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Abstract

The ability of a cancer cells to migrate, contributes to their metastatic potency and effective
therapies are urgently needed. Five of the seventeen Poly(ADP-Ribose) polymerase (PARP)

family members are capable of catalysing polymers of ADP-Ribose, a post translational

modi fication implicated in many biological proc
members that Poly(ADP-Ribose) Glycohydrolase (PARG) reverses by degrading ADP-

Ribose chains. Depletion of PARG has been reported to reduce cellular migration in vitro in

arange of cancer types and reduce metastasis in vivo in breast cancer. We wanted to

investigate if PARG inhibitors (PARGI) reduced cellular migration of the aggressive and

highly migratory breast cancer cell line MDA-MB-231.

In this thesis, we provide evidence that moleculari nhi bi ti on of PARGO6s cat a
effective non-cytotoxic doses of PARGi reduces MDA-MB-231 cell migration. Cellular

suppl ement ati on wi t RNMNhrestorsdAhe migrationefcPARGS teeated b

cells. Further mor e, i nhi bitors selective against d

migration. Intriguingly, combined PARP and PARG inhibition restored cell migration,

suggesting that the ratio of PARdtfoamahtalmMyRGds c a

favourable migration conditions. PARGi treated cells had elevated cytoskeletal components
and the dynamics of actin associated sub-structures (stress fibres, filipodia and podosomes)
were affected. PARG:I treated cells also had an increase in nuclear envelope ruptures,
invaginations, and blebs. PARGI also reduced the total protein levels of mesenchymal
markers YAP1, -chtenin, C-MYC and vimentin. Finally, we explored the effects of PARGI
on global transcription and identified 139 differentially expressed genes (DEG) that when
interrogated using bioinformatics, providing insight into a wide range of biological processes

that PAR biology may be involved in. E2F1 was a DEG, confirmed to be downregulated at

the protein level and is involved inbreast cancer migration. PARGIi 6s h

as anti-migratory agents.
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1.0 Introduction

1.1 Overview of the Poly(ADP-Ribose) Cycle

Poly(ADP-ribose) polymerases (PARPSs) are a superfamily of 17 multi-domain proteins each
possessing a highly conserved (ADP-ribosyl)transferase (ART) domain that catalyses the
cleavage of nicotinamide adenine dinucleotide (NAD+) into nicotinamide and ADP -ribose
(Amé et al., 2004). The ADP-ribose is then transferred to an acceptor protein or itself (figure
1.1). This transfer can occur in a monomeric or polymeric (linear or branched chain) manner
depending on the PARP enzyme (figure 1.1). The ADP-ribose moieties are normally
considered to be added to the most distal ADP-ribose terminus (Alvarez-Gonzalez, 1988;
Taniguchi, 1987), however other models exist (Ikejima et al., 1987). Poly (ADP-ribose)
glycohydrolase (PARG) and PAR erasers are responsible for the removal of the polymer of

ADP-ribose (PAR) (figure 1.1).

NAD+ Nicotinamide

\_ PARp

_PARP

PAR
Hydrolytic

Erasers

CEEE——

PARG

@ AoP-Ribose

Figure 1.1. Overview of the PAR Cycle. PARP enzyme uses NAD+ as a substrate to
catalyse the transfer of the ADP-ribose moiety of NAD+ to a target acceptor protein.
Nicotinamide is cleaved off in the reaction. The mono-ADP-ribosylated protein is referred
to as being MARylated. Some PARP enzymes are also capable of catalysing the addition
of ADP-ribose to distal ADP-ribose residues forming a polymer of ADP-ribose i PAR.
PARG and additional PAR Hydrolytic erasers are responsible for PAR removal returning
the acceptor protein back into its native state.



To facilitate understanding and gain insight into the potential effects of PARG inhibitors, it is

important to provide an overview of PARP structure and function.

1.2 Overview of PARP Protein Structure, Activity and Function

1.2.1 PARP Family Structure and Activity

The PARP family consists of 17 family members.
the literature and can be sub-classified by domain structure or activity. The subcellular
location of each PARP, along with a summary of the functions of each PARP is shown in
table 1.1. PARPs1-5b share a conserved His-Tyr-Glu (H-Y-E triad i table 1.1) within the
NAD+ binding pocket of the ART domain (Otto et al., 2005). This triad is predicative of
PARylation capabilities. PARP1 was the first PARP enzyme to be discovered and is the
most intensely researched (Chambon et al., 1963, 1966). PARPL1 is classified as a nuclear
DNA activated PARylator, capable of adding multiple ADP-ribose residues to a single
acceptor (figure 1.2). These PAR units have been reported to get up to hundreds of residues
in size (Alvarez-gonzalez & Jacobson, 1987; Murcial et al., 1983). Furthermore, it can
promote branching within a growing PAR chain (Miwa et al., 1979; Rolli et al., 1997; Ruf et
al., 1998). PARP2 is similar to PARP1 (Amé et al., 1999), and their structure can be seen in
figure 1.3, along with the rest of the PARP family. PARP1 and 2 therefore display multiple
catalytic capabilities emerging from within the same domain. They can catalyse the
following: initiating the initial transferal of ADP-ribose to an acceptor protein, elongating this
chain further -bgyd crbosadligeesidionbgnd and &dditionally, instigating
branching by iclabtéadl -sibesebhogsl Bagure21®@p Both PARP1 and PARP2
are activated by DNA damage, with different lesions reported induce activity to varying

degrees (Amé et al., 1999; Benjamin & Gill, 1980; Eustermann et al., 2015).
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Figure 1.2. The catalytic reaction of PARylators. 1. PARP initiates the PAR reaction by
transfer of ADP-ribose to a receptive amino acid residue on an acceptor protein. 2.
Elongation is performed by the addition of ADP-ribose to form a polymer, catalysing the
f or mat i elnd 6o fribhcde adesidic bond, highlighted in red. 3. Branching can be
performed by cataly s i n gi 1a0 6256-Gbosebgty=sdic bond.

PARP3 is also activated by DNA damage and is shorter in length that PARP1 and 2 (figure
1.3). Despite containing the H-Y-E triad (table 1.1), there is conflicting evidence regarding

P A R P M&Rylation and PARylation activity. Initially, PARP3 was considered only capable
of MARylation, however, PARP3 is now known to MARylate PARP1 (Loseva et al., 2010)
and PARYylate the nuclear mitotic apparatus (NuMa) (Boehler et al., 2011) and KU80 (Beck
et al., 2014a) in addition to MARylating and PARYylating free double strand break (DSB) ends
(Zarkovic et al., 2018). This is possibly due to experimental context but may be reflective of a
more complex and nuanced role of PARP3 in different cellular processes. PARP4 is
associated with the vault complex (table 1.1), a massive ribonucleoprotein complex and has

MARYylation activity (Van Zon et al., 2003).



PARP | Transferasd Alternative | SubClass | Triad | Enzymatid Motifs Subcellular| Functions Reference
Family | Name Names Motif | Activity and Localisation
Name Domains
PARP1 | ARTD1 DNA HY-E | BP ZnF, N Aging, Antiviral, Cell Cycl (J-R. Choi et al., 2016;
Dependant BRCT, regulation, Ji & Tulin, 2010; Ke,
WGR differentiation, Wang, et al., 2019; Ke
Chromosome structure | Zhang, et al., 2019; Kg
and DNA repair, & Ren, 2012; Ray
inflammation, Metabolic | Chaudhuri &
regulation, RNA Nussenzweig, 2017;
processing, Transcription Westera et al., 2019;
migration Liu Yang et al., 2013;
Zha et al., 2018)
PARP2 | ARTD2 DNA HY-E | BP DBD, N Chromosome Structure | (P. Bai & Canto, 2012;
Dependant WGR andDNA repair, Cell cycl{ Dantzer & Santoro,
regulation, inflammation,| 2013; Fougqin et al.,
metabolic regulation, 2017; Szanto et al.,
transcription 2012)
PARP3 | ARTD3 DNA HY-E | M/P WGR N, C Cell cycle regulation, DNJ{ (Beck et al., 2014b;
Dependant repair Christian Boehler et al
2011)
PARP4 | ARTD4 vPARP HY-E | M BRCT CP, N, Ex, | Cancer Biology, vault (RavalFernandes,
CM, S biology 2005; Van Zon et al.,

2003)




PARP54 ARTD5 Tankyrase | Tankyrase | HY-E | OP ARC, SAN N, CP, T, § Antiviral, cell cycle (Haikarainen et al.,
1, TNKS1 regulation, cytosolic RNA 2014; M. Kim, 2018;

processing, inflammation Smith, 2015)
metabolic regulation,
mitotic spindle formation,
telomere maintenance

PARP5H ARTDG6 Tankyrase | Tankyrase | HY-E | OP ARC, SAN N, CP, T, § Inflammation, metabolic | (Haikarainen et al.,

2, TNKS2 regulation, telomere 2014; M. Kim, 2018;

maintenance Smith, 2015)

PARP6 | ARTD17 HY-Y [ M N, CP Cell proliferation, Cell (J. Y. Huang et al.,
Cycle,Tumorigenesis 2016; Tatsuka, 2012)

PARP7 | ARTD14 TiIPARP CCCHPAR HY-l [ M ZnF, N, CP Antiviral effects, (Ahmed et al., 2015;

WWE Chromosome structure?| Bindesbgll et al., 2016

cytosolic RNA processing Bock et al., 2015;
protein degradation, Macpherson et al.,
transcription 2013)

PARP8 | ARTD16 HYIl | M N, CP

PARPY9 | ARTD9 BAL1 macroPARRE Q-Y-T | - Macro N, CP Antiviral response, Cell | (Iwata et al., 2016;
migration, inflammation?| Kamata & Paschal,
tumour formation 2019; Tang et al., 2019

PARP1(J ARTD10 H-Y-1 M Antiviral, Cell (Chou et al., 2006;

Proliferation, Cell cycle,
cytosolic RNA processing
DNA replication,
metabolism, migration,
transcription

Marton, Fodor, et al.,
2018; Munnur et al.,
2019; Schleicher et al.
2018; Mengbin Yu et
al., 2011; Y. Zhao et a
2018)




PARP11] ARTD11 HYIl | M WWE NE Antiviral (T. Guo et al., 2019;
Kirby et al., 2018)
PARP124 ARTD12 ZC3HDC1 | CCCHPAR HY-l [ M ZnF, G,CP Antiviral effects, cytosoliq (Catara et al., 2017; L.
WWE RNA processing, Golgi | Li et al., 2018; Welsby
Trafficking, Inflammation| et al., 2014)
PARP13 ARTD13 | ZC3HAV], | CCCHPAR HY-V | - ZnF, N, CP Apoptosis, Cytosolic RNA4 (Bock et al., 2015;
ZAP WWE processing, DNA repair, | Fujimoto et al., 2017,
Tumorigenesis Todorova et al., 2014,
2015)
PARP14 ARTDS8 BAL2, macroPARE H-Y-L | M Macro, N, CP Apoptotic, DNA repair, | (Bock et al., 2015;
COAST6 WWE Inflammation, metabolic | Caprara et al., 2018;
regulation, nuclear RNA | Schweiker et al., 2018
processing, transcription,
tumour formation
PARP15 ARTD7 BAL3 macroPARE H-Y-L | M Macro N Cytosolic RNA processin| (Anthony et al., 2011;
Bock et al., 2015)
PARP14 ARTD15 H-Y-1 M N, RER Unfolded protein (Di Paola et al., 2012;
response Jwa & Chang, 2012)

Table 1.1 The PARP Family. PARP names, transferase name (Hottiger, Hassa, Lischer, Schiler, & Koch-Nolte, 2010) and alternative

names

ar e

included.

each PARP isincluded. B P ,

OoP,

Each
T4V daonnda toée

PARPOGSs

respective

sub group

i s i activity of d

br anc hpolgmeprodnyAbDe-r i bo$ € gacd iivridiyc atnas
activity respectively. Notable motifs and domains are included: Zinc Finger Domain (Znf), BRCA C-terminal domain (BRCT), WGR domain,
Akyrin Repeat Cluster (ARC), Sterile Alpha Motif (SAM), WWE domain, and Macro domain (MD). Subcellular localisations included: Nucleus
(N), Centrosomes (C), Cytoplasm (CP), Exosomes (Ex), Cell Membrane (CM), Telomeres (T), Spindle (S), Golgi Apparatus (G) Nuclear
Envelope (NE) and Rough Endoplasmic Reticulum (RER). PARP functions and associated references are included.
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Figure 1.3. Schematic Diagram of PARP Family Domains. PARPS group based on
subclass. See the figure key for full domain names.

PARP 5a and 5b (commonly referred to as Tankyrase 1/2, TNKS1/2), do not need DNA
damage to be activated and are located more widely throughout the cell. They are capable
of PARYylation activity however typically produce oligomers up to around 20 ADP-ribose
residues in length. The significance of PAR length and size is not fully understood. The rest
of the family (PARP6-17) are MARYylaters. However, it has not been demonstrated that
PARP13 exhibits catalytic activity (Vyas et al., 2014), due to a closed cleft preventing NAD+
binding (Karlberg etal.,, 2015). The PARP name is therefore

expansion and previous nomenclatures inaccuracies/inconsistencies has resulted in a new

a

mi



nomenclature proposal (Hottiger et al., 2010). This nomenclature revolves around the
enzymatic reaction (ART) and enzymatic structural markers (diphtheria-like, in reference to
the presence of the H-Y-E triad motif in secreted ADP-ribosylating pathogenic diphtheria
toxins by Corynecbacterium diphtheria), hence the name ARTD. However, for clarity and
consistency with the literature, the PARP nomenclature will be used. As the focus of this
review is PARG, which reverses PAR and not MAR, the known functions of the PARylators

will be discussed.

