | sought to investigate was Diacylglycerol Lipase Alpha
(DAGLa), a protein responsible for the biosynthesis of the endocannabinoid 2-
arachidonoylglycerol, as well as the modulation of PC parallel fibre synapses (Yoshida,
et al., 2006, Shonesy, et al., 2014). While Dagla null mice are viable, endocannabinoid-
dependent retrograde synaptic transmission is absent from the hippocampus and
cerebellum, and duplications at chromosome 11g12.2-11g12.3, which encode DAGLA
are associated with spinocerebellar ataxia type 20 (SCA20) (Knight, et al., 2008, Asami,
et al., 2010). Further, DAGLa has been found to differentially expressed in separate
models of spinocerebellar ataxia, such as SCA1, SCA3, and SCA7 (Pflieger, et al.,
2017). In the XrcciNest® mouse cerebellum, | observed significantly increased
expression of DAGLa, (Figure 5.5). Elevated DAGLa levels in the cerebellum could
contribute to the aberrant modulation of PC parallel fibre synapses, which may have
consequences for the highly intricate signalling required for movement co-ordination and

requires further investigation (Heck, et al., 2007).

5.2.2 RNA Sequencing Reveals Altered Gene Expression in the XrcclNes-Cre

Hippocampus

Following the discovery of abnormal protein levels in the XrcclNes¢' prain,
particularly in the cerebellum, | sought to investigate the effects of Xrccl deletion on
gene expression in the hippocampus. Arguably, one of the most drastic elements of the
Xrcc1NesCre phenotype are the intractable seizures that, ultimately, result in shortened
lifespan. Through my investigations of cultured Xrcc1Nes¢" hippocampal neurons, |
identified significant alterations to presynaptic calcium signalling that may underlie the
seizures observed in the mouse. This signalling can be rescued both by the chronic
inhibition of Parp1l in isolated hippocampal neurons, and partially with supplementation
ofNAD+ precursors, possibly implicating NAD+ depletion as a cause of defective
presynaptic signalling. The cellular energy state can regulate transcription through Sirtl
activity, and NAD+ depletion has shown to result in aberrant gene expression in the
SCA7 mouse, which is rescued by either Sirtl overexpression or NAD+ repletion (Imai
and Guarente, 2016, Stoyas, et al., 2020).

To investigate whether alterations to gene expression may underlie defective
signalling in the hippocampus, 3 wild type and 4 Xrcc1Nes€® mice from 3 different litters

(1 mouse of each genotype per litter, with one litter providing 2 Xrcc1Nes" pups) were
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Figure 5.5 Elevated Levels of Dagla in the Xrcc1V*°" cerebellum. Left: Western blot
analysis of Dagla (Diacylglycerol Lipase a) expression in cortical, cerebellar, and
hippocampal tissues taken from p15 wild type and XrcclNes® mice, demonstrating
elevated levels of Dagla in the Xrcc1NesC cerebellum. Blots shown are representative
of 1 wild type and 2 separate Xrcc1NesC® prains. Right: Quantification of Dagla levels in
cortical, cerebellar, and hippocampal tissues from wild type and Xrcc1Nes€" prains, n =
3 mice, blot images from remaining brains not shown in (A). Statistical significance is
denoted as * where p < 0.05 by student’s t-test. Histogram shows mean + SEM.
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Figure 5.6 RNA Sequencing Highlights Altered Transcription in the Xrcc1Nescre
Hippocampus. RNA-Seq heatmap showing the expression z-scores calculated for the
top 151 genes differentially expressed in the pl5 XrcclNes€® hippocampus. 151
differentially expressed genes (DEGs) were highlighted from 32,718 examined genes.
DEGs are shown in red if expression is increased, and in blue if shown to be decreased
following analysis. All genes presented were identified as significantly differentially
expressed where p < 0.05. 3 wild type and 4 Xrcc1VesC mice from 3 separate litters
were harvested for tissues, which were lysed prior to isolation and sequencing at the
Institute of Molecular Genetics of the Czech Academy of Sciences (IMG).
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Figure 5.7 Summary of Notable DEGs in the Xrcc1V*°" Hippocampus. Box and whisker
plots highlighting the differential expression of several genes highlighted by RNA-seq.
Expression of a) Barhl (p = 0.015), b) Plcl1 (p = 0.006), c) Syn3 (p = 0.014), d) Itpr2 (p
= 0.04), e) Sez6 (p < 0.001), and f) Sv2c (p < 0.001), determined to be significantly
differentially expressed in the Xrcc1Nest™® hippocampus. Box and Whisker plots
demonstrate central median, with upper and lower quartiles above and below. Dashed
bars represent the upper and lower extremes within the data set. Genes were
highlighted due to the strength of the effect (as in Barh1l), or their potential relevance to
the Xrcc1Nes€ phenotype (such as Syn3 and Itpr2). Box and whisker plots generated in
R during analysis at IMG.
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sacrificed, with tissue lysed and RNA extracted. RNA sequencing identified a number of
genes with significant deregulation of their expression in Xrcc1Nes-¢'® hippocampi (Figure
5.6). In total, 151 significant differentially expressed genes (DEGs) were identified (Table
5.2 and 5.3). Ranges of log fold change identified in significant DEGs were from the -
3.660 Log2 fold change (Log2FC) decreased expression of Barhl (BarH Like
Homeobox, responsible for the regulation of neurotrophin expression, linked to cell
survival, cerebellar dysfunction and medulloblastoma), to the +1.570 Log2FC increased
expression of neurotensin (an endogenous neuroleptic linked to thermoregulation and
cell protection following cerebral ischaemia) (Li, et al., 2004, Antonelli, et al., 2008)
(Figure 5.7). Of potential interest in the aetiology of the Xrcc1Nes-¢*® phenotype is another
DEG downregulated in our RNAseq data, Plcll (Log2FC = -0.749), which encodes
phospholipase c-like 1 (Plcll) (Figure 5.7 B). Plcll is associated with the turnover and
trafficking of GABA(A) receptors to the plasma membrane, deletion of which in mice
results in an epileptic phenotype (Kanematsu, et al., 2002, Zhu, et al., 2012). Mutations
in PLCL1 have also been associated with ASD and are considered a candidate for ultra-
rare genetic epilepsy variants in humans (Epi25 Collaborative, 2019, Zheng, et al.,
2021).

Another functionality seemingly deregulated in the Xrcc1NesC hippocampi is
synaptic signalling. For example, | noted the significant downregulation of Sv2c (synaptic
vesicle glycoprotein 2c¢, Log2FC = -1.040), expression of which is linked dopaminergic
neuron function and is associated with the aetiology of PD (Dunn, et al., 2017) (Figure
5.7 F). Similarly highlighted is Syn3 (synapsin 3, downregulated, Log2FC = -0.966), a
member of the synapsin family, which encode neuronal phosphoproteins associated
with vesicles, and which are known to regulate neurotransmitter release (Feng, et al.,
2002) (Figure 5.7 C). Several genes highlighted are associated with seizure phenotypes,
such as Sez6 (seizure related 6, upregulated, Log2FC = +0.822), which is critical in cell-
cell interactions and the facilitation of dendritic arborisation, as well as membrane
trafficking of kainate receptor subunits (Gunnersen, et al., 2007, Pigoni, et al., 2020)
(5.2.2.2 E). SEZ6 is also a candidate gene for epilepsy, with mutations in SEZ6
associated with febrile seizures (Mulley, et al., 2011). A further DEG identified in our
RNAseq data is Kcnjl0, which encodes for Kcnjl0 (potassium inwardly rectifying
channel, subfamily J, member 10, downregulated, Log2FC = -0.654), which is
predominantly expressed in glial cells (Seifert, et al., 2009) (Table 5.3). Kcnjl10 is an
inwardly rectifying channel, facilitating influx of K*into glia, regulating special buffering

of K* released by neurons during action potential propagation (Kucheryavykh, et al.,
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2007). Mutations in KCNJ10 are associated with both seizures and ataxia (Guo, et al.,
2015, Zhang, et al., 2019).

5.2.2.1 Downreqgulation of Cadherin 1 in the Xrcc1Nes-C"® Hippocampus

Of further note was the significant downregulation of both Cadherin 1 (Cdh1,
Log2FC = -2.15) and Cadherin Related Family Member 1 (Cdhrl, Log2FC = -0.799)
(Figure 5.8 A & B). Cadherins are glycosylated transmembrane proteins which form
adhesion complexes in many tissues, with notable roles in the regulation of synaptic and
dendritic architecture, as well as the maintenance of plasticity (Seong, et al., 2015,
Yamagata, et al., 2018). Mutations in genes encoding members of the cadherin family
have been associated with several disorders, such as female-limited epilepsy and AD
(Dibbens, et al., 2008, Leschyns’ka and Sytnyk, 2016). The deletion of N-Cadherin
(Cadherin 2) results in decreased levels of GIulA, an AMPA receptor subunit, and
Postsynaptic density protein 95 (Psd-95), a postsynaptic scaffold protein (Nikitczuk, et
al., 2014). N-Cadherin is also responsible for the regulation of presynaptic vesicle
clustering (Stan, et al., 2012). Cadherin 1 is predominantly expressed in epithelial cells,
key in the regulation of cell-cell adhesion through the formation and maintenance of
adherens junctions (Pecina-Slaus, 2003, Bruner and Darksen, 2018). The deletion of
Cadherin 1 in cultured cortical neurons results in a reduced density of dendritic,
GABAergic inhibitory synapses, whereas glutamatergic synapses were not affected
(Fiederling, et al., 2011).