1.2.2 PARP 1, 2 and 3 Functions

PARP1, 2 and 3 contain DNA binding domains that facilitate their interaction with DNA and
enable them to ADP-ribosylate target proteins, perform auto modification and even ADP-
ribosylate free DNA ends (Vyas et al., 2014). ADP-ribosylation has been observed to have
different consequences. One consequence is that it operates as a recruitment platform. For
example, efficient resolution of single strand breaks (SSB) by SSB repair and recruitment of
the scaffold protein X-ray repair cross complementing 1 (XRCC1) is facilitated by PARP1
and 2 auto modification (Hanzlikova et al., 2017). XRCCL1 is then more efficiently recruited to
SSB due to its BRCT domain which has an affinity for PAR (Masson et al., 1998). Additional
consequences of ADP-ribosylation of an acceptor protein include DNA/RNA dissociation due
to the strong negative charge of PAR (Satoh & Lindahl, 1992), acceptor protein topography
changes influencing protein-protein interactions and modulating acceptor protein catalytic
activity (Fischbach et al., 2018; Muthurajan et al., 2014; G. Yang et al., 2020; Zhen & Yu,
2018). This enables PARPs to be involved in a wide array of biological processes. PARP1 is
thought to account for approximately 90% of the cells PAR activity. PARylation still occurs in
mice deficient of PARP1 suggesting PARP1 and 2 have overlapping roles and PARP2 may
be able partially compensate for PARPL1 loss (Beneke et al., 2000; Dantzer et al., 2000;

Masutani et al., 2000; Shieh et al., 1998). For example, both are capable of recruiting



XRCC1 to chromatin (Fisher et al., 2007; Hanzlikova et al., 2017). Indeed, deletion of
PARP1 and PARP2 results in embryonic lethality (Menissier De Murcia, 2003), however,
PARP1 -/- mice exhibit higher mutation frequencies (Shibata et al., 2009) and while
spontaneous tumour formation rates in PARP1 -/- and PARP1 +/+ mice are similar, they
appear earlier in PARP1 -/- mice and have a greater chance of harbouring a malignant
tumour across a range of cancer types (Piskunova et al., 2008; Shibata et al., 2009). This
suggests PARP2 cannot fully compensate for the loss of PARP1. Homozygous deletion of
PARP3 is non-lethal but does increase sensitivity to DNA damaging agents (Boehler et al.,
2011). PARP3 -/- mice cells have been reported to display reduced association of Ku80 with
DSB ends, reducing the levels of classical non-homologous end joining (C-NHEJ) and
increasing DNA end resection (Beck et al., 2014a), DNA end resection at a double strand
break being prerequisite for homologous recombination (HR) and alternative non-
homologous end joining (A-NJEH). PARP3 depletion results in a suppression of HR despite
an increase in DNA end resection and an increase in mutagenic deletions that is thought to
be due to PARP3 increasing the levels of the error prone A-NHEJ that occur (Beck et al.,
2014a). This suggests PARP3 is involved in modulating which repair pathway is deployed at
a DSB which may explain the sensitivity to DNA damage agents. PARP1-3 are localized to
the nucleus and have been implicated in many cellular processes to varying degrees. These

processes will now be discussed.

In this thesis, where a clear role for a particular PARP protein has been indicated, it will be
stated. In other places where the particular PARP(1-3) is not known i for example when the

result has been shown with a PARP inhibitor, the term PARP will be used.

1.2.2.1 The Role of PARP1, 2 and 3 in DNA Repair, Chromosome Structure and Cell
Cycle Regulation

The most heavily studied function of PARPs1-3 is their role in DNA repair. A depletion in

NAD+ and increase in PARP activity in response to DNA damaging agents was noted early



in the field of PARP research. The first paper to demonstrate PARP inhibition and NAD+
depletion enhanced DNA damage was published by Dukacz et al., (1980), demonstrating
PARP involvement in DNA repair and increasing the prospect of it being targeted for its
potential as an anti-cancer drug target. In the interim, the roles of PARP1-3 in DNA repair

have been elucidated extensively and will now be summarised.

1.2.2.1.1 Single Strand break repair

PARP1, 2 and 3 have multifaceted roles in different aspects of single strand break repair
(SSBR). PARP1, 2 and 3 contain DNA binding motifs that facilitate binding at single strand
break sites and enables PARP dimerization. Homo and heterodimerization is possible
between the PARPs (Ali et al., 2012; Jean-christophe Ame et al., 2002; Menissier De
Murcia, 2003), however the context and precise functional consequences are still being
elucidated. PARP can also bind monomerically at DNA damage sites (Eustermann et al.,
2011). PARP1 accounts for 80-90% of detectable PAR following DNA damage and has
been demonstrated to be responsible for the majority of repair. PARP1 hyperactivation in
response to DNA damage depletes cellular NAD+ to critical levels (Murata et al., 2019).
Perhaps PARP2 and 3 compete with PARP1 at DNA damage sites to help mitigate NAD+
consumption. Binding to DNA stimulates polymerase activity and production of the
PARylation chain via auto modification or on one of the dimerised partners (Ali et al., 2012;
G. de Murcia & de Murcia, 1994; Langelier & Pascal, 2013). PARylation in this context
functions to recruit repair factors and eventually disassociate PARP from the break stie to
facilitate efficient repair due to repulsion between the negatively charged DNA and PAR
chain (Ferro & Olivera, 1982; Zahradka & Ebisuzaki, 1982). PARP1 and 2 PARylation have
been demonstrated to recruit XRCC1, which is key scaffold protein for the recruitment of the
rest of the cohort of repair factors and is integral for driving efficient repair (Breslin et al.,
2015; El-Khamisy et al., 2003; Hanzlikova et al., 2017; Okano et al., 2003; Polo et al., 2019;
Taylor et al., 2002). However, some of these downstream repair factors, such as Aprataxin

and PNK-like factor (APLF)andp ol y nu c | e o t-phasghatdse (RNK®)ethe3afier of

10



which is stimulated by XRCC1 (Mani et al., 2007; Whitehouse et al., 2001), have also been
shown to have an affinity for PAR suggesting they may also be directly recruited by PARP
(Eustermann et al., 2010; M. Li et al., 2013; Rulten et al., 2008). Interestingly, recent work
shows the binding of PARP and XRCC1 is dependent on each other during genotoxic stress,
suggesting a reciprocal regulation of each other (Reber et al., 2022). The role of PARP3 in
single strand break repair is less well understood. PARP3 has been shown to sense SSBs
and accelerate SSBR, however with differential affinities compared to PARP1 depending on

the type of single strand damage (Grundy et al., 2016).

1.2.2.1.2 Base excision repair

Indirect SSBs form because of the activation of base excision repair (BER) related
apurinic/apyrimidinic (AP) endonucleases. BER is required for the resolution of nucleotides
with lost bases (abasic sites) or damaged bases via oxidation or alkylation. PARP1 and 2
are likely required for downstream processing of the indirect SSBs formed during BER
however there is conflicting evidence. Differential sensitivity to base damaging lesions have
been reported when PARP1 is deficient or inhibited (Dantzer et al., 1999; Ménissier De
Murcia et al., 1997; Pachkowski et al., 2009; Vodenicharov et al., 2000). PARP1 has also
been reported to reduce the repair kinetics of BER (Allinson et al., 2003). PARP inhibitors do
trap PARP on the SSB t {(Sadmdétsal, 20bl). Bxeeds PARPZ N st r ea m
activity can also impede BER and is tamed by XRCC1 (Adamowicz et al., 2021; Demin et
al., 2021). A possible explanation to account for all these reports is that PARP is redundant
and possibly interferes with BER in some contexts, yet is indispensable for a sub-set of

lesions which BER resolves (Reynolds et al., 2015).

11



1.2.2.1.3 Nucleotide excision repair

Nucleotide excision repair (NER) is responsible for the resolution of bulky/helix distorting
DNA lesions. There are two subtypes of NER which consist of different proteins;
transcription coupled NER (TC-NER) and global-genome NER (GG-NER), which get
activated in their named contexts and downstream overlap to form the NER pre-incision
complex. PARP1 associates with Cockayne syndrome group B (CSB) (Flohr et al., 2003) in
TC-NER and recruits xeroderma pigmentosum complementation group C (XPC), xeroderma
pigmentosum complementation group E (XPE) (Luijsterburg et al., 2012; Robu et al., 2013)
and Amplified in liver cancer protein 1 (ALC1) (Pines et al., 2012) in GG-NER and
xeroderma pigmentosum complementation group A (XPA) (Fahrer et al., 2007; King et al.,

2012) in the pre-incision complex. PARP1 enables efficient NER.

1.2.2.1.4 Double strand break repair

Double stranded breaks are the most cytotoxic DNA lesion. They can be resolved via
multiple pathways and repair is essential to maintain genome stability. PARP1-3 have been

implicated in each of these different pathways.

1.2.2.1.4.1 Homologous Recombination Repair (HRR)

Changes in the levels of PARP1 activity impact sister chromatid exchange (SCE), implicating
it in homologous recombination repair (HRR). Loss of PARP1 or inhibition of PARP
increases HRR as indicated by increased spontaneous SCE (Ménissier De Murcia et al.,
1997; G. D. E. Murcia & Murcia, 1995; Oikawa et al., 1980), RAD51 foci formation (Schultz
et al., 2003) and direct assays of HRR (Saleh-gohari et al., 2005). Consistent with this,
overexpression of PARP1 reduces the levels of DNA damage-i n d u ¢ e d (R.SVieyertes
al., 2000). PARP accelerates HRR by recruiting and stabilising the breast cancer type 1

susceptibility protein (BRCAL) and BRCAL associated ring domain 1 (BARD1) heterodimer
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at double strand breaks (M. Li & Yu, 2013). Additionally, RNA binding motif protein X-linked
(RBMX) is recruited in a PARP1 dependant manner, which recruits and stabilises the breast
cancer type 2 susceptibility protein BRCA2 (Adamson et al., 2012). The recruitment of these

proteins is integral for efficient HRR.

1.2.2.1.4.2 Non-Homologous End Joining (NHEJ)

Non homologous end joining (NHEJ) is an alternative DSBR pathway that can repair DSBs
without the need for a homologous DNA template. Classical-NHEJ (C-NHEJ) is the pathway
most people regard as NHEJ and is contingent on DNA-PKcs activity. PARP1 has been
shown to PARylate DNA-PKcs, inhibiting its activity (Yang Han et al., 2019). PARP1 has
been shown to PARylate KU70/80, reducing its affinity for DSBs, and suppressing C-NHEJ
(B. Li et al., 2004). PARPS3 recruits KU8B0 at DSB sites (Beck et al., 2014b) and interacts with
a number of NHEJ associated proteins i Lig3, KU70, KU80 and DNA-PKcs (Rouleau et al.,
2007). NHEJ is mediated by a PARP3 and APLF axis, the latter of which functions as a
major recruitment platform for efficient NHEJ mediated repair (Grundy et al., 2012; Rulten et
al., 2011). Alternative-NHEJ (A-NHEJ) gets activated predominantly during G2 phase of the
cell cycle and is only detectable when there is reduced C-NHEJ activity (W. Wu et al., 2008).
A-NHEJ is also required for class switch recombination and telomeric fusions, and is

dependent on PARP1 function (Robert et al., 2009; Sfeir, Agnel J, de Lange, 2012).

1.2.2.1.5 The Cell Cycle

Due to PARPs involvement in DNA repair, its function is integrally entwined with the
progression of the cell cycle. However, PARPs have been shown to exert cell cycle effects
independently of their direct DNA-repair roles and the resulting signalling cascades that
occur in response to damage. In some cases, this is a direct transcriptional effect and in

others, it is due to functions of PARP during replication or mitosis.
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For example, PARP2 has been shown to reduce the expression of various cell cycle coupled
genes for example, p21, RB, E2F1 and C-MYC (Liang et al., 2013). This transcriptional
repression was independent of PARylation and the overexpression of PARP2 was shown to
delay/block G1 exit (Liang et al., 2013). In addition, loss of PARP2 has been reported to
produce a G2/M transition arrest in mouse erythroid progenitor cells, but likely through a loss
of replication stress protection rather than a direct transcriptional effect (Farrés et al., 2015).
Like PARP2, the overexpression of PARP3 also interfered with G1/S progression in the
absence of exogenous DNA damage, although the mechanism was not elucidated (Augustin
et al., 2003). Like PARP2, PARP1 has also been shown to have function at replication forks
and promotes progression of S-phase as it is required for primase activity and replication-
coupled repair (Bryant et al., 2009; Petermann et al., 2010; Sugimura et al., 2008;

Vaitsiankova et al., 2022; Yamashita et al., 2022).

PARYylation is highly prevalent during mitosis (Y. Kanai et al., 1981; Kidwell & Mage, 1976).
During mitotic stress, PARP1 autoribosylates and interacts with the mitotic checkpoint and
E3 ligase checkpoint with forehead and ring finger domains (CHFR), which degrades
PARP1, halting the cells in prophase (Kashima et al., 2012), which suggests in the absence
of stress, PARP1 permits mitotic progression. PARP is catalytically active and present within
metaphase chromosomes (Holtlund et al., 1980). In addition, PARPL1 is located at
centrosomes (Kanai et al., 2003). When PARPL1 is deletion or PARP1-3 inhibited,
centrosomes are hyper-amplified in mouse embryonic fibroblasts (MEFs) due to PARP being
unable to PARYylate P53 localised at the centrosomes (M. Kanai et al., 2003). Consistent with
this, centrosome amplification was also observed in PARP1 deficient mice (Tong et al.,
2007). PARP1 has been shown to interact with and Poly(ADP-Riboslyate) the centrosomal
proteins Cenpa and Cenpb, implicating PARP1 in kinetochora attatchment. (Alka Saxena et
al., 2002). PARPL1 deficient fibroblasts treated with a spindle disrupting agent (colcemid) had
an accelerated mitotic progression and became polyploidy, suggesting PARP1 is involved in

the mitotic spindle checkpoint. Indeed, PARP1 has also been reported to interact with the
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spindle assembly checkpoint proteins BubR1 and Poly(ADP-Riboslyate) Bub3 (Fang et al.,

2006; Alka Saxena et al., 2002).

PARP3 is also present at centrosomes, where it colocalises with PARP1 and overexpression
of PARP3 does not alter centrosome amplification. The study did not look at the effect of
deleting PARP3 (Augustin et al., 2003), thus the function of PARP3 at centrosomes is not
clear. PARP3 has been reported to be involved in mitotic spindle assembly via an interaction

with NuMa (C Boehler et al., 2011).

1.2.2.1.6 Chromatin Remodelling

PARPs have been shown to regulate chromatin remodelling, and many PARP functions are
mediated though this role. PARP1 has been shown to PARylate histones directly (Otake et
al., 1969) (with linker histone H1 being most studied), resulting in nucleosome disassembly
and chromatin relaxation (Martinez-Zamudio & Ha, 2012; Poirier et al., 1982). This is likely
due the negative charge of PAR leading to dissociation of histone H1. Interestingly, PARP1
can bind to linker DNA of nucleosomes and this causes PARYylation independent
reorganization of the nucleosome via direct displacement of H1 (Maluchenko et al., 2021).
Other histones reported to be PARylated include all 4 core histones (Huletskyl et al., 1989;
Karch et al., 2017). Histone variants H2A.Z and macroH2A have also both been shown to

have functional relationships with PARP1 (H. Chen et al., 2014; Donnell et al., 2013).

Il n addition, PARP16s ability to modul ate the
regulating other histone post-translational modifications. For example, lysine demethylase

5B (KDM5B) when in a PARYylated state, cannot demethylate H3K4me3. Thus PARP

promotes persistence of H3K4me3 and localised opening of chromatin (Krishnakumar &

Kraus, 2010). Further PARP can promote recruitment of chromatin remodellers. For

example, ALC1 is a SNF2-like ATPase recruited by PARP1 mediated PARYylation of UV-
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damaged DNA. Once recruited, ALC1 modulates chromatin structure via nucleosome sliding

which in turn promotes XPC recruitment and efficient GG-NER (Pines et al., 2012).

1.2.2.2 The Role of PARP1 and 2 in Transcription and RNA processing

PARP1 and to a lesser extent PARP2, have extensive roles in transcription, ribosomal
biogenesis, and the processing of RNA ranging from alternative splicing, export and
subcellular condensates. The roles of PARP1 and 2 in these processes will be discussed as

the events proceed during the life cycle of mRNA.