The decreased expression of a protein required for the regulation of inhibitory
synaptic signalling could contribute to the Xrcc1Nes" phenotype, as any alteration in the
balance of excitatory and inhibitory signalling in the brain could result in seizures
(Fritschy, 2008). Other classical members of the cadherin superfamily (such as Cadherin
2, Cadherin 9, and Cadherin 10) are associated with neurodevelopmental disorders
such as autism but were not found to be significantly differentially expressed in Xrcc1Nes-
e hippocampal tissue (Wang, et al., 2009, Wang, et al., 2019). One possible mechanism
for the decreased expression of Cadherin 1 in the Xrcc1Nes-C® hippocampus is through
the poly(ADP-ribosylation) of Smad4, which induces Cadherin 1 expression (Muller, et
al., 2002, Reinacher-Schick, et al., 2004, Diab, et al., 2012). Smad4 is poly(ADP-
ribosyl)ated by Parpl, leading to the dissolution of the Smad complex and the
attenuation of Smad-linked gene expression (Lénn, et al., 2010, Dahl, et al., 2014). This
Parpl-dependent effect might also explain the Cadherin 1 defects observed in the glaikit

(Tdp1 homolog) knockout drosophila (Dunlop, et al., 2004).
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Figure 5.8 Summary of Cell Adhesion and Synaptogenesis Related DEGs in the
Xrcc1NesC" Hippocampus. Box and whisker plots highlighting the differential expression
of several genes highlighted by RNA-seq. Expression of a) Cadherin 1 (Cdhl) (p = 0.02),
and b) Cadherin Related Family Member 1 (Cdhrl) (p = 0.02) determined to be
significantly differentially expressed in the Xrcc1Nes-C® hippocampus. Box and Whisker
plots demonstrate central median, with upper and lower quartiles above and below.
Dashed bars represent the upper and lower extremes within the data set. Genes were
highlighted due to their functions in cell adhesion and synaptogenesis, and their potential
relevance to the Xrcc1NesC" phenotype. Box and whisker plots generated in R during
analysis at IMG.
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5.2.2.2 Downregulation of Sema Family Proteins in the Xrcc1V®s°"¢ Hippocampus

Of those investigated, several genes found to be downregulated in the Xrcc1Nes-
Cre hippocampus were associated with the regulation of axon guidance, with significant
alterations found in the expression of Sema6a, Semaba, Sema4d, and Sema3c, which
express Sema proteins (Figure 5.9). Semaphorins are a family of transmembrane or
secreted proteins originally identified in the axonal growth cone (Koncina, et al., 2007,
Hu and Zhu, 2018). Semaphorins are critical in the development of the nervous system,
acting as cues to deflect neuronal growth away from inappropriate regions (Hu and Zhu,
2018). During neuronal development, Semab5a acts to negatively regulate
synaptogenesis in hippocampal granule cells, and deletion of Semaba results in
elevated dendritic spine density and AMPA receptor synaptic responses (Duan, et al.,
2014). In humans, mutations in SEMASA are commonly associated ASD and intellectual
impairment (Mosca-Voidron, et al., 2016). Recently, de novo germline mutations in
SEMASA were found in patients with early onset infantile epileptic encephalopathy
(Wang, et al.,, 2019). Several Sema proteins are linked to ASD, likely through their
function in promoting synaptogenesis and oligodendrocyte differentiation (Carulli, et al.,
2021). Similarly, another DEG identified was Ephb1, which encodes ephrin receptor b1,
mediators of Eph/ephrin interactions which also regulate directionality of the axonal
growth curve (Robichaux, et al., 2014). Deletion of astrocytic Ephbl results in the
enhanced excitability of CA1 pyramidal neurons, increased dendritic spine density, and
elevated amplitude of evoked NMDAR and AMPAR EPSCs, providing evidence for the
role of ephrin signalling in the maintenance of the E/I balance (Nguyen, et al., 2020).

5.2.2.3 RNA Seguencing of Xrcc1V®sC"®* Hippocampi Reveals Overlap with Neuronal

Enhancers Prone to Demethylation-Linked Breakage Highlighted by SARseq

Through studying human i and rat neurons, Wu et al recently discovered that
endogenous DNA SSBs are prone to clustering in certain regions of the genome. They
proposed that these DNA SSBs represented endogenous damage that occurred in a
site and cell type-specific manner (Wu, et al., 2021). Through genomic mapping, it was
discovered that Xrccl loss resulted in deficient short-patch repair, and subsequently
increased repair synthesis at sites of neuronal enhancers, providing a site and cell type-
specific model of the effect of DNA SSBs on transcription. Synthesis Associated with
Repair Sequencing (SARseq) peaks revealed the clustering of endogenous SSBs at
CpG sites, prompting the hypothesis that active demethylation; the TET dependent
progressive oxidation of 5-methylcytosine to (predominantly) 5-hydroxymethylcytosine

through XRCC1-associated SSB intermediates accounted for these breaks
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Figure 5.9 Summary of Axonal Growth and Neurogenesis Related DEGs in the Xrcc1Nes
¢ Hippocampus. Box and whisker plots highlighting the differential expression of
several genes highlighted by RNA-seq. Expression of a) Semaphorin 5A (Semaba) (p <
0.001), b) Semaphorin 6A (Semab6a) (p < 0.001), ¢) Semaphorin 3C (Sema3c) (p =
0.002) and d) Ephrin Type B Receptor 1 (Ephbl) (p < 0.001), determined to be
significantly differentially expressed in the Xrcc1Nes' hippocampus. Box and Whisker
plots demonstrate central median, with upper and lower quartiles above and below.
Dashed bars represent the upper and lower extremes within the data set. Genes were
highlighted due to their functions in the development and guidance of axonal growth and
neurogenesis, and their potential relevance to the Xrcc1Nes® phenotype. Box and
whisker plots generated in R during analysis at IMG.
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Figure 5.10 The Overlap Between RNAseq and SARseq in Xrccl Deficient Models. Two
diagrams demonstrating the overlap between significantly differentially expressed genes
in the Xrcc1Nes-C¢ hippocampus and genes identified at neuronal enhancers affected by
site-specific DNA SSBs (Wu, et al., 2021). Of the 53 significantly upregulated (above)
genes identified in the Xrcc1Nes" Hippocampus, 15 were highlighted by SARseq in rat
and human i3 neurons, with 2 genes in both sets. Of the 95 significantly downregulated
(below) genes, 60 had been highlighted by SARseq with an overlap of 17 genes. The
comparison between RNAseq and SARseq data sets was not significant.
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(Lio, et al., 2020, Wu, et al., 2021). The active demethylation of cytosine at CpG sites is
tenfold more frequent in postmitotic neurons, likely the result of activity-driven epigenetic
modification, and occurs primarily at enhancer regions (Kraucionis and Heintz, 2009,
Lio, et al., 2020). With the discovery of frequent, endogenous DNA SSBs at sites of
neuronal enhancers, Wu, et al., proposed that the accumulation of frequent, site-specific
DNA damage, and the increased dependence on DNA repair synthesis gives rise to a

potential deregulation of gene expression at break-associated loci.

Interestingly, many of the genes found to be significantly deregulated in the
Xrcc1NesC® mouse hippocampus corresponded to those identified by Wu et al as being
at neuronal enhancers linked to site-specific DNA SSBs. In rat primary neurons, 22,196
SARseq peaks (sites identified as locations of site-specific breakage), overlapping with
5,202 mouse genes, 66 of which were found to be differentially expressed (52
downregulated, 14 upregulated) in the Xrcc1Nes¢" hippocampus. This overlap was found
to be insignificant (median overlap for 1000 random sets = 54, p = 0.104) (Wu, et al,
2021) (Figure 5.10). In human i® neurons, 39,253 SARseq peaks were identified,
overlapping with 1,482 mouse genes, 28 of which were found to be differentially
expressed (25 downregulated, 3 upregulated) in the Xrcc1Nes-C hippocampus. Again,
this overlap was found to be insignificant (median overlap for 1000 random sets = 23, p
= 0.274) (Wu, et al., 2021) (Figure 5.10). Despite the insignificant overlap between
RNAseq and SARseq data sets, Ephbl was associated with SARseq peaks in both rat
primary neurons and human i¥ neurons, with further representation of Sema genes in
both data sets. Syn3 and Sez6, two genes found downregulated in the XrcclNescre
hippocampus and linked to synaptic transmission and seizure phenotypes, were also
highlighted at SARseq peaks of rat primary neurons. Itpr2 was also highlighted in both
data sets, which may explain its frequent deregulation in DNA damage repair associated

neurological phenotypes.