PARP mediated chromatin remodelling contributes to the ability of PARP to alter cellular
transcription (see below). For example in order to drive gene expression, PARP1 binds near
the promoter of actively transcribed genes, which impedes the transcriptional repressive
function of histone H1 (Krishnakumar et al., 2008). In line with this, PARP1 has also been
shown to modulate large scale 3D organization of chromatin via the CCCTC-binding factor
(CTCF), co-localizing at specific DNA sites (Nalabothula et al., 2015), also impacting
transcription (H. Zhao et al., 2015). CTCF is the master regulator of 3D chromatin structure
and shares a complex co-regulatory function with PARP1 (Guastafierro et al., 2008; Lupey-
Green et al., 2018). Indeed, histone H1 and PARP1 are thought to compete for binding of
promoters of target genes to have reciprocal roles in transcription (M. Y. Kim et al., 2004
Krishnakumar et al., 2008). For example, in collaboration with GATA3, PARP1 competes
with H1 to maintain euchromatin and allow cyclinD1(CCNDfir ans c(rS hpan oent
2 0 1.4 addition, PARP1 can function as a transcription factor directly (Akiyama et al.,
2001; K. Huang et al., 2004) and has been seen to interact with numerous other transcription
factors to exert binding partner dependant co-activation (Simbulan-Rosenthal et al., 2003) or
co-repression (Lin et al., 2011). Another way PARP is suggested to regulate transcription is

via direct or indirect interactions with the basal transcription machinery (Hassa & Hottiger,
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2008; Meisterernst et al., 1997; Slatterys et al., 1983). In these ways, PARP has been seen

to regulate many different cellular processes via changes in transcription initiation.

Following initiation, efficient transcription relies on a process known as proximal pausing,
which allows for recruitment of splicing factors; RNA Polymerase Il is paused in early
elongation, and then released in a regulated way that promotes productive RNA synthesis.
One of the proteins involved in establishing proximal pausing is negative elongation factor
complex member E (NELF-E). PARP1 PARylates NELF-E, causing it to disassociate and
allowing RNA elongation to proceed to productive elongation (Gibson et al., 2016; E. A.

Matveeva et al., 2019).

Another way PARP can alter gene expression is via regulation of alternative splicing. PARP
has been seen to bind nucleosomes and pre-mRNA at exon/intron boundaries (E. Matveeva
et al., 2016). Further, inhibition of PARP or depletion of PARP1 altered the pattern of
alternative splicing. Interestingly different patterns were seen with depletion compared to
inhibition suggesting catalytic and non-catalytic dependent functions (E. Matveeva et al.,
2016). It is postulated that both PARP-dependent changes to chromatin structure and
PARP-dependent recruitment of splicing factors are responsible for this (E. Matveeva et al.,
2016; E. A. Matveeva et al., 2019). In addition, RNA binding proteins (RNABP) also impact
the splicing fate of pre-processed mRNA. PARP1 has been shown to interact with multiple
RNABP via protein-protein interactions (Isabelle et al., 2010), to PARylate RNABP directly
(Jungmichel et al., 2013) plus many RNABP have affinity for PAR (Teloni & Altmeyer, 2016),

these findings suggest that PARP may also alter splicing via recruitment of RNABP.

The final steps to produce a mature mRNA is the synthesis of a Poly (A) tail and mature

MRNA export. Polyadenylation is performed by Poly(A)polymerases (PAP), which prior to

Poly(A) synthesis endonucleolytically cleave the mRNA. PARP1 under thermal stress

PARy!|l ates PAP, resulting in PAPOG6s disassociati ol
polyadenylation of non-heat shock proteins (Di Giammartino et al., 2013). This reduces the

half-life of the mRNA, impedes export and ultimately, effects protein translation. It is not
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known how PARP recognises specific transcripts. Following Polyadenylation, a variety of
receptors and complexes facilitate mMRNA export. PARP1 has been shown to interact with
some of these proteins, exerting a role on MRNA export that is still yet to be fully elucidated
(Isabelle et al., 2010). PARP1 has been implicated in impacting mRNA stability that extends
beyond the suppression of poly(A) tail synthesis. Depletion of PARP1 has been shown to
increase the transcription of non-sense mediated decay (NMD) genes, a cellular program
directly involved in modulating mRNA turnover (Melikishvili et al., 2017). Additionally, PARP1
has been shown to PARylate the RNA-binding protein Hu antigen R (HUR) impacting gene

MRNA stability (Ke et al., 2017). How selectivity of stabilisation is induced is unknown.

Once mRNA is exported, it is translated into protein by ribosomes. PARP1 exerts a role in
ribosomal biogenesis in the nucleolus. In Drosophila, PARP1 was seen in the nucleolus, and
its activity was required for correct nucleolar protein localisation. In addition, PARP was
needed for proper rDNA translation, pre-rRNA processing and ribosomal assembly (Boamah
et al., 2012, Guetg et al., 2012). Consistent with this, ribosomal proteins have been reported
to be members of the PARPL1 interactome (Isabelle et al., 2010). In summary, PARP1 likely
exerts a role in ribosomal biogenesis but more works needs to be done to further our

understanding.

Finally, sub-cellular condensates are membrane less micron-scale biomolecular
compartments in which molecules like proteins and nucleic acids are concentrated. Among
other functions they are integral for the processing, transportation, and recycling of
ribonucleoprotein complexes. Proteins integral for sub-cellular condensate formation are a
part of the PARP1 interactome (Gibson et al., 2016; Isabelle et al., 2010) and PARP1
inhibition disrupts the formation and dynamics of these organelles (Leung, 2020). Many
guestions and challenges remain to further explore the role of PAR biology in sub-cellular
condensate physiology and pathophysiology, but it seems likely that this is yet another way

in which protein expression can be regulated by PARP.
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1.2.2.3 The role of PARP1 and 2 in Metabolism and Cell death

The creation of PARP1 and PARP2 knockout mice have shown that PARP enzymes have a
role in metabolism. Indeed, PARP1 and PARP2 exert a wide array of complex roles in
metabolic regulation and have been associated with several metabolic disorders (P. Bai &
Canto, 2012). Additionally, hyperactivation of PARP1 results in metabolic consequences that
are entwined with a type of PARP1 mediated type of cell death (discussed later). PARP
mediated effects on metabolism broadly can be put into 4 categories, 1. reduced NAD+
bioavailability and the resulting biological response, 2. the accumulation of free ADP-ribose,
3. PARPs transcriptional regulation of metabolic associated genes, and 4.

PARYylation/interaction of metabolic proteins by/with PARP.

NAD+ is the substrate all PARP enzymes use. Hyperactivation of PARP1 dramatically
decreases the amount of NAD+ available (J. Zhang et al., 1994). This has implications for
other NAD+ dependant enzymes such as sitruins, CD38 and the rest of the PARP family. A
notable consequence of NAD+ depletion is the requirement of NAD+ in glycolysis and
reduced glycolytic rates are observed following PARP hyperactivation (Fouquerel et al.,
2014). However, this is complicated by the fact that PARP1 has been shown to reduce the
activity of hexokinase. Hexokinase is first enzyme in the glycolysis pathway, and it contains
a PAR binding motif that upon interaction with PAR, reduces its catalytic activity, reducing
the amount of glucose-6-P and the overall glycolytic flux, independent of NAD+ depletion
(Fouquerel et al., 2014). Additionally, a subsequent step in glycolysis involves
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which is a NAD+ dependant enzyme
that is a recipient of PARP1 PARYylation which restricts GAPDH catalytic activity (Du et al.,
2003). Pyruvate is the final product of glycolysis. Pyruvate is then converted into lactate or
utilised in gluconeogenesis or directed towards the tricarboxylic acid (TCA) cycle within the
mitochondria. Subunits of the pyruvate dehydrogenase complex are PARP acceptor proteins
which likely impacts pyruvate fate, potentially to the detriment of TCA supply (Hopp et al.,

2019). Reduced NAD+, reduced glycolytic flux via hexokinase-PAR interactions and GAPDH
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PARylation mediated inactivity and altered pyruvate fate suggest this would impact the TCA
cycle. Cellular supplementation of TCA cycle substrates has been shown to rescue PARP-
mediated cell death suggesting there is a deficit in TCA activity (W. Ying et al., 2002). The
TCA cycle reduces NAD+ to NADH, which is required for the first step in oxidative
phosphorylation and generation of ATP. Indeed, maintenance of oxidative phosphorylation is
integral for cellular survival when PARP1 is hyperactivated (Murata et al., 2019) and reduced
ATP pools are observed when PARPL1 is hyperactivated (Berger, 1985). It is likely that a
combination of direct PARylation of metabolic enzymes within the mitochondria and
depletion of NAD+ regulates mitochondrial function (Lai et al., 2008; Marc Niere et al., 2008).

However, the physiological regulation of this is not well understood.

As already noted, PARP can mediate cell death. Changes in ATP levels are well established
to play a role in cell death. PARP-mediated cell death is called PARthanotos and is
characterised by its dependence on PARP1 hyperactivation, large amounts of DNA
fragmentation and nuclear shrinkage mediated by apoptosis inducing factor (AIF) nuclear
translocation which proceeds independently of caspase catalytic activity (P. Huang et al.,
2022). The disrupted bioenergetics discussed previously was considered initially to be
responsible for contributing to cell death. Whilst this may partially be the case, the
accumulation of PAR within the mitochondria is sufficient to trigger cell death (Andrabi et al.,
2006). PAR acts as a death signal, and AIF possess a PAR binding motif that upon
interacting with PAR, triggers AlF release from the mitochondria to the nucleus (Y. Wang et
al., 2011), triggering macrophage migration inhibitory factor (MIF) mediated cleavage of DNA
(Y. Wang et al., 2016). PARthanotos is typically is triggered by high levels of generalised
DNA damage that occur during traumatic injury, e.g. ischemia or, myocardial infarction or in
many neurodegenerative disorders each of which can lead to increased levels of DNA
damage and thus PARP activation. Consistent with this, depletion of PARP protects from
injury such as stoke, diabetes, heart attack and so on and PARP inhibitors have been

studied as treatment in this context.
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PARP1 and PARP2 have also been linked with lipid metabolism. PARP1 knockout mice
display hypercholesterolaemia (Erener, Mirsaidi, et al., 2012) and altered fatty acid
metabolite patterns (Kiss et al., 2015). PARP2 knockout cells exhibit altered the lipid
membrane composition (Marton, Péter, et al., 2018). PARP2 deletion reduces the
expression of fatty acid synthase (P. Bai et al., 2007) and increases cholesterol biosynthesis
(Szanto et al., 2014). Mitochondrial fatty acid oxidation is the primary pathway responsible
for fatty acid breakdown. The deletion of PARP1 or PARP2 induces it (P. Bai, Canto, et al.,
2011; P. Bai, Canto, et al., 2011). Additionally, PARP1 and PARP2 impact the expression of
a range of fatty acid transporters (P. Bai et al., 2007; Erener, Hesse, et al., 2012; Kiss et al.,
2015). Together these studies suggest, PARPs are involved in fatty acid biosynthesis and

absorption, however, further study is required to elucidate the mechanism.

The pentose phosphate pathway is required for nucleic acid synthesis (therefore DNA
replication), aromatic amino acid synthesis, NAD+ synthesis and is integral for increasing
cellular biomass. The initial metabolite used in the pathway is glucose-6-phosphate, which is
the resulting product of hexokinase activity using glucose which is subject to PAR mediated
regulation (see above) (Fouquerel et al., 2014). This suggests PARP may regulate this facet

of metabolism as well.

1.2.2.4 The role of PARP1 and 2 in inflammation

PARP1 and 2 have distinct pro-inflammatory roles. PARP1 deletion, depletion or inhibition,
impacts a wide range of inflammatory processes in vitro and in vivo (Pazzaglia & Pioli,
2020). These observations are also seen with PARP2 deletion however to a lesser extent
and with some non-overlapping effects (Fehr et al., 2020). The role of PARP1 and 2 in a
growing list of autoimmune and inflammatory diseases is further evidence of their role within
inflammation (Ke, Wang, et al., 2019). It is now known PARP1 and 2 act as cofactors that sit

at the apex of a positive feedback loop that is activated in response to pro-inflammatory

21



signals (Rosado et al., 2013). This enables the transcription of a wide range of pro-
inflammatory proteins. High free radical levels are a by-product of this feedback loop and are
also a potent inducer of this pro-inflammatory cascade. The resulting damage and high
PARP activity cause cellular leakage via PARP mediated necrosis. The leaked cellular
debris such as PARylated high mobility group box 1 (HMGB1) (Davis et al., 2012) and PAR
itself (Krukenberg et al., 2015) produces a local pro-inflammatory cellular environment that
stimulates local immune cell activity and leukocyte honing. The continually expanding role of
PARP1 and 2 in inflammation has yielded interest in PARP inhibition as a route for
therapeutically targeting inflammatory mediated disease (Nathan A. Berger et al., 2018;
Giansanti et al., 2010; Wasyluk & Zwolak, 2021). Interestingly, the ability of PARP to

regulate inflammation may also have an impact on cell migration (see below).

1.2.2.5 The Role of PARPL1, 2 and 3 in Migration

PARP1 depletion and overexpression, decreases and increases migration respectively in
ovarian cancer using a scratch wound assay (H. Chang et al., 2022). Higher PARP1
expression is associated with increased lung metastasis in patients (E. B. Choi et al., 2016).
Metastasis was attenuated via PARP1 depletion or olaparib treatment in vivo (E. B. Choi et
al., 2016). AG014699 (rucaparib) or BSI-201 (iniparib) but not AZD-2281 (olaparib) reduced
the migration of heptacellular carcinoma cell line HepG2 using a transwell chamber (Mao et
al., 2017). These differences could be attributable varying affinities for PARP1-3 or off-target
effects. Inhibition of PARP1-3 using the PARP inhibitor PJ34 has been shown to reduce
migration in triple negative breast cancer cell lines using a scratch wound assay (Dutta et al.,

2020).

Additional co-treatment strategies also report reductions in migration however this likely due
to elevated levels of cytotoxicity. Sequential talazoparib and carboplatin treatment regimen

against triple negative breast cancer (TNBC) led to reduced transwell migration in vitro and a
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reduction in lung micrometastasis in vivo (Beniey et al., 2023). Talazoparib and
bazedoxifene (IL-6 inhibitor) reduced scratch wound migration of ovarian cancer cells (R.
Zhang et al., 2021). PJ34 and cisplatin reduced migration of cervix cancer cells in a scratch
wound assay (Mann et al., 2019). Olaparib and gemcitabine exhibited greater reductions in
migration of pancreatic cancer via a scratch wound assay (Quifionero et al., 2022). ARID1A
deficient gastric cancer migrated less when co-treated with Olaparib and BKM120 (PI3K

inhibitor) using a transwell (Lin Yang et al., 2018).