5.2.3 Validation of Highlighted Genes by gPCR

Finally, in order to validate the results of our RNA sequencing, we selected a
subset of genes found to be significantly deregulated in the XrcclNest"™® mouse
hippocampus. Genes were selected based on three main factors: the strength of the
observed effect, the potential relevance of the gene in the aetiology of a seizure
phenotype (such as genes involved in synaptic transmission, or those found to be
mutated in epileptic disease), and their overlapping between RNAseq and SARseq data
pools. Genes chosen for validation were Syn3, which encodes synapsin Ill, a protein

involved in synaptic transmission and plasticity, and the epilepsy candidate genes Sez6
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Figure 5.11 RT-gPCR Validation of Genes Highlighted by RNAseq and SARseq in the
Xrcc1MesC"® Hippocampus. Hippocampal tissues were taken from p15 wild type (n = 3)
and Xrcc1Nes€ (n = 4) mice. Tissue was lysed and RNA was isolated, prior to creation
of cDNA libraries. RT-gPCR was performed on samples with primers designed against
a) Syn3, b) Sez6, and c) Plcl1, genes which had been highlighted in both RNAseq and
SARseq of Xrccl deficient models. Expression was measured by RT-gPCR in relation
to the expression of three housekeeping genes, Left: Gapdh, Middle: NeuN, and Right:
Gfap. Analysis was performed by student’s t-test in relation to each of the housekeeping
genes. None of the above validations were statistically significant.
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and Plcll (Feng, et al.,, 2002, Mulley, et al., 2011, Epi25 Collaborative, 2019). New
hippocampal samples were taken from sacrificed mice, from which we extracted RNA
and generated cDNA libraries. Our candidate genes were investigated relative to the
expression of the housekeeping genes Gapdh, NeuN, and Gfap. We were unable to
validate any of the chosen genes as being significantly deregulated by qPCR (Figure
5.11 A, B & C, Table 5.2 and 5.3). In most cases a general trend towards the effect
observed in our RNAseq data was observed (Figure 5.11 A, B & C, Table 5.1).

Target Gene Examiner Result Log2FC gPCR
(RNAseq) Rel. to WT
Syn3 JB | Not Vvalidated -0.966 1.22
Sez6 JB Not Validated +0.822 2.48
Plcl1 JB Not Validated -0.749 0.41
Semaba JB Not Validated -0.774 0.84
Itpr2 JB | Not Validated -0.53 0.79
Tnr JB Not Validated -0.635 1.03
Dcx AM | Not Validated -0.822 1.20
Draxin AM | Not Validated -1.17 0.89
Lrrc55 AM | Not Validated -0.944 1.13
Erbb4 AM | Not Validated -0.631 1.48

Table 5.1 Validation of Target Genes by RT-qPCR. The expression of target genes was
measured relative to three, separate housekeeping genes by either Jack Badman (JB)
or Alex McLoughlin (AM), with averages taken. No RNAseq result was significantly
validated by RT-gPCR.
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Symbol g Fold Change p Value

Cyb581 cytochrome b-561 0.582 2.27E-02
Pex5l peroxisomal biogenesis factor 5-like 0.585 4.06E-02
Galnt9 polypeptide N-acetylgalactosaminyltransferase 9 0.587 1.99E-02
Egrd early growth response 4 0.623 2.20E-02
Mal2 mal, T cell differentiation protein 2 0.624 2.23E-02
Rasall RAS protein activator like 1 (GAP1 like) 0.647 3.75E-03
Plppé phospholipid phosphatase 6 0.649 1.02E-02
Igfbpd insulin-like growth factor binding protein 4 0.654 8.32E-04
Aldh1b1 aldehyde dehydrogenase 1 family, member B1 0.686 1.72E-02
Sst somatostatin 0.692 6.85E-04
Junb jun B proto-oncogene 0.697 1.05E-03
Chst8 carbohydrate sulfotransferase 8 0.701 2.88E-02
Snhg11 small nucleclar RNA host gene 11 0.702 2.75E-02
Slcbab solute carrier family 5 (sodium iodide symporter}, member 5 0.713 4.35E-03
Grp gastrin releasing peptide 0.731 1.83E-02
Hist1hic histone cluster 1, Hic 0.731 2.27E-02
Cotl1 coactosin-like 1 (Dictyostelium) 0.734 7.24E-04
Chrd chordin 0.738 2.98E-02
Dusp5 dual specificity phosphatase 5 0.75 4.33E-03
Npas4 neuronal PAS domain protein 4 0.754 1.33E-02
Hrh3 histamine receptor H3 0.77 1.54E-02
AC149090.1 NULL 0.775 2.75E-02
Rasd1 RAS, dexamethasone-induced 1 0.784 1.83E-02
Mpped1 metallophosphoesterase domain containing 1 0.797 8.62E-06
Matn2 matrilin 2 0.817 9.70E-03
Sez6 seizure related gene 6 0.822 1.43E-06
Htr3a 5-hydroxytryptamine (serotonin) receptor 3A 0.828 2.24E-02
Nr4al nuclear receptor subfamily 4, group A, member 1 0.85 1.89E-05
Fibed1 fibrinogen C domain containing 1 0.866 7.05E-03
Rprm| reprimo-like 0.869 7.15E-06
Gpr161 G protein-coupled receptor 161 0.873 1.25E-02
Fosb FBJ ostecsarcoma oncogene B 0.92 6.37E-03
Fezf2 Fez family zinc finger 2 0.975 8.57E-04
Pou3f1 POU domain, class 3, transcription factor 1 0.98 7.14E-08
Ptpru protein tyrosine phosphatase, receptor type, U 0.986 2.34E-07
Lefty1 left right determination factor 1 1.05 6.88E-03
Nxph3 neurexophilin 3 1.06 3.75E-03
Rab26 RAB26, member RAS oncogene family 1.07 3.56E-04
Crym crystallin, mu 1.09 1.17E-04
Ankrd83 ankyrin repeat domain 63 1.11 7.86E-04
Efcabé EF-hand calcium binding domain & 1.14 3.43E-03
Cedel153 colled-coil domain containing 153 1.15 7.05E-03
Gm34583  predicted gene, 34583 1.16 1.20E-02
Gpr101 G protein-coupled receptor 101 1.27 1.12E-03
Cort cortistatin 1.31 ZRE ESDE
Ucma upper zone of growth plate and cartilage matrix associated 1.31 3.35E-02
Stac sr¢ hemology three (SH3) and cystelne rich domain 1.32 7.12E-04
Spink8 serine peptidase inhibitor, Kazal type 8 1.36 2.27E-03
Tmem212  transmembrane protein 212 I 3.73E-02
Dlk1 delta like non-canonical Notch ligand 1 1.44 4.76E-03
Arhgap36  Rho GTPase activating protein 36 PR 1.58E-04
Nts neurotensin 1.57 1.05E-03
Ril1 retrotransposon Gaglike 1 1.94 5.54E-04
Crygn crystallin, gamma N 1.96 1.83E-02

Table 5.2 Significant DEGs Identified in the Xrcc1N*s°" Hippocampus part 1. Table
showing genes identified as significantly upregulated by RNAseq, with LogFC and p
value given.
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Symbol Description Log Fold Change p Value

Barhl1 BarH like homeobox 1 -3.66 1.55E-02
Poudft POU domain, class 4, transcription factor 1 -3.18 9.15E-03
Irx2 Iroguois homeobox 2 -3.05 1.20E-02
Cdhi1 cadherin 1 =il 2.81E-02
Plk5 polo like kinase 5 -1.65 1.70E-03
Smyd1 SET and MYND domain containing 1 -1.57 3.11E-02
Tac2 tachykinin 2 -1.32 3.18E-03
Igfbpl1 insulin-like growth factor binding protein-like 1 -1.26 6.43E-08
Prox1 prospero homeobox 1 -1.22 3.70E-07
Mobp myelin-associated oligodendrocytic basic protein -1.22 1.84E-06
Dsp desmoplakin -1.2 3.16E-05
Chrdl1 chordin-lke 1 -1.19 3.59E-02
Plp1 proteolipid protein (myelin) 1 -1.18 3.59E-06
Draxin dorsal inhibitory axon guidance protein -1.17 3.90E-03
Cilgl2 complement component 1, g subcompanent-like 2 -1.13 3.66E-07
Casr calcium-sensing receptor -1.13 1.65E-02
Otx2 orthodenticle homeobox 2 -1.1 1.62E-02
Ugt8a UDP galactosyliransferase 8A -1.07 1.23E-06
Rgs6 regulator of G-protein signaling 6 -1.06 2.31E-05
Sw2c synaptic vesicle glycoprotein 2¢ -1.04 1.58E-04
Enpp6 ectonucleatide pyrophosphatase/phosphodiesterase 6 -1.01 2.59E-06
Lpar1 lysophosphatidic acid receptor 1 -0.998 1.43E-06
Kif26b kinesin family member 26B -0.99 8.64E-06
Beas1 breast carcinoma amplified sequence 1 -0.989 1.25E-05
Mal myelin and lymphocyte protein, T cell differentiation protein -0.981 2.67E-04
Adamts17  a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 17 -0.978 3.63E-04
Npnt nephronectin -0.975 1.70E-03
Stxbp6 syntaxin binding protein & (amisyn) -0.968 1.28E-05
Car10 carbonic anhydrase 10 -0.966 7.86E-04
Syn3 synapsin 111 -0.966 1.44E-02
Ermn ermin, ERM-like protein -0.964 1.87E-04
Ttc28 tetratricopeplide repeat domain 28 -0.956 1.23E-04
Lrrc55 leucine rich repeat containing 55 -0.944 1.3BE-03
Fa2h fatty acid 2-hydroxylase -0.932 5.03E-03
Mex3a mex3 RNA binding family member A -0.911 4.45E-03
Xreel X-ray repair complementing defective repair in Chinese hamster cells 1 -0.891 5.55E-03
Plekhh1 pleckstrin homology domain containing, family H (with MyTH4 domain) member 1 -0.891 1.76E-02
Acvric activin A receptor, type IC -0.89 4.10E-02
Opalin oligodendrocytic myelin paranodal and inner loop protein -0.886 2.15E-02
Semaba sema demain, seven thrombospondin repeats {type 1 and type 1-like), transmembrane domain {TM) and short cytoplasmic domain, {semaphorin) 5A  -0.882 1.86E-06
Thsd7a thrombospondin, type |, domain containing 7A -0.88 1.49E-04
Sema3c sema demain, immunoglobulin domain {lg), short basic domain, secreted, (semaphorin) 3C -0.869 1.54E-03
Adarb2 adenosine deaminase, RNA-specific, B2 -0.852 6.34E-03
Dock10 dedicator of cytokinesis 10 -0.85 2.42E-04
Hhip Hedgehog-interacting protein -0.85 1.49E-02
Erbb3 erb-b2 receptor tyrosine kinase 3 -0.846 1.64E-02
Dcx doublecortin -0.822 3.75E-03
Cnksr3 Cnksr family member 3 -0.818 3.35E-02
Sox11 SRY (sex determining region Y)-box 11 -0.81 1.05E-03
Pdzd2 PDZ domain containing 2 -0.81 7.05E-03
Cdhr1 cadherin-related family member 1 -0.799 2.45E-02
Erbb4 erb-b2 receptor tyrosine kinase 4 -0.798 7.24E-04
Trim67 tripartite motif-~containing 67 -0.783 S5.99E-03
Semaba sema domain, transmembrane domain (TM), and cytoplasmic domain, {(semaphorin) 6A -0.774 8.68E-04
Cldn11 claudin 11 -0.773 3.73E-02
Scd1 stearoyl-Coenzyme A desaturase 1 -0.765 3.06E-05
Cemip2 cell migration inducing hyaluronidase 2 -0.763 1.49E-03
Neurod1 neurogenic differentiation 1 -0.763 2.90E-02
Ephb1 Eph receptor B1 -0.762 3.56E-04
Tspan2 tetraspanin 2 -0.76 3.06E-04
Plcl1 phosphalipase C-like 1 -0.749 6.58E-03
Spatal3 spermatogenesis associated 13 -0.748 1.99E-03
Steap?2 six transmembrane epithelial antigen of prostate 2 -0.743 7.05E-03
Hipk2 homeodomain interacting protein kinase 2 -0.734 3.67E-03
Hmgcs1 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 -0.728 1.58E-04
Zfp536 zinc finger protein 538 -0.71 7.00E-03
Fhbxo? F-box protein 7 -0.697 1.12F-03
Frmd4b FERM domain containing 48 -0.696 3.26E-02
Chn2 chimerin 2 -0.69 3.90E-03
Nfasc neurofascin -0.676 1.26E-04
Pppiriéb  protein phosphatase 1, regulatory subunit 16B -0.664 5.54E-04
Ablim3 actin binding LIM protein family, member 3 -0.662 4.20E-03
Hecw1 HECT, €2 and WW domain containing E3 ubiquitin protein ligase 1 -0.656 4.31E-02
Kenj10 potassium inwardly-rectifying channel, subfamily J, member 10 -0.654 1.32E-02
Frmdda FERM domain containing 4A -0.652 1.87E-03
lek intestinal cell kinase -0.652 2.62E-03
Luzp2 leucine zipper protein 2 -0.643 2.48E-02
Tnr tenascin R -0.635 6.34E-03
Rragd Ras-related GTP binding D -0.632 1.55E-02
lgsf3 immunoglobulin superfamily, member 3 -0.632 2.16E-02
Erbin Erbb2 interacting protein -0.631 8.37E-03
Dpp10 dipeptidylpeptidase 10 -0.631 2.42E-02
Cyp51 cytachrome P450, family 51 -0.63 2.27E-03
Semadd sema demain, immunoglobulin domain {Ig}, transmembrane domain (TM) and short cytoplasmic domain, (semaphorin} 4D -0.629 1.73E-02
Foxn3 forkhead box N3 -0.628 3.31E-03
Gic3 gap junction protein, gamma 3 -0.619 4.68E-02
Ptpro protein tyrosine phosphatase, receptor type, O -0.618 6.26E-03
Tns3 tensin 3 -0.605 2.28E-03
Abcd2 ATP-binding cassette, sub-family D {ALD), member 2 -0.602 3.97E-02
Tmem108 transmembrane protein 108 -0.601 1.91E-02
Gpr17 G protein-coupled receptor 17 -0.596 7.05E-03
Auts2 autism susceptibility candidate 2 -0.59 1.13E-02
Gnal guanine nucleotide binding protein, alpha stimulating, olfactory type -0.587 6.19E-03
Igfbp5 insulin-like growth factor binding protein 5 -0.585 2.79E-02
Epb4112 erythrocyte membrane protein band 4.1 like 2 -0.582 3.90E-03

Table 5.3 Significant DEGs Identified in the Xrcc1N*s°"® Hippocampus part 2. Table
showing genes identified as significantly downregulated by RNAseq, with LogFC and p
value given.
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5.3 Discussion

The most well-established function of PARPL1 is its role in DNA damage repair,
which relies on the enzyme’s ability to autoribosylate and facilitate the recruitment of the
SSBR machinery (Chaudhuri and Nussenzweig, 2017). PARP1 does, however, act in
the regulation of gene expression. The loading of PARP1 onto chromatin can regulate
expression through the structural alteration of the nucleosome (Matveeva, et al., 2019).
Similarly, PARP1 can regulate the expression of several genes through
transribosylation, the posttranslational modification of proteins, such as transcription
factors, via the covalent attachment of poly(ADP-ribose) residues, to alter both protein
form and function (Pahi, et al., 2020). We further theorise that the hyperactivation of
PARP1 will result in the depletion of NAD+, which will have further consequences of the
activity of SIRT1, a major regulator of gene expression (Elibol and Kilic, 2018). It was
for these reasons that | aimed to investigate whether Xrccl deficiency might result in
transcriptional deregulation and may underlie certain aspects of the Xrcc1VesC" mouse
phenotype.

Hyperactivation of Parpl has been proposed as a mechanism for the
deregulation of transcription observed in the SCA7 mouse, wherein nuclear DNA
damage results in the depletion of NAD+ and the subsequent inhibition of Sirtl activity
(Stoyas, et al., 2020). In the SCA7 mouse, the deregulated expression of genes involved
in calcium homeostasis is thought to underlie progressive ataxia, a phenotype which can
be reversed by either the overexpression of Sirtl or the treatment with an NAD+
precursor (Stoyas, et al., 2020). In the Xrcc1NesC® mouse, | detected Parpl/NAD+
dependent deregulated calcium homeostasis in hippocampal neurons, providing a
compelling explanation for the seizures observed in the mouse model. As such, | first
aimed to investigate whether proteins involved in calcium homeostasis might be
differentially expressed. Recently, inositol 3-phosphate receptors have come to be
strongly associated with hereditary cerebellar ataxia and are deregulated in both the
SCA7 mouse and the Polp/ATM double knockout ataxic mouse, amongst other models
(Bezprozvanny, 2010, Marelli, et al., 2011, Zambonin, et al., 2017, Kim, et al., 2020,
Stoyas, et al., 2020). | do identify a significant decrease in the expression of IP3R in the
cerebellum of the Xrcc1Nes°® mouse, which may in part underlie the ataxia observed in
the mouse, due to its role in the regulation of calcium homeostasis in cerebellar PCs
(Figure 5.2). Similarly, | identify significantly decreased expression of Grid2ip in the
cerebellum (Figure 5.3). Grid2ip is linked to synaptic activity in PCs, providing another
potential mechanism by which deregulated signalling in the cerebellum may underlie the

progressive ataxia characterising the XrcclN®st"® mouse (Takeuchi, et al., 2008,
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Ichikawa, et al., 2016). Previous studies have, however, noted the selective death of
fast-spiking PCs in the XrcciNesc® cerebellum, which may account for this loss of
cerebellar IP3R and Grid2ip expression (Hoch, et al., 2017, Komulainen, E. unpublished
observations). Interestingly, | observed elevated DAGLa expression in cerebellum,
where it is expressed in PC parallel fibres, which might contradict our belief that
decreased expression is a result of PC death (Figure 5.5). Perhaps the remaining PCs
express very high DAGLa levels, or perhaps the expression is increased in non-fast
spiking PCs. We did observe a significant downregulation of Itpr2, the gene encoding
one of the inositol 3-phosphate receptor variants, in the Xrcc1Nes-¢® hippocampus via
RNA sequencing. Itpr2 was also highlighted by SARseq in rat cotical neurons as being
located at a neuronal enhancer susceptible to site-specific SSBs (Wu, et al., 2020)
(Figure 5.6 and 5.7 D). Decreased expression of Itpr2 could contribute to alterations to
calcium signalling in Xrcc1NesCr hippocampal neurons, as IP3R2 regulates the release

of calcium from the endoplasmic reticulum (Wiel, et al., 2014).