Weigert et al., (2020) investigated the effects of niraparib or talazoparib with radiation on a
panel of melanoma and healthy fibroblast cell lines. Scratch wound analysis revealed anti-
migration effects for most cell lines but what is interesting is that two of the melanoma cell
lines exhibited enhanced migration (Weigert et al., 2020). PMelL and A375M in response to
talazoparib or niraparib alone and PMelL in the drug and radiation co-treatment exhibited
increased rates of migration (Weigert et al., 2020). In the context of investigating PARPI
resistance, it was noted a panel of TNBC cell lines developed an enhanced epithelial to
mesenchymal transition (EMT) status in response to Olaparib (Ye Han et al., 2019).
Furthermore, the TNBC human cell line MCF10A and mouse TNBC cell line 4T1 exhibited
enhanced migration under Olaparib treatment conditions using a scratch wound assay (Ye
Han et al., 2019). This was over a 24-72 hour period. Pancreatic capan-1 cancer cells
treated for 214 days with Olaparib or Rabusertib (CHK1 inhibitor) individually developed
enhanced migration and invasion, that was further enhanced when co-treated with a
transwell assay (N. Guo et al., 2022). A greater understanding of the biological conditions

that inhibit or promote migration in response to PARPI is urgently.

There are also a few reports of PARP modulating normal cell migration, which might provide
insight into how PARPI could be altering migration of cancer cells. In the context of diabetes,
PARP1 knockout or inhibition with PJ34, has been shown to reduce glycemia-induced

vascular smooth muscle cell migration in transwell assay under high glucose conditions. This

was suggested to be via changes to tissue factor pathway inhibitor 2 (TFP12) expression and
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its resultant control of matrix metalloprotease 2 (MMP2), and matrix metalloprotease 9
(MMP9) protein levels (Z. Wang et al., 2021). Conversely, PARP1 knockout or inhibition
(PJ34) increased wound healing in a mouse model of excision wounding (El-Hamoly et al.,
2014). Consistent with this, the authors showed that keratinocyte migration was faster
following PARP inhibition in a scratch would assay. Increased wound healing was
accompanied by reduced expression of inflammatory molecules and of the nitrating stress
marker nitrotyrosine. Finally, knockout of PARP1 or inhibition of PARP with olaparib or
talazoparib was shown to reduce leukocyte adhesion to and migration across the blood brain
barrier in vitro and in mouse models (Rom et al., 2016). In this study PARP inhibition
prevented activation of the integrin conformation changes involved in adhesion, reduced the
ratio of F to G actin consistent with reduced migration, while in parallel reducing RhoGTPase

activity (Rom et al., 2016).

These reports suggest the role PARPs play in migration is likely context dependant. Given
migration is a complex cellular process and that many functions of PARP have been shown
to be involved in multiple cellular processes that can each be related to migration e.g.
cytoskeletal changes, inflammation, metabolism or DNA damage, isolating how PARPs may
regulate migration is challenging. It is then perhaps unsurprising then that the evidence that
does implicate PARP members in migration is indirect. To further complicate the issue, these
processes are interconnected as well. For example, migration and cytoskeleton changes
reguire a stable energy source and changes in the cytoskeleton can also impact metabolism

(J. S. Park et al., 2020).

Above are examples of cytoskeletal changes and inflammatory changes induced by PARPI
and which were coincident with changes in migration. To reiterate the complexity of defining
how PARP may be involved in migration, there is a relationship between migration, DNA
damage, DNA repair and the cytoskeleton, raising the possibility of yet another series of
potential mechanism by which PARPI could affect migration. Constricted migration and

mechanical stress have been shown to induce DNA damage primarily through nuclear
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deformation, replication stress and potentially through mislocalised DNA repair factors
(KU80) (Mayr et al., 2002; Pfeifer et al., 2018; Shah et al., 2021). Other studies show that
once migration (constriction/mechanical stress) is over, DNA damage is repaired. Further,
depletion of DNA damage response (DDR) factors was seen to impede stem cell migration
to a wound site, suggesting a functional DDR is required for migration (Sahu et al., 2021).
One of the gene they depleted was ataxia telangiectasia and rad3 related (ATR). ATR is
activated at the nuclear envelope during mechanical stress and independantly of DNA
damage. Once activated it is suggested ATR activation coordinates chromatin attachment to
the nuclear envelope with nuclear envelope dynamics to protect chromatin from mechanical
stress (Kumar et al., 2014). Consistent with the idea that an active DDR is required for
migration, activation of the DDR modulates the expression of genes involved in the
cytoskeleton and adhesion (Hall et al., 2016; J. M. Kim, 2022). Interestingly, the cytoskeleton
also impacts the dynamics of repair factors at DNA damage sites suggesting reciprocal
regulation (Hurst et al., 2021). It is possible that the DDR functions of PARP could contribute
to changes in migration seen with PARPI via cytoskeletal changes. Alternatively, PARP
hyperactivation in response to DNA damage may simply restrict cell movement through
depleted NAD+ and ATP. However, the relationship between migration and DNA
damage/repair is a complex recently emerging area of study and more research needs to be

done.

In summary, PARP1-3 likely impact migration through a variety of complex and
interconnected processes that requires further elucidation. Determining which cancer cell
migration promoting pathways might be regulated by PARP, and the mechanism by which
inhibition can regulate them is of vital importance, given the emerging importance PARP

inhibitors are playing in cancer therapy.
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1.2.3 PARP inhibitors

Many PARP inhibitors have been used in phase 3 and 4 clinical trials: veliparib, olaparib,
talazoparib, niraparib and rucaparib and they have different affinities for PARP family
members (Carney et al., 2018; D. Kim & Nam, 2022). The applications of PARP inhibitors in
cancer will now be discussed, as well as some the limitations that have emerged in the

clinic.

(@)

1.3 PARP Inhibition (PARPi): It

1.3.1 PARPI Sensitise to DNA Damaging Agents

Inhibition of PARP1-3 can be mediated by small molecular inhibitors that bind to the NAD+
pocket within the ART domain, acting as NAD+ competitive inhibitors, preventing ADP-
ribose transferase activity (A Ruf, de Murcia, & Schulz, 1998). The characterisation of
PARP16s involvement in DNA repair quickly | ed
potentiate the standard treatment modalities employed in oncology: DNA damaging
chemotherapeutics and radiotherapy (Bowman, White, Golding, Griffin, & Curtin, 1998;
Calabrese et al., 2004). Drug discovery pipelines eventually produced more clinically viable
inhibitors with greater potency, specificity, drug solubility and bioavailability. Indeed, there
are currently many clinical trials undertaken with different inhibitors of PARP in a range of
cancers, namely olaparib, rucaparib, veliparib, niraparib, talazoparib (De Bono et al., 2017;
Jiang, Li, Li, Bai, & Zhang, 2019; Tuli et al., 2019) and their capacity to act as chemo/radio-

sensitizers is well documented (Davar, H. Beumer, Hamieh, & Tawbi, 2012).
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1.3.2 PARPI is Synthetically Lethal with Defects in Homologous

Recombination

An additional observation was that in cells with loss of function mutations associated with

breast cancer susceptibility genes BRCAL or 2, inhibition of PARP was synthetically lethal

(Bryant et al., 2005; Farmer et al., 2005). This synthetic lethality has resulted in a paradigm

shift and the search for additional promising combinations of genetic mutations and

phenotypes coupled with molecular inhibition of key proteins. The mechanism of action

underpinning HR deficient cells exquisite sensitivity to PARP inhibition is thought to be

multifactorial. BRCA1/2 are involved in fork restart and protection, as are PARP1 and 2

(Bryant et al., 2009; Koppensteiner et al., 2014; S. Ying et al., 2012). PARP1 and 2 are

involved in single strand break repair and base excision repair, intermediates which can stall

or collapse replication forks if left unrepaired causing DSB formation (Ronson et al., 2018;
Shiuetal.,2020). These |l esions iif | eft unrepaired withou
Anot her DNA | esion source is that PARPI causes
DNA (Murai et al., 2012). PARPI with greater trapping ability have greater potency (Murai et

al., 2014). Synthetic lethality is observed when PARPL1 is depleted however the effect is

greater with inhibitors (Bryant et al., 2005; Farmer et al., 2005; Murai et al., 2012) suggesting

the trapping effect compounds the synthetic lethality. Consistent with the above, PARPI

cause an increase in S-phase associated DNA damage (Rein et al., 2015; Simoneau et al.,

2021).Col |l ectively then, HR deficient tumours are
are required to resolve the increase in unrepaired DNA damage and replication associated

damaget hat occurs in the presence mefess®RikRPiIi 6s. How

translate to the clinic and the | imitations of
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1.3.3 Limitations of PARPI

PARP inhibition is providing positive results in the clinic. However, like any advancement

made in oncology, there are some complications and limitations.

Firstly, PARP trapping by inhibitors compounds the effects of catalytically inhibiting the
PARP enzyme, increasing their effects. However, different PARP inhibitors exert PARP
trapping to varying degrees and it results in off target PARP trapping on the DNA of healthy
tissue (Hopkins et al., 2019). Secondly, various PARP inhibitors have differential affinities for
other PARP& (Carney et al., 2018). This lack of specificity could pose a challenge for
therapeutic specificity. Thirdly, clinical approved inhibitors have differential off-target
interactions with kinases and the therapeutic implications of this are not well understood
(Antolin et al., 2020). Finally, there is the emergence of PARP inhibitor resistance within the
clinic (table 1.2). Potentially underlying mechanisms have been identified using pre-clinical
models. These mechanisms briefly include increased expression of drug efflux proteins, loss
of PARP trapping, and restoration of HR and replication fork stabilisation (table 1.2). Given
these limitations, additional drug targets that are effective against BRCA proficient and
deficient tumours or indeed, even against PARP inhibitor resistant tumours, are needed.
One promising target of interest is poly (ADP-ribose) glycohydrolase (PARG). PARGI also
exhibits synthetic lethality in HR deficient tumours and PARPI resistant cells are sensitive to
PARG:i despite the adopted resistance mechanism. However, a review of the functions of the

tankyrases will now be discussed.
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Resistance Cause of Resistance Pre-clinical and References
Mechanism Clinical

Observations
HR Restoration | BRAC1/2 Reversion Mutations in patient | (Goodall et al.,

Via:

loss of
resection
inhibitors

(C-NHEJ
downregulation)

Mutations

Loss of 53BP1

Loss of Shieldin factors

Loss of CTC/Pola

Loss of DYNLL1I/ATMIN

tumours and PDX
models treated with
PARPi

Low Expression and
Mutations in BRCA1
deficient PDX
models

Low Expression and
Mutations in BRCA1
deficient PDX model

In Vitro observations
that phenocopy
53BP1 loss -
increased resection

In Vitro reports that
partially phenocopy
53BP1 loss, low
expression
correlates with poor
progression free
survival in platinum
based treatment of
BRCA1 mutant
ovarian cancers

2017; Ter Brugge et
al., 2016)

(Bouwman et al.,
2010; Bunting et al.,
2010)

(Dev et al., 2018;
Noordermeer et al.,
2018)

(Mirman et al.,
2018; Miyake et al.,
2009; P. Wu et al.,
2012)

(He et al., 2018)
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Stalled Fork
Stabalization

Loss of PTIP, SLFN11
and SMARCAL1

In Vitro reports of
inducing PARPI
resistance in

(Chaudhuiri et al.,
2016; Murai et al.,
2018; Taglialatela et

BRCAL/2 deficient al., 2017)
Via Impeding cells
Nuclease
Recruitment
In Vitro reports of | o | dinelii et al.,
inducing PARPI
Loss of EZH2 resistance in 2017)
BRCAZ2 deficient
cells
Decreased A reduction in trapped Patient PARP1 (Pettitt et al., 2018)
PARP Trapping | PARP mutation

Loss of PARG

/

Reduction in PARP1
Expression

In vitro reports

Decreases number
of lesions

(Gogola et al., 2018)

Increased Drug
Efflux

ABC Transporter
Upregulation

PARPi resistant In
Vitro and mice
models have
increased
expression

(Jaspers et al.,
2015; Rottenberg et
al., 2008;
Vaidyanathan et al.,
2016)

Table 1.2 PARP inhibitor resistance mechanisms. Summaries the mechanisms of
resistance in PARP inhibitor resistant tumours, their causes, and the extent to which they

have been observed clinically along with the relevant references.
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1.4 Tankyrases

Tankyrase 1 (TNKS1) and Tankyrase 2 (TNKS2) form a distinct sub-family of the PARP
family. TNKS1 and TNKS2 share functional redundancies and are involved in a range of
functions including oncogenic signalling (S. M. A. Huang et al., 2009; N. Li et al., 2015;
Mariotti et al., 2017a; Troilo et al., 2016; W. Wang et al., 2015), metabolism (N. Li et al.,
2019; Hong-yi Yang et al., 2019a), mitosis (P. Chang et al., 2005, 2009; Dynek & Smith,
2004; Ozaki et al., 2012; Yeh et al., 2006), telomere stability (Canudas et al., 2007; Dynek &
Smith, 2004; M. K. Kim & Smith, 2014; Xiaohong Tian, Hou, Bai, Fan, Tong, & Bai, 2014; Lu
Yang et al., 2017) and the cellular stress response (Mcgurk et al., 2018). Inhibiting the
catalytic activity of TNKS1/2 has been shown to impact many of these functions and several
TNKS1/2 inhibitors (TNKS1/2i) have been developed and postulated as anti-cancer agents
(Verma, 2021). TNKS1/2 have a wide array of interacting partners with roles in various

facets of biology (table 1.3). These functions will now be discussed.
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Interacting Partner Function TNKS1 Disruption TNKS2 Parylates?
Disruption
TRF1 Telomere Elongation | Prevents YIn vitro
Disassociation and
impedes telomerase
recruitment
IRAP GLUT4 Trafficking KD of TNKS1 or IRAP| Confirmed Yin vitro
attenuated vesicle Binding partner|
translocation
Not
characterised
Grbl14 Insulin and type 1 Interacts with
insulin like growth TNKS2
factor signalling
TAB182 Ccr4Not Complex ND ND YIn vitro
Componeng mRNA
synthesis and decay
NuMA Mitotic spindle Numa recruits TNKS1| Confirmed to | YIn vitro
assembly Bind

TNKS loss results in
spindle and
microtubule defects

ND

In vivoMitosis
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Mcl-1S Anti-apoptotic ND N In vitro
Overexpression Inhibited
reduced Mcll PARylation of
expression TNKS1 and

TRF1

FBP17 MLL fusion partner, | ND ND

membrane
deformation, actin
polymerization

EBV EBNA1 EBV viral replication | Upregulates YInvitro
replication

AXin Whnt signalling Elevated Axin levels, Y
decreased Wnt signal

FANCD2 DNA Repair Boundin vitro

but inhibited
TNKS1
autoparylation
and TRF1
parylation

RNF146 E3 Ligase, degrades | Prevents degradation YIn vitro

Axin of Axin and TNKS1

BLZF1 Golgi Structure YIn vitro

maintenance

CASC3 Exon junction Comple| Stabilization Y

HSV ICPO HSV Replication Reduction in viral titerg
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3Bp2 Adapter protein in SR{ Loss of TNKS binding Y (TNKS2h
kinase signalling results in Cherubism vitro and In vivg
syndrome
Discl Y (TNKS2)
Striatin Y (TNKS2)
Fat4 Germ Y (TNKS2)
RAD54
BCR Y (TNKS2)
MERIT40 Y (TNKS2)
GMD Fructose synthesis | Unclear, GMD appear| N
to function as an Inhibits activit
inactive stable TNKS ; OIS activity
In vitro
sequester
CPAP Procentriole formation Procentrioles YIn vitro and In
abnormalities, Vivo
overexpression
degraded CPAP level
cell cycle linked CPAH
level regulation
Miki Mitosis
DmPI31 PI31is a proteasome| PARylation promotes YIn vitro and In

inhibitor and it binds
to dmTNKSgE human
applications?