| further investigated the protein levels of Cacnala, a subunit Ca\,2.1, a P/Q type
voltage-gated calcium channel. | proposed that alterations in the expression of voltage-
gated calcium channels might interfere with the entry of Ca?*into the synapse. Again, |
observed decreased levels of Cacnala in the cerebellum (Figure 5.4). Several studies
have implicated deregulated calcium signalling in many ataxia phenotypes, and our data
would perhaps suggest alterations in calcium homeostasis in the cerebellum due to
receptor expression may contribute to the ataxia associated with the Xrcc1Nes¢"® mouse.
Further, | observed decreased Cacnala levels in the cortex. The Xrcc1Nes-C¢ mouse is
primarily characterised by progressive cerebellar ataxia and hippocampal seizures; we
have yet to identify any element of the phenotype associated with cortical involvement.
While the accumulation of poly(ADP-ribose) is most apparent in the cerebellum and
hippocampus, there is still elevated accumulation in the cortex of XrcclNes€® mice
(Komulainen, et al.,, 2021). In future, cortical neurons should be cultured and
investigated for the presence of an aberrant presynaptic calcium signalling phenotype.
Itis interesting that we do not observe decreased expression of Cacnala in hippocampal
tissue. In fact, apart from Itpr2, we do not observe significant downregulation of any
genes directly involved in calcium homeostasis through RNA sequencing (Figure 5.6,
Table 5.2 and 5.3). It is unlikely that such a strong cellular phenotype would be the result
of a relatively weak downregulation of Itpr2, perhaps the inherent variability between
samples might mask the deregulation of other genes that could be involved in
maintaining calcium homeostasis. The downregulation of Kcnj10 could indirectly result

in alterations to evoked calcium signalling. Kcnj10 is expressed predominantly in glia,
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and acts to buffer K* following its efflux from neurons during the propagation of an action
potential (Seifert, et al., 2009). Decreased glial potassium buffering could result in the
inhibition of K* efflux from the neuron, prolonging neuronal repolarisation. Mutations in
KNJ10 are associated with epilepsy and ataxia phenotypes (Guo, et al., 2015, Zhang,
et al., 2019).

Of the 151 genes significantly deregulated in the Xrcc1Nes€" mouse, 73 were
identified by Wu, et al., as being at neuronal enhancers prone to demethylation
associated site-specific SSBs (Figure 5.10). These site-specific breaks occur at sites of
5mC demethylation, a BER dependent process (Weber, et al., 2016). Itpr2 was one gene
found to be significantly downregulated in the Xrcc1Nes"® hippocampus, highlighted by
SARseq, and also found to be decreased in Xrcc1Nes< cerebellum, being the only
investigated protein to be deregulated in all experiments. Similarly, Sez6 and Plcl1 were
identified in both RNA sequencing and SARseq data sets. My previous work has
identified NNOS-dependent RNS as the primary source of endogenous SSBs in
Xrcc1NesCe hippocampal neurons, as opposed to site-specific breaks caused by active
demethylation (Figure 3.14). These two mechanisms are not mutually exclusive, as both
processes exist separately in the cell, producing SSBs that will be irreparable in the
absence of Xrccl. The remainder of DEGs identified in Xrcc1Nes-C hippocampal tissues
could be due to the toxic effect of Parpl on transcription in Xrccl-deficient cells
(Adamowicz, et al., 2021). In the absence of Xrccl, Parpl activation at DNA damage
results in decreased ubiquitylation of USP3 and the subsequent inhibition of transcription
(Adamowicz, et al., 2021). This general inhibition of transcription may explain why there
is a greater emphasis on downregulation of genes in the Xrcc1NesC" prain and may
underlie the deregulated transcription of genes not found to be localised at neuronal

enhancers, such as Cadhl (downregulated in RNAseq but not highlighted by SARseq).

The question of whether this transcriptional abnormality underlies the Xrcc1Nes
e phenotype is puzzling. The magnitude of the effects observed in our sequencing is,
in most cases, relatively small. This may reflect the great deal of variation in expression
between mice of the same genotype, as we were unable to validate any of our
highlighted genes by gqPCR, and as such we are unable to conclude if aberrant gene
expression underlies the Xrcc1N®s¢" phenotype at this time (Figure 5.11). Perhaps the
heterogeneity in tissue samples could be resolved using single cell analysis. We did not
note any clear explanation of the aberrant calcium signalling phenotype observed in
Xrcc1NesCre hippocampal neurons, and many of the DEGs were disparate in functionality.
We do observe some degree of functional clustering; several genes encoding members

of the semaphorin protein were found to be deregulated, perhaps indicating defective
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axonal guidance in the Xrcc1Nes¢" mouse that should be further investigated (Figure
5.9). The significant downregulation of Cadherin 1 is rather striking and could have
critical consequences in the formation of inhibitory synapses. Interestingly, Cadherin 1
functionality is significantly impaired in the Tdpl homolog glaikit knockout drosophila
model (Figure 5.8) (Dunlop, et al., 2004). As such, the functionality of Cadherin 1 in the
XrcclNesCre s a highly exciting avenue for further investigation.



153

5.3.1 Conclusions

Xrcc1NesCe mice exhibit significant alterations to the expression of several proteins
involved in calcium homeostasis and PC signalling in the cerebellum (Figure 5.2 — 5.5).
Xrcc1NesCe hippocampi are characterised by aberrant gene expression (Figure 5.6). The
magnitude of the observed effect on hippocampal gene expression is, however,
relatively small and highly variable between mice of the same genotype and, as such,
we are unable to conclude whether this aberrant expression underlies the seizures that
typify the Xrcc1Nes¢" mouse. We highlight Sema proteins and Cadherin 1 as exciting
avenues for further investigation, proposing that the downregulation of these proteins
may play a role in the aetiology of the XrcclNesC'® mouse phenotype. We did not,
however, identify a clear mechanism underlying the deregulation of calcium signalling in

Xrcc1Nes€re hippocampal neurons.
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Chapter 6: General Discussion

The Role of Parpl in Xrccl-Linked Neuropathology

XRCC1 is a DNA repair scaffold protein critical for the efficient repair of SSBs
(Caldecott, 2008, Andres, et al., 2015). The recruitment of XRCC1 is facilitated by the
autoribosylation of PARP1, a SSB sensor (Masson, et al., 1998, Breslin, et al., 2015,
Alemasova and Lavrik, 2019). Mutations in XRCC1 are associated with AOA-XRCC1,
which is characterised by progressive cerebellar degeneration and ataxia (Hoch, et al.,
2017, O’Connor, et al., 2018). In mice, Xrccl deletion is similarly associated with
cerebellar dysfunction, alongside terminal seizures that limit mouse lifespan (Hoch, et
al., 2017, Komulainen, et al., 2021). Hereditary defects in several proteins involved in
SSBR are associated with neurodegeneration, but the mechanism behind this
neurological involvement is unclear (Caldecott, 2008, McKinnon, 2017). Investigations
of this phenomenon have mostly taken place in proliferating cell models and have
demonstrated that, in the absence of XRCC1, endogenous DNA damage results in the
hyperactivation of PARP1 and consequently elevated levels of poly(ADP-ribose)
(Hanzlikova, et al., 2018) (Figure 3.1). In Xrcc1Nes¢® mouse brain, elevated Parpl
activity similarly leads to elevated levels of poly(ADP-ribose), most notably in the
hippocampus and cerebellum (Hoch, et al., 2017, Komulainen, et al., 2021). In this
study, | investigated the effects of Xrccl deficiency in cultured post-mitotic neurons,
providing for the first time a cell autonomous model for understanding the link between

defects in SSBR, Parpl hyperactivation, and neuronal dysfunction.

Endogenous SSBs can arise through a variety of mechanisms, such as by
abortive TOP1 activity, as intermediates in BER, and by direct oxidation of the DNA
sugar moiety (Pogozelski & Tullius, 1998, Caldecott, 2008, Andersen, et al., 2015, Li &
Liu, 2016). The highly specialised function and morphology of brain may, in part, account
for why the defect in SSBR and accumulation of poly(ADP-ribose) triggers dysfunction
of the cerebellum and hippocampus in Xrcc1N®s€® mouse. For example, hippocampal
function is highly reliant on NO signalling, which may result in the formation of reactive
nitrogen species capable of inducing SSBs (Dinerman, et al., 1994, Niles, et al., 2006,
Paul and Ekambaram, 2011, McLeod, et al., 2020). Alternatively, perhaps elevated
active demethylation could underlie this selective accumulation, as this BER-dependent
process is particularly prominent in both cerebellar and hippocampal neurons
(Kraucionis and Heintz, 2009, Oliveira, 2016). To investigate the source of endogenous
SSB damage, | cultured hippocampal neurons from Xrcc1Nes<® mice (See Chapter 3).

While these cells exhibited elevated Parpl activity following exposure to exogenous
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damaging agents such as MMS and CPT, | did not detect elevated levels of poly(ADP-
ribose) in untreated Xrcc1Nes°" hippocampal neurons, as a result of endogenous DNA
damage. This was in contrast to the elevated level of poly(ADP-ribose) in detected in
hippocampus and in other regions of the brain, in vivo (Komulainen, et al., 2021) (Figure
3.3, 3.4, and 3.5). Recently, Hanzlikova et al, demonstrated that elevated poly(ADP-
ribose) can be detected in XRCC1” RPE-1 cells if incubated for short periods with PARG
inhibitor, to prevent catabolism of the nascent polymer (also shown in Figure 3.1).
Similarly, | detected elevated poly(ADP-ribose) accumulation in PARG inhibitor-treated
Xrcc1Nes€e hippocampal neurons, confirming that these cells are indeed characterised
by elevated endogenous damage and Parpl activation (Figure 3.6). Interestingly, co-
treatment with either a PARP or NAMPT inhibitor suppressed this activity, suggesting
that elevated Parpl activity is continuous in Xrccl-deficient neuronal nuclei (Figure 3.6,
Figure 3.11).