26S proteasome
assembly, inhibition
prevented assembly

Vivo
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PTEN Tumour suppressor | PTEN stabilization ang Y, PAR
downregulation of AK mediated
phosphorylation, degradation
suppressing tumour
proliferation and
growth

Prxll Required for TNKS1 t{ Oxidative inactivation

maintain Bcatenin of TNKS in a PrxII

signalling, protects deficient background

TNKS1 ZbM from enhances Axin

oxidative inactivation, | dependant Bcatenin
degradation in APC
mutant colorectal
cancer cells

APC2 Part of the fly B Y

catenin destruction
complex

AMOTs Negative YAP Supresses YAP Y

regulators oncogenic activity by
AMOT stabilization
ABRO1 Scaffold subunit of Unresolved cohesion Y
BRCC36 deubiquitin | in mitosis or loss of
enzyme BRISC DUB | cohesion in S phase
CD2AP Adapter protein, TNKS inhibition in

kidney ultrafiltration,
negatively regulates
TNKS

CD2AP deficient
backgroundncreases
kidney damage

35



PEX14 Pexophagy ND ND

Overexpression
decreased
number/size of
peroxisomes

ATG9A Autophagy and ND ND
Pexophagy

Table 1.3 Tankyrase Interacting Partners (TIPs). TIP functions, relationship with TNKS1 or TNKS2
and the consequence of their depletion/inhibition. Table also includes if there has been reported
evidence of tankyrase mediated PARylation of the TIP. Information is compiled from the following
references: Haikarainen, Krauss, & Lehtio (2014), Kim (2018) and Susan Smith (2015).
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1.4.1 TNKS1/2 function and the effects of inhibiting TNKS1/2 in cancer

TNKS1/2 are involved in a range of cellular processes. As such, their inhibition has been

observed to impact a range of different areas of biology.

1.4.1.1 The impact of TNKS1/2 inhibitors on global transcription

TNK1/2 has been shown to PARylate the axis inhibition protein (Axin) to stimulate its
degradation, leading to b-catenin accumulation and thus transcription of Wnt target genes,
as a consequence inhibition of TNK1/2 reduces expression of Wnt target genes (Mariotti et
al., 2017a). In addition, proteomic studies of TNKSL1 or 2 depleted cells demonstrate TNKS-
mediated degradation of Wnt antagonists - NKD1, NKD2, and HectD1 (Bhardwaj et al.,

2017).

Although TNKS1 has been reported to sequester the RNA binding protein TAR DNA binding
protein 43 (TDP-43) in stress granules (Mcgurk et al., 2018), functions for TNKS1/2 in
aspects of RNA regulation other than transcription have not been described. However,
PARP1 has been reported to be involved in many aspects of RNA regulation including
transcription, histone regulation, regulation of chromatin modellers, nuclear export of mMRNA,
RNA binding proteins, rRNA processing, initiation and elongation in the context of translation
and splicing as review extensively by Eleazer & Fondufe-mittendorf, (2021). Thus, there is a
clear precedent for PARYylation to be involved in RNA regulation and its likely this extends to

the TNKS as well.
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1.4.1.2 Mitosis

TNKS1/2 have been reported to be involved in different facets of mitosis. These include
telomere cohesion, spindle assembly and the centrosome (Canudas et al., 2007; P. Chang
et al., 2005, 2009; W. Chang et al., 2005; Dynek & Smith, 2004; G. H. Ha et al., 2012; M. K.
Kim et al., 2012; M. K. Kim & Smith, 2014; Ozaki et al., 2012; Yeh et al., 2006).
Consequently, breast cancer cells treated with TE92 displayed increased incidence of IR
induced aberrant spindles consistent with the loss of the mitotic functions attributed to
TNKS1/2 (Gravells et al., 2018). To date all mitotic functions have been attributed to
PARylation of mitotic components, promoting protein-protein interactions or via PARYylation-

directed targeting for protein degradation.

1.4.1.3 Glucose, Exocytosis and Metabolism

TNKSL1 is reported to recruit USP25 to deubiquitinate GLUT4 ensuring it is not degraded
within the GLUT4 storage vesicles when insulin is absent. Consistent with this, depletion of
TNKS1 or TNKS1/2 inhibition, increases glucose uptake via GLUT4 in an insulin dependent
manner in adipocytes (Chi & Lodish, 2000; H. Guo et al., 2012; Yeh et al., 2007). In muscle
cells, insulin resistance resulted from treatment with the TNKS1/2 inhibitor XAV939, likely as
a result of a failure to maintain the stability of GLUT4 (Su et al., 2018). Likewise in ovarian
cancer cells XAV939 treatment reduced glucose uptake (Hong-yi Yang et al., 2019a). The
impact of TNKS1/2 inhibitors on glucose uptake in breast cancer has not been explored.
Interestingly, TNKS has been implicated in disrupting LKB1-AMPK signalling and the

resulting metabolic changes increasing tumorigenesis in lung cancer (N. Li et al., 2019).

PARP1 has been implicated in affecting glycolysis and ATP levels independently of NAD+
depletion, in part by hexokinase being an acceptor protein of PARYylation, reducing its
catalytic activity (Fouquerel et al., 2014). The impact of TNKS1/2 inhibitors on glucose

metabolism in cancer has not been extensively researched. Yang et al. (2019) did go onto
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examine different aspects of metabolism and they observed a reduction in pyruvate
carboxylase via western blot, a reduction in lactate secretion, a reduction in intracellular ATP
and increase in cellular Oz consumption rates in the presence of XAV939. This implicates
TNKS1/2 in aerobic glycolysis although it is surprising given that glucose uptake was

seemingly increased.

1.4.1.4 Apoptosis

The inhibition of TNKS1/2 and the induction of apoptosis has been observed amongst an
array of cancers including bone (Stratford et al., 2013) and neuroblastoma (Xiao-hong Tian
et al., 2013). Silencing of TNKS1/2 and telomerase greatly induced apoptosis in lung cancer
(H. Lu et al., 2013). Silencing of TNKS1/2 enhanced ovarian cancer apoptosis when co-
treated with taxane or cisplastin (Hong-yi Yang et al., 2019a). TNKS1/2 inhibition via
XAV939 alone induced apoptosis in breast cancer cells but was greatly enhanced when co-
treated with a PLK1 inhibitor (G.-H. Ha et al., 2018). In addition, TNKS1/2 inhibition has been
reported to reduce the expression of the anti-apoptotic protein Bcl-2 (Xiao-hong Tian et al.,

2013).

1.4.1.5 Migration

TNKS1/2 inhibition has been reported to exhibit an anti-migratory phenotype in lung (C. Li et
al., 2018), neuroblastoma (Xiaochong Tian, Hou, Bai, Fan, Tong, & Xu, 2014), gastric (Ma et
al., 2021), ovarian (Hong-yi Yang et al., 2019b) and breast cancer (Bao et al., 2012). This
could be considered, at least in part, to be due to a reduction in migration persistence
because of altered Arpin-TNKS1/2 interactions (Simanov et al., 2021) and altered

microtubule dynamics and polarity signals (Lupo et al., 2016).
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1.4.1.6 Inflammation, Immunity, and viral infection

TNKS1 deficient mice myeloid cells has been reported to develop severe systemic
inflammation and TNKS1/2 function to suppress autoinflammation via reduced TLR2
signalling (Matsumoto et al., 2022). Furthermore, lymphocytic elimination of co-cultured
prostate cancer cells was increased in the presence of XAV939 (Stakheev et al., 2019) and
TNKS1/2 inhibition renders melanoma more sensitive to PD-1 immune checkpoint therapy in
syngeneic mice (Waaler et al., 2020). Interestingly as well, it has been shown that a sub-
population of colon cancer patients develop immune responses against TNKS1/2 epitopes
(Shebzukhov et al., 2008). There is a small amount of literature that associates TNKS1/2
with viral infection/immunity. Human cytomegalovirus has been reported to stabilise
TNKS1/2 and inhibit its PARYylating catalytic activity, facilitating viral replication (Roy et al.,
2016). Additionally, TNKS1/2 have been shown to PARylate VISA/MAVS, priming it for
degradation upon RNA viral infection which supresses the innate antiviral imnmune response
(Xu et al., 2022). This is likely to avoid excess damage but is an interesting consideration in

the context of TNKS1/2 inhibitors being an emerging anti-cancer therapeultic.

1.5 PARG i The Primary Mediator of PAR Catabolism

1.5.1 Enzymology and Catalysis

Poly (ADP-ribose) Glycohydrolase is the primary hydrolase involved in the degradation of
PAR (figure 1.4) first identified as an enzyme from a nuclear calf thymus extract (Miwa et al.,

1974; Miwa & Sugimura, 1971).

PARG possesses both endo-glycohydrolase and exo-glycohydrolase activity, preferentially
performing the latter by binding to the two most distal ADP-ribose residues within the PAR
chain (Barkauskaite et al., 2013; Brochu et al., 1994). These different modes of catalysis

produce free PAR and mono ADP-ribose moieties respectively. The free mono ADP-ribose
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is then metabolised into AMPrbasend ri bose 506 phos
pyrophosphohydrolases such as the NUDIX family (figure 1.4). AMP is utilised in ATP

reformation and different metabolic and cell signalling pathways (Rodriguez-Vargas et al.,

20099whil e ribose 56 phosphate is a precursor to |
and ATP (Kowalik et al., 2017). Endo-glycohydrolase activity is considered to occur primarily

during hyper-PARP activation where the resulting free PAR chain produced are then

implicated in apoptosis acting as a death signal (Andrabi et al., 2008).

;f.. ﬂ(l”- 2/) or a(ln;_z/r )
<N \“J PARG Cleavage Sights
p~
@ R oS
le}—{°] ) o
oe

PARylated

Acceptor
Protein

<I”5
i

g L
4]
o
>
I
o
<
a . DNA, RNA, ATP
RSP Other Biomolecule
production
g + . -
=
Npimim ADP-Ribose Pt
Pyrophosphohydrolases ¢ \)IN
) 1 ATP Generation
AMP Metabolic Signalling

Free ADP-Ribose

Figure 1.4. PAR Catabolism. PARG catalyses PAR at the depicted bonds in red and
green. PARG cannot remove the most proximal ADP-ribose (yellow ester bond). R is the
acceptor amino acid. Other PAR hydrolyses are responsible for breaking the ester bond.
The resulting free ADP-ribose is catalysed by ADP-ribose pyrophosphohydrolases such
as the NUDIX family producing ribose-5-phosphate (R5P) and Adenine-mono-phosphate
(AMP). They are used in the production of biomolecules and metabolism.
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(figure 1.4). The bonds PARG and the other PAR hydrolases cleave are depicted in figure

14. A more comprehensive review on the other hy
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1.5.2 The PARG isoforms i Subcellular Localization and Domain
Architecture

The human PARG gene is located at a single chromosomal locus 10g11.23-21 (J Ame et al.,
1999; Shimokawa et al., 1998). However, the PARG gene transcription product is subject to
alternative splicing, producing different PARG isoforms (figure 1.55b) with distinct subcellular

localization (figure 1.5a) (Meyer-Ficca et al., 2004).

PARG111 is the largest isoform and contains four domains: an intrinsically disordered
regulatory region, a hinge domain, the PARG catalytic domain and a macrodomain (figure
1.5b). Itis the primary nuclear PARG and has been reported to translocate to the cytoplasm.
PARG 102 and 99 lack part of the N-terminal domain and possess a greater degree of whole
cell activity. They have a cytoplasmic and perinuclear distribution and have been observed
to translocate to the nucleus (Winstall et al., 1999), particularly during genotoxic insult
(Haince et al., 2006). This translocation is summarised in figure 1.5a. The details of how the
shuttling of different isoforms fully contributes to PAR metabolism and its significance is yet
to be elucidated. Mitochondrial PARG55 and PARGG6O lack catalytic activity (R. G. Meyer et
al., 2007; M Niere et al., 2012; Whatcott et al., 2009). Functions have yet to be attributed to
them. It could be hypothesised they may have a PAR binding/regulatory role that is

independent of catalytic activity.

As the catalytic domain is conserved across all active PARG isoforms (figure 1.5b), this
presents a challenge to developing an understanding of the roles PARG and its isoforms
play within the cell. In addition, research was until relatively recently impeded by a lack of a
PARG inhibitor. However, increasingly cell permeable PARG inhibitors are being developed
with greater PARG specificity (S.-H. Chen & Yu, 2019; Houl et al., 2019; D. James et al.,
2016). To date, all inhibitors inhibit all catalytically active PARG isoforms and the
significance of inhibiting some or all of the PARG isoforms has yet to be explored. The

functions of PARG and its therapeutic applications in cancer will now be discussed.
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Figure 1.5. PARG Isoforms and their subcellular locations. 1.5a. PARG isoform
subcellular locations. Red arrows indicate reported translocations during genotoxic insults.
1.5b. PARG isoforms are the product of a single gene and alternative splicing. PARG111
contains all the exons, PARG 102 lacks exon 1, and PARG99 lacks exon 1 and 2.
PARGH60 has exons 1a, 4 and 6-18. PARGH55 is the same but lacks exon 1a. PARG60 and
55 lack exon 5 rendering them catalytically inactive.



1.5.3 PARG Functions

Deletion of the PARG gene results in embryonic lethality in mice making study of PARG by
complete genetic depletion difficult (D Koh et al., 2004). Homozygous deletion of PARG in
exons 2 and 3 results in a deletion of the PARG110 isoform (equivalent to human 111
isoform) and is tolerated in animals (Cortes et al., 2004). The way the rest of the exons are
distributed across isoforms means other genetic manipulations, selectively removing other
isoforms, is not possible. Later studies have made use of siRNA or shRNA to reduce the
levels of PARG transcripts, overcoming embryonic lethality but restricted by the transient
nature of depletion. Early research was also impeded by lack of a selective, potent and cell
permeable PARG inhibitor (PARGI). However, the first inhibitor with these qualities was
developed in 2016 (James et al., 2016) and since then a number of PARGi have been

reported (S.-H. Chen & Yu, 2019; Houl et al., 2019; Jain et al., 2019).