There are several mechanisms by which SSBs can occur (see 3.1). However, the
predominantly neurological phenotype associated with hereditary defects in SSBR
suggests that a neuronal specific mechanism, or a process more active in post-mitotic
neurons, might underlie this damage. Consistent with this idea, lower levels of poly(ADP-
ribose) were detected during incubation with PARG inhibitor in co-cultured, Xrcc1Nes<re
glia (Figure 3.6). One possible source of endogenous SSBs in neurons is the abortive
activity of TOP1. The expression of long genes, which are important for neuronal
function, requires TOP1, which relieves torsional stress during transcription (King, et al.,
2013). TOPL1 function requires the transient nicking of DNA, and the formation of a
reversible TOPlcc (Stewart, et al., 1998, Pommier, et al., 2006). Elevated levels of
Toplccs have been detected in murine models of AT and SCAN1, and the deletion of
Xrccl leads to the accumulation of Toplccs in proliferative neural progenitor cells, and
the cerebellum (Katyal, et al., 2014). Similarly, direct TOP1 poisoning (and the resultant
accumulation of TOP1ccs) phenocopies the neuropathology associated with defective
DDR (Katyal, et al., 2014). However, abortive TOP1 activity results in the formation of a
detectable SSB only following proteasomal degradation of the abortive cleavage
complex (El-Khamisy and Caldecott, 2006, Desai, et al., 2008). Importantly, | showed
that Xrcc1NesCe hippocampal neurons still exhibit elevated endogenous levels of
poly(ADP-ribose) even if incubated in the presence of proteasome inhibitor, indicating
that the underlying source of SSBs that trigger elevated PARP1 activity in Xrcc1Nes<re
hippocampal neurons is not TOP1 activity (Figure 3.13).
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The Contribution of Nitric Oxide to Parpl Activation in Xrcc1N®s-C" Hippocampal Neurons

Another, neuronal specific, mechanism by which endogenous SSBs may arise is
through nitric oxide signalling. NO signalling is critical in synaptogenesis and the
maintenance of synaptic plasticity (Dinerman, et al., 1994, Paul and Ekambaram, 2011,
McLeod, et al.,, 2020). NO synthesis is also induced during glutamate excitotoxicity,
wherein excessive stimulation results in postsynaptic calcium influx and the Ca?*
dependent activation of nNOS (Lewerenz and Maher, 2015, Wang and Swanson, 2020).
The consequences of NO signalling are the production of RNS, which are capable of
inducing SSBs through oxidation of either the DNA sugar moiety or nucleobases (Niles,
et al., 2006, ul Islam, et al., 2015). Interestingly, | observed significant suppression of
poly(ADP-ribose) accumulation in Xrcc1Nes " hippocampal neurons treated with the
NNOS inhibitor L-NAME (Figure 3.2.14). This suggests that NO signalling contributes to
the SSBs that induce elevated PARP1 activity in Xrcc1Nes¢'® hippocampal neurons.
Consistent with this idea, poly(ADP-ribose) levels were not significantly suppressed by
L-NAME in glial cells, which do not utilise NO signalling to the same extent (Contestabile,
et al., 2012) (Figure 3.2.14). The neuronal specific induction of SSBs following NO
signalling provides a potential mechanism for the neurological phenotype associated
with Xrccl deletion. However, XrcclNesC® hippocampal neurons do still exhibit
significantly elevated levels of poly(ADP-ribose), indicating that NO signalling does not
constitute all of the endogenous damage occurring in these cells (Figure 3.14). Perhaps
the remainder of this damage occurs through ROS, as a consequence of cellular
metabolism. Future experiments could involve the preincubation of XrcclNes<re
hippocampal neurons with ROS scavengers, such as ascorbic acid (Oh, et al., 2020).
Alternatively, perhaps these residual SSBs are the result of active cytosine
demethylation during epigenetic (re)modelling of the neural genome; a process that
regulates the transcription profile/s that determine and maintain neural cell identity, and
which involve the creation of SSB intermediates of BER, although we would expect
Parpl activation at these sites to be suppressed by Apel deletion (Bayraktar and Kreutz,
2017, Wu and Zhang, 2017). Recently site-specific DNA SSBs were identified at sites
of neuronal enhancers, the result of active demethylation at CpG sites, resulting in BER
intermediates which could account for the Parpl activity not suppressed by nNOS
inhibition (Caldecott, 2020, Wu, et al., 2021).

The consequence of NO signalling is the production of ONOO-, a RNS capable of
attacking DNA (Radi, 2013, Radi, 2018). RNS-mediated base modification is repaired
through BER, an Apel-dependent process (Thakur, et al., 2014). However, Apel

deletion did not rescue poly(ADP-ribose) accumulation in XrcclNes€" hippocampal
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neurons (Figure 3.15). In fact, the deletion of Apel resulted in elevated levels of
poly(ADP-ribose). Perhaps this elevated Parpl activity is linked to the collision of
transcriptive polymerases with unresolved AP sites (Zhou and Doetsch, 1993). A
separate mechanism for this activity could be due to the elevated formation of abortive
TOP1ccs, which may be more likely to form due to proximity with existing lesions, such
as AP sites (EI-Khamisy and Caldecott, 2006). In order to further investigate this Parpl
activity in ApelNes€r® neurons, future experiments would involve pre-treatment with
either proteasome inhibitors, such as MG132, to prevent cleavage complex degradation,
or transcription inhibitors such as DRB to prevent RNA polymerase collision. Further,
the elevated steady state level of AP sites could lead to SSBs through spontaneous
hydrolysis (Greenberg, 2014). Regardless, that deletion of Apel did not suppress Parpl
activity in Xrcc1Nes¢" neurons would suggest that nitrosative damage is not due to the
modification of nucleobases, or at least is not being repaired by APE1 (Thakur, et al.,
2014). Instead, | propose that ONOO" mediated oxidation of the DNA sugar may underlie
the elevated incidence of DNA SSBs in Xrcc1Nesc"® neuronal cells (Figure 6.1). ONOO"
mediated oxidation of DNA may be linked to hereditary defects in PNKP, as it is required
for end processing following sugar damage (Caldecott, 2008). By contrast, it is unlikely
that this mechanism underpins the pathology of SCAN1, as ONOO" is not linked to
elevated TOP1ccs.

Parpl Dependent Cell Death in Xrccl Deficient Models

The deletion of both alleles of Parpl is sufficient to significantly rescue the
Xrcc1NesCe phenotype, resulting in the suppression of poly(ADP-ribose) accumulation
and extending lifespan through the ablation of seizure activity (Komulainen, et al., 2021).
Similarly, the deletion of Parpl is sufficient to prevent cerebellar degeneration and the
death of cerebellar interneurons in the Xrcc1Nes¢® mouse (Lee, et al., 2009, Komulainen,
et al., 2021). Consistent with these observations, we show that the deletion of one or
both alleles of Parpl is sufficient to suppress poly(ADP-ribose) levels in cultured
Xrcc1NesCe hippocampal neurons (Figure 3.7). Parpl-dependent cell death has not been
observed in the XrcclNesC hippocampus, however cultured XrcclNes< hippocampal
neurons do exhibit spontaneous death in vitro (Figure 3.8). Alongside suppression of
elevated poly(ADP-ribose) levels, | noted that Parp1*-/Xrcc1Nes¢ and Parpl’/Xrcc1Nes
Cre cultures exhibited decreased cell death (Figure 3.7 and 3.8). The deletion of only one
copy of Parpl resulted in a slightly higher level of rescue than seen in double knockout
cells, perhaps consistent with the observation that Parp1*-/Xrcc1Nes¢" mice live longer

than their double knockout counterparts (Komulainen, et al., 2021). Perhaps one
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functional copy of Parpl is sufficient to perform an as yet unidentified role in SSBR

defective cells, while maintaining poly(ADP-ribose) at sub-pathological levels.

This spontaneous cell death could be rescued by an even greater degree by
chronic administration of a PARP inhibitor (Figure 3.8). Similarly, | noted that Xrcc1Nes
cre hippocampal neurons and glia were strikingly sensitive to PARG inhibition, which
could also be rescued by Parpl deletion or inhibition (Figure 3.9 and Figure 3.10). This
would indicate that the accumulation of significant quantities of poly(ADP-ribose) is
capable of inducing cell death, and that neuronal cells are either more prone to this
accumulation or are more sensitive to poly(ADP-ribose) toxicity. Interestingly, PARP
inhibition rescued PARG inhibitor toxicity in glial cells (Figure 3.10). Proliferative. XRCC1
deficient cells are known to be sensitive to PARP inhibition, due to replication fork
collapse and DSB formation (Ali, et al., 2020). This sensitivity occurs during replication,
however, and in order to avoid overpopulation of glia, cells were cultured in serum free
media to inhibit cell cycle progression (Chou and Langan, 2003, Horton, et al., 2014, Ali,
et al., 2020).