The development of these agents has prompted a surge in publications in the last few years
and there is interest in their use as therapeutic agents. Depletion of PARG with
siRNA/shRNA or inhibition with a PARGi leads to enhanced sensitivity to DNA damage
(table 1.4). There are three possible mechanisms by which PARG loss/depletion/inhibition
could lead to sensitisation. Firstly, changes in chromatin structure due to extensive and
prolonged PARYylation. Histone H1, H2A and H2B are the major recipients of PAR. Due to
the negative charge of PAR, PARylation relaxes the histone complex around chromatin,
increasing its openness and accessibility. This may leave it more susceptible to DNA
damage. In support of this, PARG null trophoblastic stem cells have been reported to keep
chromatin decondensed and consequently increased the degree of intercalation by acridine
orange and alkylation by MNNG and thymine base modifications into cyclobutane pyridine
dimers induced by ultra violet (UV) light (David Koh, 2011; Zhou et al., 2010). A second
reason for sensitisation could be to do with NAD+ consumption and depletion following DNA

damage as it gets trapped in PAR (discussed later). A third reason for sensitisation could be



impaired DNA damage repair (see below). The findings associated with the manipulation of

PARG will now be discussed.

Class of DNA Method of Experimental Agent References
Damage targeting PARG System
Alkylating PARG 2-3/2-3 In Vivo MNU (Cortes et al.,
Agents _ _ 2004)
mice Streptozotocin
PARG -/- Mouse | In Vitro MNNG (D Koh et al.,
ES Cells 2004)
PARGI In Vitro and In | Temozolomide (Tentori et al.,
Vivo 2005)
PARGI GLTN In Vitro MNNG (Keil et al.,
2006)
PARG -/- Mouse | In Vitro Dimethyl Sulfate | (Fujihara et al.,
ES Cells 2009)
PARG -/- In Vitro MNNG (Zhou et al.,
trophoblast cells 2010
P Cyclo- )
phosphamide
PARG110 -/- In Vitro MMS (Min et al.,
mouse 2010)
embryonic
fibroblasts
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PARG -/- ES In Vitro MMS (H Shirai et al.,
Cells and SIRNA 2013)
in human cancer
cell lines
PARGI In Vitro and In | MMS (Jordan et al.,
Vivo Temozolomide 2014)
PARGiI In Vitro MMS (D. James et
al., 2016)
PARGIiT COH34 | In Vitro Temozolomide (S.-H. Chen &
Yu, 2019)
Cross Linking PARG -/- Mouse | In Vitro Cisplatin (Fujihara et al.,
Agents ES 2009)
PARG -/- In Vitro Cisplatin (Zhou et al.,
trophoblast cells 2010)
PARG -/- ES In Vitro Cisplatin (H Shirai et al.,
Cells and SIRNA 2013)
in human
MIAPaCa2
(pancreas) and
RKO (Colon)
cancer cell lines
PARGIiT COH34 | In Vitro Cisplatin (S.-H. Chen &
Yu, 2019)
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DNA PARG -/- mice In vitro Gemcitabine (Fujihara et al.,
Metabolism ES Cells 2009)
PARGI In Vitro Gemcitabine (Pillay et al.,
PDD00017273 2019)
HU
PARGi - PDDX- | InVitro 5-Fluorouracil (Jain et al.,
01 2019)
shRNA
DNA-Protein PARGI -PDDX- In Vitro and In | Oxaliplatin (Jain et al.,
Cross Linker 01 Vivo 2019)
shRNA
Intercalators PARG Null TS In Vitro Epirubicin (Zhou et al.,
2010)
PARPI resistant In Vitro Doxorubicin (Chen & Yu,
cells lines 2019)
Incorporated PARG -/- mice In vitro Gemcitabine (Fujihara et al.,
Nucleotide ES Cells 2009)
Analogues , - — .
Range of Ovarian | In Vitro Gemcitabine (Pillay et al.,
cancer cell lines 2019)
Oxidative siRNA in MEFs In Vitro Hydrogen (Blenn et al.,
Damage Peroxide 2006)
siRNA in Ab49 In Vitro Hydrogen (Fisher et al.,
Peroxide 2007)
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PARG110-/- mice | In Vitro Hydrogen (Min et al.,
Peroxide 2010)
Radiation PARG110-/- Mice | In Vivo o-Irradiation (Cortes et al.,
2004)
PARG-/- Mouse | In Vitro o-Irradiation (Fujihara et al.,
ES cells 2009)
SiRNA In Vitro X-irradiation (J Ameetal.,
o-Irradiation 2009)
PARG-/- MES In Vitro o-Irradiation (Min et al.,
cells 2010)
PARG-/- ES In Vitro o-Irradiation (Hidenori
Cells . Shirai et al.,
Carbon ion
2013
irradiation )
Fe-lon Irradiaiton
SiRNA, PARGI In Vitro o-Irradiation (Gravells et
al., 2018)
MCF-7
PARG:I - In Vitro Irradiation (Houl et al.,
2019)
Topoisomerases | PARG-/- ES cells | In Vitro Camptothecin (Fujihara et al.,
inhibitors 2009)
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siRNA In Vitro Camptothecin (Ray
Chaudhuri et

al., 2015)

PARGI In Vitro Camptothecin (Chen & Yu,

2019)

Table 1.4 Classes of DNA damage PARG manipulations have been reported to
sensitise or protect cells against. References included. Red references indicate no
sensitisation. Blue references indicate depletion/inhibition resulted in protection. Black
indicates sensitization was observed.

1.5.3.1 The Role of PARG in DNA Repair and Replication

1.5.3.1.1 Single Strand Break Repair

PARG has been implicated in single strand break repair (SSBR) by potentiating the number
of SSB (Zhou et al., 2010) and reducing repair kinetics (J Ame et al., 2009; S.-H. Chen & Yu,
2019; Fisher et al., 2007; Min et al., 2010). PARG depletion by siRNA reduced the repair
kinetics of hydrogen peroxide induced SSBs (Fisher et al., 2007). Concomitant knockdown
with PARP1 did not further reduce the repair kinetics (Fisher et al., 2007). This suggests
PARP1 and PARG act in the same pathway to promote single strand break repair. Following
induction of a SSB, PARP1 senses the damage, auto-PARYylates itself and recruits XRCC1
to the damage site (figure 1.6). XRCC1 then recruits the rest of the SSBR factors finalising
the repair of the lesion (figure 1.6). It has been speculated that the removal of PAR is
required to promote efficient single strand break repair. In support of this, auto-modified
PARP1 has been found to accumulate and persist at sites of single strand breaks for
conditions where PARG has been inhibited or depleted (Gogola et al., 2018; Wei et al.,
2013). Furthermore, XRRC1 has been found to be retained at sites of single strand break

associated PAR for increased periods of time (Chen & Yu, 2019; Fisher et al., 2007; Wei et

49



al., 2013). Interestingly, mouse cells deficient of exon 2 and 3 for PARG resulted in fewer
XRCC1 foci formation in response to MNNG treatment (Gao et al., 2007). This suggests
there may be a relationship between the nuclear PARG isoform and XRCC1. The precise
consequences of this are not clear. PAR removal has been demonstrated to facilitate
XRCC1 translocation directly to the SSB (Wei et al., 2013) and if PARG activity is
compromised then it may reduce the efficiency at which this can occur (figure 1.6). This may
partially explain the reduced repair kinetics. It is also possible that persistence of PARP1 and
XRCC1 at sites limits the availability of these molecules for repair at other sites (figure 1.6).
Additionally, it is unknown if these PARGI mediated PARP1 bound complexes influence DNA
replication since it is possible, they may form a barrier to replication and thus collapse or stall
replication forks (figure 1.6). Support for this comes from PARG deficient -/- embryonic stem
cells and PARG depleted pancreatic cancer cells (siRNA) that developed an enhanced S-
phase arrest and increased levels of DNA damage visualised by gH2AX foci staining when
treated with the alkylating agent MMS (H Shirai et al., 2013). Furthermore, PARG is recruited
to PAR via its macrodomain and it is possible that an inhibited PARG protein may also

remain bound to PAR. This has not yet been investigated.
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Figure 1.6. Single strand repair in PARG proficient and deleted/depleted or inhibited
cells. Normally when PARG is functional, SSBR proceeds. An SSB is identified by
PARP1, which then PARYylates itself, facilitating the recruitment of XRRC1. XRCC1 then
facilitates the recruitment of the rest of the SSB repair factors and PARG cleaves the PAR
of PARP and they disassociate, enabling SSB to continue and repair the DNA. When
PARG is compromised however, repair happens less efficiently. Auto-PARylated PARP
and XRCC1 appear to remain at sites of DNA damage for longer. The unrepaired SSB
may then collapse into a DSB at replication. Alternatively, a replication fork may collide
with trapped PARP-PAR-XRCC1 and cause replication stalling. Finally, bound XRCC1
and PARP1 means there are less repair factors available to initiate repair elsewhere in the
genome.Some wunattended to SBB may then beconm

1.5.3.1.2 Double Strand Break Repair and DNA replication

The relationship between PARG and DSB repair is poorly understood. PARG inhibition has
been reported to reduce the repair kinetics of radiation induced DSBs (Ame et al., 2009;
Chen & Yu, 2019). It is therefore likely that reversal of PARP1-3 activity by PARG is
important for accurate repair of DSBs at these sites. However, problems with replication can
lead to forks collapsing into DSBS, thus separating a role in DNA replication and a role in
DSB repair for individual proteins is difficult. Interpretation of experiments is further

compounded by the finding that a marker of homologous recombination at DSBs, RAD51,
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can also be a signal for fork stabilisation and HR mediated restart of replication forks, while a

marker of DSBs 53BP1 is also known to be involved in fork protection.

The first report to suggest PARG is associated with replication saw that PARG110 deficient
mouse cells in the presence of the replication stress inducing agent hydroxurea had a
greater number of RAD51 foci and took longer to resolve them (Min et al., 2010). Less
ambiguous evidence suggesting PARG111 has a direct role in DNA replication was its
association with proliferating cell nuclear antigen (PCNA), which is an integral protein
involved in DNA replication (Mortusewicz et al., 2011). GFP-tagged PARG111 co-localised
with PCNA throughout S-phase and the 102 and 99 PARG isoforms did not (Mortusewicz et
al., 2011). Immunoprecipitation then confirmed the N-terminal residues not present in the
shorter isoforms mediated an interaction. (Mortusewicz et al., 2011). Kaufmann et al., (2017)
later confirmed this N-terminal sequence was indeed important for replication foci
association however, the interaction was primarily mediated via the acetylation of a non-
canonical PIP box in exon 3 of PARG (Kaufmann et al., 2017). This explains why co-
immunoprecipitation between the PARG102/99 isoforms with PCNA was reduced relative to
PARG111 yet still present (Mortusewicz et al., 2011). Perhaps the consequences of
preventing PARG K409 acetylation or disrupting the protein-protein interaction with PCNA
should be explored therapeutically as this maybe a way to specifically target the nuclear
PARG111 isoform. It is not clear if interaction with PCNA is because PARG is integral to

replication or facilities its function during replication stress.

llluzzi et al., (2014) observed that PARG depletion via ShRNA increased the levels of PAR
following chronic but not transient HU-induced replication stress (llluzzi et al., 2014). They
observed an increase in PAR in a sub population of cells with reduced levels of chromatin
bound and phosphorylated replication protein A (RPA) (llluzzi et al., 2014). During perturbed
replication RPA accumulates on chromatin and becomes phosphorylated and therefore it
was hypothesised that excessive PAR can prevent RPA binding to collapsed but not stalled

replication forks. RPA is upstream of RAD51 recruitment and consequently they observed
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reduced levels of RAD51 foci in these high PAR cells (llluzzi et al., 2014). RAD51 is required
for HR repair at DSB, fork protection and fork restart. This suggests that high levels of PAR
as a result compromised PARG activity may ultimately impede HR resolution of DSB at a
collapsed replication fork and/or affect the degree to which replication forks are protected
and can be restarted by HR. RPA is also involved in SSBR and these observations may

have significance there too.

Further support for a function for PARG during replication/during the replication stress
response comes from analysing single replication forks using electron microscopy and DNA
fibre assays (Ray Chaudhuri et al., 2015). In this study, PARG depletion slowed forks and
increased the number of reversed replication forks (Ray Chaudhuri et al., 2015). There was
also an increase S-phase associated yH2AX staining, a strong ataxia-telangiectasia mutated
(ATM) and ATR signal and an increase chromatin binding of RAD51 and 53BP1. However,
there were no detectable DSBs by pulsed field gel electrophoresis. The recruitment of these
repair proteins in a context where there were no detectable DSBs suggests that their
recruitment is to facilitate their replication associated functions. This suggests that when
PARG is compromised, it creates a reliance on replication fork protecting/restart factors. This
may explain why PARPI resistant cells with partially restored HR activity due to 53BP1
mutations are sensitive to PARG inhibitors (Chen & Yu, 2019). Ray Chaudhuri et al., (2015)
also reported an increase in post replicative single stranded gaps. This might be attributable
to PARP16s recently characteri seftagheatcti on i n s
(Hanzlikova et al., 2018). PARG depletion may result in these PARylated Okazaki fragments
being unresolved leading to post replicative single stranded gaps (figure 1.7). Retention of
XRCC1 at SSB sites is dependent on its BRCAIl domain (Wei et al., 2013). Ligase Il also
contains a BRCAII domain and is involved in Okazaki fragment ligation. Perhaps ligase |
gets trapped at PARylated Okazaki fragments, analogous to XRCC1 at SSBs. Consistent

with PARG depletion, PARG inhibition was also shown to slow forks and increase fork
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stalling as shown by the DNA fibre assay, and led to increased gH2AX and RAD51 foci

formation on chromatin (Gravells et al., 2017; Houl et al., 2019).

Other functions for PARG during replication/during replication stress can be proposed.
RECQL1 is a replication fork associated helicase involved in replication fork restart following
fork reversal at sites of stalling. PARP1 PARylates RECQ1 inhibiting its action and
preventing premature fork restart and fork collapse at telomeres (Berti et al., 2013; Ray
Chaudhuri et al., 2012). This suggests PAR needs to be removed in an organised manner to
facilitate RECQ1 activity and thus timely fork restart. Perhaps PARG is required to remove
the PAR to promote fork restart (figure 1.7). However, no direct evidence associating PARG
and RECQ1 dependant fork restart has been directly reported. It could be due to another
PAR degrading enzyme. The RECQ1 and PARP1 relationship is postulated to be present in
non-telomere DNA but has not been confirmed. If it is true, lack of PARG during DNA
replication could lead to destabilisation of reversed forks and an increased requirement for
fork protection factors to prevent collapse. This may partially explain why fork protection

factors are recruited to chromatin in a PARG deficient background.

Further evidence of the importance of PARG during replication stress comes from ovarian
cancer cells with loss of expression of key replication proteins (e.g. Timeless, Hus1 and
RFC2), led to sensitivity to PARGI. (Pillay et al., 2019). The induction of replication stress via
hydroxurea/gemcitabine or preventing replication stress/DNA damage signalling
pharmacologically using a CHKL1 inhibitor also sensitised PARGI tolerant cells to a PARGI.
Furthermore, PARGI sensitive cells displayed slowed replication forks and increased
collapsed forks. Depletion of RECQ1 could phenocopy the PARGi phenotype in PARGI
sensitive cells and therefore this data is consistent with the model above whereby preventing
PAR reversal on RECQL1 at stalled forks leads to premature restart. The sensitisation effects
were varied. This sensitivity therapeutically demonstrates a relationship between PARG and
DNA replication and warrants further characterisation of the roles of PARG in DNA

replication and repair. Most interestingly this study also identified a panel of ovarian cancer
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cells with differential sensitivity to PARGi and PARPI. Sensitivity to PARGi was identified to

be due to an underlying but uncharacterised replication vulnerability.

Replication Fork Stalled Fork Resected Fork Fork Restarted
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Figure 1.7 Replication forks and the consequences of PARG Inhibition. Replication
forks proceed along the DNA tract until they come across a DNA lesion which stalls the
fork. RPA is present in stabilising the fork at sights of free single strand DNA. The fork is
then resected via different mechanisms, A particular mechanism involving PARP1 is the
RecQ1 helicase. PARP1 PARylates RecQ1 acting as a clamp. Removal of PAR, perhaps
mediated by PARG is thought to regulate the clamp. Fork resection eventually enable the
fork to be restarted. PARG inhibition may compromise the fork stability by impeding RPA
recruitment or other mechanisms. If RecQ1 remains unattended too the fork may collapse.
The replication fork may be restarted however and increases in post replicative single
strand breaks have been reported and this may be due to PAR sensing unligated Okazaki
fragments being unresolved when PARG is inhibited. The orange forks indicate an
increased degree of stalling and resection reported in a PARG background and potentially
increased propensity for fork collapse. PARG is recruited to replication forks by PCNA.

i

In summary it is likely that PARG has multiple roles during replication. Repair of SSBs/BER
means that damage is repaired prior to replication and prevents fork collapse but if forks do
stall or collapse then PARG may also be involved in regulating the response but the exact

mechanism by which it does this is still to be elucidated.



1.5.3.2 Mitosis

PARG depleted cells have evidence of mitotic defects, including fragmentation and
amplification of centrosomes, multipolar spindles, chromosomal misalignment and aberrant
segregation of chromosomes (J Ame et al., 2009; Min et al., 2010). PARP1 null cells exhibit
centrosome dysfunction and amplification (M. Kanai et al., 2003), and PARP1 and 2 localize
to centromeres interacting with CenpA, CenpB, and Bub3 (A Saxena et al., 2002). Further,
PARG is enriched at spindles in Xenopus extracts (P. Chang et al., 2004). TNK1 and/or
PARP3 depletion leads to spindle defects due to alteration in NuMA activity (Christian
Boehler et al., 2011). Thus, PARG may co-operate with multiple PARP enzymes to regulate
accurate mitosis. Consistent with this, after DNA damage PARG:i led to spindle defects and
the accumulation of cells at metaphase. Interestingly, TNK inhibition but not PARP1-3
inhibition, phenocopied the spindle defects (Gravells et al., 2018), highlighting the potential

differences in mechanism of action of PARPi and PARG..

1.5.4 The Therapeutic Targeting of PARG

PARG depletion/deletion and inhibition are reported to have chemo and radiosensitisation
effects in addition to synthetic lethality in some contexts. These observations may be
underpinned by the effects on DNA repair and replication. A review of the currently available
PARG:i will be performed followed by the evidence for radiosensitisaiton, chemosensitisation

and synthetic lethality.
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1.5.4.1 PARG inhibitors

A range of PARGave been developed over the years, with increasing specificity (table 1.5). PDD00017273 and COH34 will used in thegsis and th
information is summarised in table 1.5.

Inhibitor PARG IC50 Notes References
Gallotannin 16.8 uM Low activity, off-target (Tsai et al., 1991)
HO OH effECtS
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GPI-16552 1.7 uM Low activity, off-target (X.-C. M. Lu et al., 2003)
_ effects
A ]
[ A § N
B o
APD-HPD 120 nM Specific, not cell-permeable | (Slama et al., 1995)
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lacks bioavailability

(James et al., 2016)
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COH34 0.37 nM Specific, potent, cell- (Chen & Yu, 2019)
permeable, 3.9 h half-life in
L vivo
®
_al
$
_N
.-',-':'-"ﬁx“"].-'.'-':"" ~,~OH
I
JA2131 400 nM Specific, cell-permeable, (Houl et al., 2019)
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similarity to caffeine
suggests bio-availability

Table 1.5 Summary of PARG Inhibitors. IC50, additional information and reference of origin included.

59



1.5.4.2 Radiosensitisation

In vitro reports in mouse embryonic stem cells and different cancer backgrounds where
PARG has been silenced/depleted have consistently produced increased sensitivity to
ionising radiation (IR) (J Ame et al., 2009; Min et al., 2010; Nakadate et al., 2013; Hidenori
Shirai et al., 2013). This is thought to be underpinned by an increase in mitotic defects that
culminate in mitotic catastrophe and cell death (Ame et al., 2009; Nakadate et al., 2013).
The details of the in vitro reports are elaborated in table 1.4. These observations have been
recently replicated with PARG inhibitors and the mitotic defects following IR are distinct
phenotypes associated with PARG but not PARP1-3 inhibition (Gravells et al., 2018).
Tankyrase inhibition partially phenocopied PARGi by promoting aberrant spindles and
radiosensitisation suggesting PARG may partially mediate its effects by preventing the
reversal of tankyrase activity (Gravells et al., 2018). This will need to be explored in further
detail. Both PARP and PARG inhibition delayed the resolution of IR induced RAD51 foci
consistent with PARG reversal of PARP activity (Gravells et al., 2018). However, PARG
inhibition actually increased the speed at which yH2AX foci were resolved compared to wt
cells and PARPi where repair was delayed (Gravells et al., 2018). This suggests that the
DSBs or replication stress induced by radiation were resolved quicker when PARG was
inhibited. A possible explanation for the increased resolution was the increased IR-induced
DNA-PK foci reported under PARGI versus PARPI (Gravells et al., 2018). This increased
DNA-Pk activity can be indicative of an increase in classical non-homologous end joining
and would explain why the yH2AX foci were resolved quicker. Radiosensitisation by a
different PARG inhibitor has been reported in a range of cancer cells confirming PARG as a

viable therapeutic radiosensitising target (Houl et al., 2019).
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1.5.4.3 Chemosensitisation

The reported chemosensitising effects of PARG depletion/deletion/inhibition are variable yet
the majority of the reports indicate sensitisation to different classes of DNA damaging agents
(table 1.4). A report suggesting protective effects in response to oxidation damage are
highlighted as well. Furthermore, there has been a report of PARG deficient cells not being
sensitive to gemcitabine and camptothecin (Fujihara et al., 2009). This has not been
reported in any other cell system so it is possible it is an observation unique to mouse

embryonic stem cells deficient in PARG but it is unclear why.

1.5.4.4 Synthetic Lethality

Synthetic lethality (SL) is the concomitant disruption of two genes that leads to cell death
that individually are non-lethal. This disruption can be induced by loss of function mutations,
siRNA or drug treatment such as an inhibitor. PARG has been reported to be synthetically
lethal with different genes that often undergo loss of function mutations in cancer, enabling
targeted cell death. Like PARPi, PARGI has been reported has been reported to be SL with
XRCC1 depleted and deficient cells (Martin et al., 2018). This suggests PARGI may have
efficacy in XRCC1 tumours and that PARG has unknown functions that need to be further
characterised. Furthermore, PARG depletion via SIRNA was reported to be SL with dual
specificity phosphatase 22 (DUSP22) via suppression of the mTOR/PI3k/AKT and an
increase in the expression of p53 upregulated modulator of apoptosis (PUMA), inducing
increased apoptosis in lung cancer (Sasaki et al., 2019). This requires validation with an
inhibitor but suggests that PARGI in tumours deficient in DUSP22 are viable targets for
PARGIi and other combinations of genetic targets that induce apoptosis with PARGi are
worth investigating. PARG inhibition and depletion have been reported to be synthetically
lethal in BRCA2 depleted or deficient breast cancer cells (Fathers et al., 2012). PARG

inhibition caused an increase in yH2AX (Fathers et al., 2012). In the absence of DNA
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damage, the DNA replication inhibitor aphidicolin reduced the number of yH2AX when the
PARGI was present (Fathers et al., 2012). This suggests there was an increase in replication
stress, fork collapse and requirement for HR to promote fork restart (Fathers et al., 2012).
Accordingly, increased levels of HR were observed. Like PARPI, PARG inhibitors therefore
seem to increase the reliance on HR for fork restart. This SL has also be reported with other
HR related proteins: BRCAL, BRCA2, PALB2, FAM175A (ABRAXAS) and BARDL in breast
cancer cells where a more specific PARGI was used (Gravells et al., 2017). However, siRNA
knockdown of PARG in BRCA1 and phosphatase and tensin homolog (PTEN)
deficient/proficient cells with a different genetic background has been reported to not be
synthetically lethal (Noll et al., 2016). The contradictory BRCAL reports may be explained by
sequence differences, off target effects or differences in efficiency of knockdown of PARG.
The nature of the BRCA1 deficiency may also be significant. However, the BRCA/PARG
SsiRNA result was replicated with two PARG inhibitors (Gravells et al., 2017). PTEN
knockdown was not synthetically lethal according to the criteria set in the paper with SiRNA
PARG depletion (Gravells et al., 2017), this was surprising as PTEN deficiency leads to

sensitivity to PARPI.

Interestingly, when looking for sensitivity to PARGI in ovarian cancer cell lines Pillay et al.,
(2019) identified cell lines that were differentially sensitive to PARG inhibition but not PARP
inhibition. They identified that these cells had a replication catastrophe event upon PARGI
(identified as pan-nuclear H2AX staining) which was not seen with a PARPI. This suggests
that tumours with low expression of key replication factors that promote fork stabilisation
may be a biomarker predictive of PARGI effectiveness. However, the siRNA library screen
performed in the study did not compare PARGi to PARPI so it is unclear if the yH2AX signal

is a phenotype associated with PARGI alone.
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1.5.5 The Role of PARG in Cancer

The therapeutic potential of targeting PARylation using PARP or PARG inhibitors alone or in
combination with other therapies has promise as an anti-cancer therapy. However genetic
manipulation of PARP and PARG also suggest that PAR levels can impact tumour induction
and progression too. The mechanisms by which changes in PARP expression can induce
tumour formation and progression are well researched. The evidence that PARG expression

can alter tumorigenesis is not as thoroughly researched and will be discussed here.

Elevated levels of PARG expression are associated with a poorer prognosis in breast
cancer, particularly within HER-2 positive and triple-negative sub types (Marques et al.,
2019). Additionally, PARG has been implicated in promoting tumour formation.
Heterozygous PARG knockout mice +/- possessed a greater resilience to benzo(a)pyrene
inhalation induced lung cancer carcinogenesis due to the lack of benzo(a)pyrene induced
stabilization of Wnt ligands in the PARG(+/-) mice (Dai et al., 2019). Furthermore,
overexpression of PARG increased the tumorigenic capacity of human mammary epithelial
cells when co expressed with HER2 (Marques et al., 2019). Consistent with this, PARG
depletion using shRNA resulted in reduced transformation of implanted MDA-MB-231 basal
like breast cancer cells when transplanted in mice (Marques et al., 2019). However in
contrast to the above, PARG depletion using siRNA increased uveal melanoma tumour
formation when PARG depleted cells were injected into mice (Molloy-Simard et al., 2012). In
summary, changes in PARG expression can promote or act as a bulwark against
tumorigenesis. This is likely reflective of differences in the genetic background between cell
lines. These differences and their relationship with PARG expression need to be further

characterised.

There is also evidence that PARG has a role in influencing metastasis and angiogenesis.
PARG depletion using shRNA reduced the invasion, migration, and adhesion capabilities of

human colon carcinoma LoVo cells in vitro (Q. Li et al., 2012). Furthermore, when these cells
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were injected into mice, they displayed a reduction in the number of liver metastases. PARG
depletion activated the Pl 3K/ Akt pathway whi ch
the PI3K/Akt pathway returned the shPARG treated conditions to non-depleted metastatic
potency. This demonstrates that the PI3K/Akt pathway likely has a role in supressing
metastasis when PARG is depleted. Furthermore, human umbilical vein endothelial cells
(HUVEC) when co-cultured with shRNA treated PARG depleted LoVo cells exhibited a
reduced migration rate (Pan et al., 2012). This was thought to be underpinned by PARG
depletion resulting in reduced NF-kB activity in the LoVo cells that downregulated the
release of different signalling factors. This then reduced the migratory capabilities of the
HUVEC cells. Additionally, the downregulation of NF-kB also decreased the levels of
different angiogenic factors released by the LoVo cells. This suggests PARG depletion may
have anti-angiogenic applications as well. Furthermore, mammary epithelial cells
overexpressing PARG developed increased metastatic properties in vitro (Marques et al.,
2019). PARG depletion via shRNA then reduced these metastatic properties. This
observation was replicated in vitro in an aggressive high PARG expressing 67NR-derived
tumour cell line called 66c¢l4. These high expressing cells were then depleted of PARG using
shRNA and injected into mice. The PARG depleted group exhibited fewer lung macro
metastases and the micro metastasis were consistently reduced in number and size

compared to the shControl (Marques et al., 2019).

There is also evidence that PARG has a role in influencing proliferation and differentiation.
The aforementioned HUVEC cells also exhibited reduced proliferation that was thought to be
mediated by reduced NF-kB activity (Pan et al., 2012). LoVo cells with PARG depleted using
shRNA exhibited reduced proliferation via reduced NF-kB expression and increased Akt
activity (Pan et al., 2012). Finally, PARG suppression has been linked with the differentiation
and proliferation of DC and T cells (J. Wang et al., 2019). The changes in DC and T cells
then produces a more favourable CD4/CDS8 ratio in mice, improving immune function,

reducing metastasis to the liver by colon carcinoma and increasing survival times. This was
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thought to be modulated by PARG silencing decreasing PARP1 and NF-kB levels which

influenced DC and T cell fate to promote a more favourable CD4/CD8 ratio.

1.5.5.1 Potential Mechanisms of PARG Mediated Tumour Induction and Progression

The effects of PARG on metastasis, angiogenesis, proliferation, and differentiation need to

be validated with a PARGI in order to determine the potential of PARGI as an anti-cancer

target. Furthermore, the mechanisms underlying
capabilities need to be investigated. PARylation has been reported to mediate a wide range

of effects on transcriptional processes. Research has primarily focused on PARP, however

increased or decreased PARYylation because of changes in PARG expression/activity is also

likely to influence transcription. For example, PARG overexpression increased dePARylation

of SMADZ2/3, increasing SMAD target gene transcription which was in part responsible for

the metastatic phenotype observed because of PARG expression (Marques et al., 2019).