Parpl-dependent cell death (parthanatos) is linked to several neurodegenerative
diseases; however, it is unclear whether this occurs in the Xrcc1Nes¢"® mouse (Hivert, et
al., 1998, Love, et al., 1999, Vis, et al., 2005, Kam, et al., 2020). Previous studies have
indicated that parthanatotic death is linked to metabolic collapse, preceding the
migration of AIF to the nucleus, and can be rescued by supplementation with either TCA
substrates or NAD+ precursors (though some evidence has suggested it can occur
independent of NAD+ levels) (Ying, et al., 2002, David, et al., 2009, Andrabi, et al., 2014,
Fouquerel, et al., 2014). | observed that supplementation with NMN suppressed PARG
inhibitor sensitivity in both XRCC1”" RPE-1 cells and Xrcc1Nes" hippocampal neurons
(Figure 3.2, and 3.12). This would indicate that PARG inhibitor sensitivity is caused by
the Parpl dependent depletion of NAD+, however it is still unclear whether this
represents parthanatotic cell death. In order to clarify the mechanism of cell death, |
would need to confirm the translocation of AIF to the nucleus, as this is a prerequisite
step in parthanatos (Fatokun, et al., 2014). | did not note any rescue of spontaneous
neuronal death following chronic NMN administration, indicating that this cell death is
unrelated to NAD+ depletion, and represents a separate, Parpl-dependent mechanism
of toxicity (Figure 3.12). Immunofluorescent labelling of AIF would again allow us to
investigate whether this spontaneous cell death is linked to parthanatos (Fatokun, et al.,
2014). A separate mechanism underlying this cell death could be the deregulation of
transcription. PARP1 is known to regulate transcription through the regulation of

nucleosome structure, and direct modification of proteins such as the polycomb
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repressive complex and transcription factors (Chou, et al.,, 2010, L6nn, et al., 2010,
Matveeva, et al., 2019). Perhaps the elevated autoribosylation of Parpl at sites of
damage results in alterations to Parp1-dependent transcriptional regulation in Xrcc1Nes
¢ neurons. Recently, Adamowicz et al detected PARP1-dependent transcription
inhibition in the absence of XRCC1 due to the decreased ubiquitylation of USP3.
Perhaps Parpl-dependent transcription inhibition results in the decreased expression of

genes required for neuronal function and survival in Xrcc1NesCr® hippocampal neurons.

Parpl Hyperactivation Couples Endogenous SSBs to Alterations in Synaptic Signalling

Following my discovery that XrcciNest® derived hippocampal neurons
recapitulate in vitro the endogenous poly(ADP-ribose) accumulation seen in Xrcc1Nescre
mouse brain (Figure 3.5 and Figure 3.6), | investigated the signalling defects in these
neurons that might underlie the seizures that characterise this mouse model. To do this,
| employed an optical reporter of presynaptic calcium flux, to measure synaptic
functionality in cultured wild type and Xrcc1Nes¢® neurons. SyGCaMP6f is a genetically
encoded, engineered calcium indicator that functions through Ca?" dependent
interactions with calmodulin, leading to change in GFP fluorescence emission (Nakai,
Ohkura, and Imoto, 2001) (Figure 4.1). The transient increase in [Ca?*] at the presynaptic
terminal is a key step in the conversion of an action potential to chemical transmission
at the synapse, preceding the fusion of neurotransmitter containing vesicles (Sudhof,
2012). | observed that, when stimulated, wild type neurons exhibited GFP fluorescence
change characteristic of typical activity-evoked increase in pre-synaptic [Ca?*] (Figure
4.1). Moreover, | observed a ~2-fold increase in response amplitude upon stimulation of
Xrcc1Nes-Cre hippocampal neurons, indicating that Xrccl loss results in excessive activity-

evoked Ca?"influx (Figure 4.2).

The increased amplitude was patrtially or fully suppressed in neurons cultured from
Parpl1*/XrcciNesCe and Parpl”/XrcciNesC'® mice respectively (Figure 4.6). This
correlates with the degree to which poly(ADP-ribose) accumulation was suppressed in
the brain and cultured neurons of these two genotypes (Komulainen, et al., 2021) (Figure
3.7). To my knowledge, this is the first data to demonstrate a mechanistic link between
Parpl activity and synaptic calcium signalling, providing a compelling potential
explanation for the seizures observed in the Xrcc1NesC" mouse. Consistent with this
idea, the suppression of this calcium defect by deletion of one or both Parpl alleles also
correlated with the level of suppression of seizure-like activity in Parp1*/Xrcc1Nestreand
Parpl”/Xrcc1Nes€e hippocampal sections, ex vivo (Komulainen, et al., 2021). The

identification of a Parpl-dependent signalling correlate of the seizures exhibited by the
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Xrcc1NesCe mouse likely explains the increased lifespan associated with Parpl*"
IXrccaNesCre and Parpl’/Xrcc1NesC mice (Komulainen, et al., 2021). We do not observe
seizures in double knockout mice, consistent with the absence of elevated synaptic
activity in Parp1”/XrcciNesc cultured hippocampal neurons (Komulainen, et al., 2021)
(Figure 4.6). While these mice do exhibit premature mortality, we believe that this is due
to a separate requirement for Parpl in the SSBR-defective brain and unrelated to
seizure pathology. Similarly, we have yet to observe seizures in Parpl*-/XrcciNes-Cre
mice. This, however, is likely due to the challenges associated with long term
observation of the mouse model. Given the elevated seizure like activity in the ex vivo
Parpl1*/Xrcc1NesCe hippocampus, and the elevated amplitude of activity evoked
presynaptic Ca?* transients, we believe that Parp1*-/Xrcc1Nes¢"* mice do exhibit terminal
seizures later in life. | propose that the decreased accumulation of poly(ADP-ribose) in
the Parp1*-/XrcciNesC' mouse brain significantly delays the onset of these seizures,

perhaps by reducing the severity of the Xrcc1Nesc" synaptic signalling phenotype.

To further confirm these findings, Xrcc1Nes¢® neurons were treated chronically
with the PARP inhibitor KU0058948, restoring activity-evoked Ca?* transients to a
waveform that was indistinguishable in amplitude and duration from those observed in
wild type neurons (Figure 4.8, Figure 4.11). This outcome is strikingly different from the
ineffectiveness of intraperitoneal administration of PARP inhibitors in rescuing mouse
lifespan (Komulainen, E. Unpublished Observations). At present, it is unclear if this latter
case is due to difficulties in the inhibitor crossing the blood-brain barrier, or an issue with
maintenance of PARP inhibition. Perhaps in vitro administration simply provides the
ideal cellular environment to test the effect of Parpl inhibition on synaptic defects, which
may explain this discrepancy with in vivo studies. Recently, the successful maintenance
of PARP inhibition in the mouse brain was shown to rescue seizure like activity in the ex
vivo hippocampus (Komulainen, et al., 2021). This, alongside the finding that PARP
inhibitors can rescue signalling correlates of the Xrcc1Nes-C'® seizure phenotype in vitro
highlight the therapeutic potential of PARP inhibitors in the treatment of XRCC1-linked
neuropathology and, potentially, the treatment of other hereditary defects of SSBR
associated with seizure phenotypes, such as MCSZ. The trapping of PARP1 by PARP
inhibitors results in replication dependent cytotoxicity, which is not relevant to post-
mitotic neurons (Rein, et al., 2015). However, the trapping of PARP1 can result in
inhibition of transcription, which may result in altered expression of genes critical for
neuronal function (Shen, et al., 2015). A similar caveat is inhibitor specificity, as several
clinical PARP inhibitors do not selectively target PARP1, and often have additional
effects on PARP2 (Murai, et al., 2012). The double knockout Parpl and Parp2 is non-
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viable (de Murcia, et al., 2012). Further, while PARP2 is responsible for a relatively small
portion of poly(ADP-ribosylation) in the nucleus, it functions to protect against
mitochondrial ROS induction and is active in brain following ischemia reperfusion, and
so the consequences of off target effects by PARP inhibitors remain unclear (Kofler, et
al., 2006, Janko, et al., 2021). As such, the development of less toxic, non-trapping,
PARP1 specific inhibitors that phenocopy deletion would represent a significant step

forward in the treatment of SSBR linked neuropathology.

Based on my data, | propose that Xrccl deficiency and Parpl hyperactivation
results in excessive Ca?* flux at the presynaptic terminal, which may precipitate further
damage induction (Figure 6.1). The initial source of damage is not yet fully understood
but may be the result of non-pathological nitric oxide signalling, or perhaps ROS, which
result in Parpl hyperactivation and alterations to synaptic signalling. Given the intimate
link between presynaptic Ca?" and vesicle exocytosis, this is highly likely to drive
elevated fusion of neurotransmitter containing vesicles, a hypothesis that could be
directly tested using optical reporters of vesicle dynamics, such as sypHy (Royle, et al.,
2008, Hempel, et al.,, 2011). In excitatory neurons, glutamate is the predominant
neurotransmitter (Zhou and Danbolt, 2014). Excessive glutamate transmission results
in excitotoxicity, through the elevated influx of Ca?' into the postsynaptic terminal
(Andrabi, et al., 2011, Lewerenz and Maher, 2015). Further optical reporters, such as
iGluSnFr and PSD-GCaMP could be used to investigate glutamate transmission and
postsynaptic calcium flux respectively (Marvin, et al., 2018, Topolnik and Camiré, 2019).
Previously, | attempted to utilise these optical reporters, however the inherent sensitivity
of Xrcc1NesCre hippocampal neurons resulted in cell death and, as such, the reporters
could not be expressed. Elevated postsynaptic Ca?* influx results in the increased
calmodulin/nNOS dependent synthesis of nitric oxide (Burney, et al., 1999, Zhou and
Zhu, 2009). Perhaps the nNOS dependent activation of Parpl; downstream of aberrant
presynaptic Ca?* signalling, and subsequent excessive activity results in the NO
dependent accumulation of poly(ADP-ribose). To investigate this, pretreatment of
hippocampal neurons with NMDAr blockers prior to PARG inhibition would highlight the
contribution of glutamate excitotoxicity to Parpl activation. Perhaps non-pathological
NO signalling and ROS result in a feedback loop of Parpl activation and the deregulation
of presynaptic Ca?* signalling which, in turn, stimulates NO synthesis and the induction

of further damage.

Having discovered that Xrccl loss results in Parpl-dependent, excessive,
activity-evoked Ca?* influx, | sought to investigate the mechanistic link between nuclear

poly(ADP-ribose) accumulation and signalling irregularities at the synapse. Due to the
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elevated synthesis of poly(ADP-ribose), there is a ~ 50% reduction in total NAD+ in the
Xrcc1Nes-Cre prain (Komulainen, et al., 2021). NAD+ is utilised as a co-factor by several
enzymes, notably Sirtl and CD38 (Pehar, et al., 2018).. Interestingly, NAD+ repletion
was sufficient to partially suppress the elevated response amplitudes in Xrcc1Nescre
synapses, indicating that the depletion of NAD+ by Parpl may contribute to the
deregulation of presynaptic Ca?* signalling (Figure 4.13).

Sirtl is an NAD+ dependent deacetylase, which acts to regulate the expression
of several genes involved in cellular homeostasis and longevity (Elibol and Kilic, 2018,
Herskovitzs, et al., 2018). Decreased NAD+ bioavailability has been shown to affect the
expression of genes encoding regulators of Ca?* homeostasis in a model of cerebellar
ataxia, the SCA7 mouse, through the inhibition of Sirtl (Stoyas, et al., 2020). Perhaps
the depletion of NAD+ by Parpl results in Sirtl inhibition and altered transcription in
Xrcc1NesCre hippocampal neurons, which may underlie aberrant presynaptic Ca?
signalling. In order to investigate whether the depletion of NAD+ in Xrccl deficient
hippocampal neurons results in aberrant transcription, future work would involve RNA-
sequencing of NMN treated cells. A further mechanism by which NAD+ depletion may
result in deregulation of synaptic Ca?* signalling is through CD38. CD38 is an enzyme
responsible for the NAD+ dependent synthesis of cADPr, which facilitates the release of
calcium from intracellular stores (Hogan, et al., 2019). cADPr functions in the activation
of ryanodine receptors, which are deregulated in SCA2. Perhaps NAD+ depletion results
in the inhibition of CD38, decreased cADPr synthesis, and subsequent alterations to ER
calcium release in XrcclNesC® hippocampal neurons. The possibility that the
deregulation of CD38 might underlie the aberrant presynaptic calcium signalling in Xrccl
deficient neurons could be tested in future experiments using optical reporters of ER
calcium dynamics, such as CatchER, following chronic NAD+ supplementation (Tang,
et al., 2011).

The Effect of Xrccl Deletion on Transcription in the Hippocampus

Given that NAD+ depletion has been shown to result in an alteration in gene
expression, and that PARP1 was recently shown to inhibit transcription in the absence
of XRCC1, | questioned whether the XrcciNest® mouse exhibited deregulated
transcription (Stoyas, et al., 2020, Adamowicz, et al., 2021). | identified altered levels of
several proteins involved in calcium signalling in the Xrcc1Nesc" cerebellum but did not
see any significant changes in hippocampal tissues (Figures 5.2 and Figure 5.4). RNA
sequencing of XrcclNes€ hippocampal tissue did, however, identify significant

differential expression of 151 genes (Figure 5.6). Of these genes, there was a degree of
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crossover with those identified by Wu et al., as being at locations of neuronal enhancers
prone to active demethylation and site-specific DNA breakage, however this crossover
was not significant (Figure 5.10). Interestingly, the majority of DEGs identified by RNA-
sequencing of Xrcc1NesCewere downregulated — consistent with the PARP1-dependent
inhibition of transcription in the absence of XRCC1l due to decreased USP3
ubiquitylation (Adamowicz, et al., 2021).

The degree to which the DEGs identified in Xrcc1Nes-C™ hippocampi varied from
the wild type was small, with the majority of significantly deregulated genes differing by
a factor between Log2FC -1 and 1 (Tables 5.2 and 5.3). We were unable to significantly
validate any highlighted DEGs by gPCR, however. This may reflect the relatively small
magnitude of the observed effects, as well as the small sample size and high degree of
variability between samples. In order to fully examine whether these targets can be
validated by qPCR, | would next need to increase the sample size, as in most cases the
result replicated the trend observed in our RNA-seq data set (Table 5.1). Perhaps the
combined effect of the deregulated expression of many of these proteins contributes in
some way to the Xrcc1Nes-C® phenotype. Notably, several DEGs identified in the Xrcc1Nes-
Cre hippocampus are linked to neuronal signalling (Tables 5.2 and 5.3). One such DEG
is Cdhl, which encodes Cadherin 1 (downregulated in Xrcc1Nes€® hippocampus,
Log2FC =-0.799). The deletion of Cadherin 1 results in decreased density of GABAergic
inhibitory synapses, which could result in a deregulation of the E/I balance and result in
altered network activity (Fritschy, 2008, Fiederling, et al., 2011). Similarly, Kcnmj10
(downregulated in Xrcc1Nes-¢ hippocampus, Log2FC = -0.654), which acts to buffer
cytosolic K* and modulate action potential propagation, may also contribute to network
signalling defects (Kucheryavykh, et al., 2007, Guo, et al., 2015, Zhang, et al., 2019).

Beyond Parpl hyperactivation and NAD+ depletion, the presence of unresolved
SSBs may also result in defective transcription, as transcriptive polymerases may stall
at sites of damage (Kathe, et al., 2004). Perhaps alterations to transcription might also
underlie elements of the phenotype associated with the Parp1*/Xrcc1NesC and Parpl-
FIXrccaNesCe mice, which are SSBR deficient and still exhibit early mortality. It is
important to investigate next whether there is significant deregulation of transcription in
the aged Parp1*/XrcciNesC® and Parp1”/Xrcc1Nes¢® mice compared to wild type, and

whether this may underlie elements of their phenotype.
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Figure 6.1 A Model of Endogenous SSBs and Parpl Activation Leading to Terminal
Seizures in Xrcc1N*S¢® mice. Processes involved in neuronal homeostasis, such as NO
signalling and metabolism result in the formation of a SSB, activating Parpl. In Xrccl-
deficient neurons, the repair of this SSB is delayed, leading to constitutive poly(ADP-
ribose) synthesis. Elevated levels of poly(ADP-ribose) result in cell death, as well as the
depletion of cellular NAD+. Parpl activation also results in the inhibition of transcription,
resulting in the altered expression of genes involved in the maintenance of neuronal
homeostasis, such as Cdhl and Itpr2. This, along with NAD+ depletion, contributes to
aberrant presynaptic calcium signalling. Excessive activity evoked presynaptic calcium
signalling in SSBR defective hippocampal neurons likely results in inappropriate vesicle
fusion and neurotransmitter release, resulting in further induction of nitrosative DNA
damage and providing a compelling explanation for the terminal seizures that
characterise the Xrcc1N*s¢"® mouse.
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6.1 Model and Concluding Remarks

My studies of Xrcc1NesC"® hippocampal neurons have revealed that, in the absence
of Xrccl, Parpl hyperactivity at sites of endogenous SSBs results in the accumulation
of poly(ADP-ribose) in the nucleus (Figure 6.1). | propose that in neuronal cells, a
fraction of this damage occurs due to nitric oxide signalling and the production of ONOO"
, an RNS capable of inducing damage to DNA, with the remainder likely being due to
ROS, a by-product of metabolism (Figure 6.1). ONOO™ mediated damage may occur as
a by-product of non-pathological nitric oxide signalling, or as a result of glutamate
excitotoxicity. Parpl is recruited to these breaks, whereupon it begins to continuously
synthesise nascent poly(ADP-ribose). This accumulation of poly(ADP-ribose) may
disrupt cellular homeostasis through the depletion of NAD+ (Figure 6.1). The
consequence of Parpl hyperactivation is the selective death of neurons in vitro, and the
deregulation of presynaptic calcium signalling, which may result in further damage due
to excessive glutamate release, both of which can be suppressed by the deletion or
inhibition of Parpl (Figure 6.1). | propose that this deregulation of presynaptic Ca?*
represents a signalling correlate of the seizures that characterise the Xrcc1Ns°"® mouse.
I show that supplementation with NAD+ precursors is sufficient to partially rescue the
elevated amplitude of activity evoked Ca?* transients in Xrcc1NesCre hippocampal
neurons, indicating that Parpl-dependent NAD+ depletion may contribute to this
phenotype. It is unclear whether the partial rescue is due inefficient uptake of NMN, or
if the remaining signalling defect is due to a separate, Parpl-dependent mechanism,
such as the deregulation of transcription. | show that loss of Xrccl results in aberrant
gene expression in the mouse brain, which may also contribute to the phenotype
associated with the Xrcc1NesC"® mouse. These data contribute to our understanding of
XRCCl1-linked neuropathology, the contribution of PARP1 to neurodegeneration, and
the therapeutic potential of PARP inhibitors in the treatment of SSBR-linked disease.
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