Other relationships such as this are likely to exist. The upregulation of PARG has also been

linked to transcriptomic changes in prostate cancer (Karpova et al., 2022a).

Genotoxic insults increase PARP1 activity to facilitate DNA repair. Consequently, sustained

levels of genotoxic insult increase the levels of PAR and decrease NAD+. PAR operates as

an NAD+ sink and is crucial for ATP to be replenished. Therefore prolonged PARP activity

eventually results in mitochondrial membrane destabilization and the release of apoptosis

inducing factors (AIF) to the nucleus (Stein & Imai, 2012; S.-W. Yu et al., 2006). AlF

translocation culminates in AlF-mediated apoptosis and DNA fragmentation (S.-W. Yu,

2002). Unsurprisingly given PARGO6s role in PAR cat
form of AIF mediated, caspase independent apoptosis (Zhou et al., 2011). Increased

incidence of AIF mediated-apoptosis has been reported in MNNG or UV treated PARG

deficient breast cancer cell lines (Feng et al., 2012). In addition to mitochondrial membrane

stability, NAD+ is a vital co-enzyme involved in glycolysis, the tricarboxylic acid cycle,
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oxidative phosphorylation and serine biosynthesis, all of which sustain the survival and
proliferation of rapidly dividing cancer cells. PARG overexpression may help sustain cancer
survival via promoting PAR degradation and promoting NAD+ turnover. PARG inhibition
however may also compromise a cancer cells ability to replenish the NAD+ as deletion of
PARG decreases NAD+ levels under genotoxic stress (Min et al., 2010). Therefore, changes
in NAD+ may alter metabolic signalling that influence tumour formation, transcription,

behaviour, and survival.

In addition to changing NAD+ levels tumour progression may be facilitated by PARG
mediated changes DNA repair dynamics that could increase genomic instability and drive
cancer towards malignancy (see above). However, the long-term effects of changes in

PARG expression on genomic instability have yet to be investigated.

Finally, sitruins are a class of NAD-dependant deacetylases. It is therefore conceivable that
PARG inhibition results in a preservation of histone acetylation and that this dysregulation

may promote the expression of genes relevant to tumour formation or suppression.

1.5.5.2 Breast Cancer, Metastasis, and the applications of PARG Inhibitors

In 2020, breast cancer became the most diagnosed cancer in the world (Sung et al., 2021).
Most breast cancer originates in the lobules and ducts of breast tissue. However, the clinical
presentation of breast cancer is heterogenous and to improve treatment regimens and
survival outcomes, several molecular subtypes have been identified, that correlate with
treatment responsiveness, tumour grade, propensity to metastasise and prognosis. Different
classification systems have been refined overtime. The intrinsic subtype classification
system first inspired by Perou et al., (2000) refocused clinical assessment onto the biology
tumours presented with and gave rise to the classical classifications of luminal A, Luminal B,

human epidermal growth factor receptor 2 (HER?2) enriched and basal-like. This was further
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refined by Parker et al., (2009) which incorporates gene expression signatures of 50 genes
known as the PAM50 assay. Other gene expression signature assays exist. The surrogate
subtype classification system uses histology and immunohistochemistry (IHC) against key
protein markers. These markers include oestrogen receptor (ER), progesterone receptor
(PR), HERZ2 and the proliferation marker Ki67. Classification is an important consideration in
the clinic, to optimise the cost-benefit analysis of therapies and improve the quality of care
delivered to patients. There is up to a 30% discordance rate between IHC approaches and
gene-based assays, highlighting the importance of using both approaches in the clinic (Prat
et al., 2015). Table 1.6 provides a simplified summary of the molecular subtypes using

surrogate subtype classification system and their relative prognosis.

Table 1.6. Breast cancer subtypes
Subtype Receptor Status Ki67 Index Prognosis
Luminal A-like ER+ PR+ HER2- Low Good
Luminal B-like ER+ PR+ (less High Intermediate
(HER2-) relative to luminal A)

HER2-
Non-luminal HER2 ER- PR- HER2+ High Intermediate
enriched
Triple negative ER- PR- HER2- High Poor

Luminal A-like tumours have an incidence of 60-70% and are low grade and slow growing.
They respond well to endocrinal therapies that exploits their receptor status and the
developments in breast cancer treatment has resulted in this subtype having the highest
prognosis, however resistance to these therapies is an ongoing problem (Higgins & Stearns,
2009; Yao et al., 2020). This subtype has a relatively lower chance of remission and a
relatively has the lowest chance of metastasising, with a median survival of distant

metastasis of 2.2 years (Y. Guo et al., 2020; Kennecke et al., 2010).
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Luminal B-like (HER2-) tumours have an incidence of 10-20% and have an intermediate
prognosis. Their higher Ki67 index and pro-proliferative gene expression signatures render
them more proliferative and aggressive (Raj-Kumar et al., 2019). Due to them expressing ER
and PR to a reduced degree than luminal A-like, responses to endocrinal therapy are not as
effective and chemotherapy is more frequently utilised against this subtype alongside
endocrinal based approaches (Abraham et al., 2018). Chances of remission is slightly higher
in this subtype versus luminal A as are the rates of metastasis to the liver, brain, lung and
particularly bone, with a median survival of distant metastasis of 1.6 years (Kennecke et al.,

2010).

HER?2 positive tumours account for 10-15% of breast cancer and are more aggressive and
prone to metastasis and have an intermediate prognosis. They can be luminal B-like or non-
luminal. Luminal B-like (HER2+) have median survival of distant metastasis of 1.3 years
(Kennecke et al., 2010). The non-luminal subtype has a distinct gene expression signature
that is neither luminal nor basal (associated with triple negative breast cancer but not
synonymous) but promotes a high degree of proliferation. Elevated levels of mutagenesis
mediated by APOBECS3B are also reported in this subtype that likely drive its tumorigenicity
(Kanu et al., 2016). These tumours have a poorer prognosis than their luminal A/B
counterparts, however, with the advent of targeted therapies against HER2+ subtypes
combined with chemotherapy, the clinical outcomes have improved however this subtype
remains challenging (Figueroa-Magalhaes et al., 2014). These tumours are associated with
relatively higher levels of metastasis to the brain, liver, lung and multiple sites and are prone
to higher levels of aggressive relapse. The non-luminal HER2 enriched subtype have a

median survival of distant metastasis of 0.7 years (Kennecke et al., 2010).

Triple negative tumours derive their name from being devoid of all the key receptors (ER, PR
and HER?2). As previously stated, these tumours are sometimes described as basal-like, but

this refers to their gene signatures. This subtype of tumour is very heterogenous and can be
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divided along six subtypes, basal-like being one of them that is further divided into two,
however the utility of this in the clinic is still being determined (Lehmann et al., 2011; D. Y.
Wang et al., 2019). Triple negative breast cancer is most prevalent in younger populations
<40 years of age (Plasilova et al., 2016) and is also what most commonly presents in
patients with BRCA1 germline mutations (80%), with BRCA1/2 germline mutations
accounting for 11-16% of all TNBC cases (Newman et al., 2015). This subtype is the most
resistant to therapy (due the absence of hormone/HER?2 receptors and its heterogeneity and
absent effective targeted therapies), is highly prone to complex metastasis and early relapse
and has a greater tendency to present in more advance stages, rendering patients with this
subtype to have the poorest prognosis (X. Bai et al., 2021; Y. Guo et al., 2020; Hong Yang et
al., 2020). Patients with this subtype have a median survival of distant metastasis of 0.5

years (Kennecke et al., 2010).

Met astasis accounts for approx(iSmard yeta 0&d no,f 2Z@&:
the context of merdd ant swanderal tfho8 yadaranc eMastt agte
breast cancer is obsé&rved atasprse aerdt Bt0i% o fi re a6 |
di agnosed breast cancer patients \Wetaslasistsevel op r
complex multifaceted cascade. The focus of this thesis relates primarily to the early stages

of the cascade and the processes that underlie early tumour dissemination. All cancers must

overcome the same initial obstacles before going on to metastasise to secondary sites.

Cancer cells undergo changes in their adhesion, de-anchoring them from neighbouring cells

and the surrounding extracellular matrix (ECM) (Janiszewska et al., 2020). This enables

peri-metastatic cells to migrate more freely, and changes in adhesion also help facilitate cell

migration and establish themselves at secondary sites (Janiszewska et al., 2020). However,

the ECM acts as a physical barrier. Invasive cancer cells remodel the ECM, which creates

space to move into and resources for the cancer to repurpose (P. Lu et al., 2011). These

processes require the cell to expend energy and changes in the 3D environment affect the

ATP/ADP ratio of a cell (Zanotelli et al., 2018) implying metabolism is an important
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consideration as well. PARP/PARG as previously discussed, impacts various areas of
biology that could be linked to these processes surrounding earlier tumour dissemination
and invasion. Elevated levels of PARG expression are associated with a poorer prognosis in
breast cancer, particularly within HER-2 positive and triple-negative sub types (Marques et
al.,2019). I toés possible that PARG is involved in dr
previously in 1.5.5.1. The depletion and overexpression of PARG has also been shown to
reduce the tumorigenicity off implanted mammary human cells in mice, and increase their
the metastatic potential as well, respectively (Marques et al., 2019). Migration has been
reported to be perturbed in a range of other cancer backgrounds as well when PARG is
depleted. It's conceivable the inhibition of PARG could impact these carefully coordinated
processes that work in concert to facilitate the early stages of tumour dissemination,
migration, adhesion, and invasion via the impact of inhibiting PARG on transcription and
metabolism. This warrants investigating the effect of PARP and PARG inhibitors on

metastasis using an in vitro approach and using both may elucidate the mechanism.

Another important area of biology related to metastasis is the epithelial to mesenchymal
transition (EMT), which is a feature of normal embryological development and cellular
differentiation (Z. Huang et al., 2022). It encompasses how non-migratory epithelial cells
develop changes in their cell-cell adhesion and gain increased mesenchymal associated
migratory and invasive capabilities. EMT is hijacked in cancer cells, further enabling
migration and invasion (Z. Huang et al., 2022). In cancer, this program has a high degree of
plasticity and is dynamically controlled to suit the contextual needs of cancer cells (Z. Huang
et al., 2022). This is achieved in part through the downregulation of pro-epithelial protein
markers (such as E-cadherin) and the upregulation of pro-mesenchymal protein markers
(such as vimentin, C-MY C, Y A P icatenin)dPARG depletion has been reported to
reduce the total protein of the pro-mesenchymal markers vimentin and snail (Marques et al.,
2019). How is unclear, but it may be due to changes in transcriptional, protein signalling or

proteolytic changes. Given then extensive role PARPs/PARG play in all these areas, itods
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conceivable inhibition of these proteins could alter these processes and warrants further

study.

1.7 Hypotheses and Aims

Subsequently, the first hypothesis of this PhD thesis is that inhibiting PARG and PARP in

MDA-MB-231 cells will impact cell adhesion, migraton,and i nvasi on. PARPOGs r e
as a substrate. Consequently, the second hypothesis of this thesis is, if PARGi impede cell

migration, it may be a consequence of changes in metabolism. PARP is involved in different

facets of transcriptional regulation. The third hypothesis is that PARGi will impact global

transcription and some of these genes will be associated with migration/EMT.
The aims of the project are to:

1. Identify effective non-cytotoxic doses of PARP and PARG inhibitors to assess their

ability to impact different facets of early-stage metastasis

2. Examine the effects of PARP and PARG inhibitors on adhesion, migration, and
invasion

3. Investigate the mechanism of reduced cell migration when cells are treated with a
PARGiI

4, Investigate the effects of PARGI on global transcription and validate genes of interest

at the mRNA and protein level
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2.0 Materials and Methods
2.1 Materials

2.1.1 Lab Equipment

Table 2.1. Lab Equipment.

ltem

Company

Balance MH-214

Fisher scientific

Benchtop centrifuge accuspin™ Micro

Fisher Scientific

Biological safety cabinet Class I

Walker

Criterion™ Blotter

BioRad

Colony counter

Stuart Scientific

Confocal

DELTAVISION OMX SR IV 125/LF (53-
851795-400)

60X Olympus plan APO N lens with a
GEOMX BEAZE V4 microscope and 4
SCHOS camera

GE Healthcare UK Ltd

Eppendorf min-spin centrifuge (4°C) Eppendorf
Film processor SRX-101A Konica
Haemocytometer Neubauer
Heat block (Ori-Block) Techne

Heraeus MegaFuge 16 Centrifuge

Thermo Scientific

Eppendorf Centrifuge 5415 R

Thermo Scientific

HoeferE Mighty SmallE Il Mini Vertical
Electrophoresis System tank

Amersham Biosciences, Hoefer

Incubator MCO-19AIC (UV)

Sanyo
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Eclipse TS100-F Trinocular Inverted Phase
Contrast Microscope

Nikon

Multiskan FC plate reader

Thermo Scientific

pH meter Jenway
Pipettes Gilson
P300 ErgoOne Multichannel Pipette Star Lab
Power pack BioRad

Shaking platform

Stovall Life Science

SpectraMax microplate reader

Molecular devices

Flexstation 3 Plate reader

Vortexer

Labinco

Water Bath

Grant Instruments

2.1.2 Glassware, Plastics and Disposables

Table 2.2 Glassware, Plastics and Disposables

ltem

Company

10 cm tissue culture dish

Greiner Bio-one Cellstar

12 well Nunclon delta surface tissue culture

plates

Thermo scientific

15ml Falcon tube

Starstedt

25G needles Becton Dickinson
50ml Falcon Tube Fisherbrand
5ml, 10ml, 25ml plastic pipettes Fisherbrand

6 well Nunclon delta surface tissue culture

plates

Thermo scientific

96 well tissue culture plates

Costar
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Cell scraper Sarstedt
Cryovials Starstedt
Culture Inserts Ibidi

Eppendorf Sarstedt
Filter tips Sarstedt
Refill pipette tips Sarstedt

Sterile syringes

Becton Dickinson

Tissue culture T75 and T25 flasks Starstedt

22 x 22 mm Coverslips Epredia

13 mm Coverslips VWR

Microscope Slides VWR

12 x 24 well Transwell Inserts (3464) Costar

Fibronectin Pre-coated 96 well Plates Corning

(354409)

0.2 um-pore nitrocellulose membrane BioRad
2.1.3 Reagents and Chemicals

Table 2.3 Reagents and Chemicals

Reagent Company

1X Trypsin-EDTA Solution Sigma

30% acrylamide: 0.8% bis-acrylamide

National Diagnostics

Amersham ECL Western blotting Detection

Reagent

GE Healthcare

Ammonium per sulphate (APS)

Fisher Scientific

Bovine Serum Albumin

Sigma Aldrich
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DAPI D9542-5MG

Sigma Aldrich

Dimethyl sulfoxide (DMSO)

Fisher Scientific

Dul beccods Modi f i cat|Corning

1X

ECL™ Western Blotting Detection Amersham
Reagents RPN2209

ECM gel from Engelbreth Hold swarm Sigma Aldrich

murine sarcoma (E1270)

Ethanol 99.8% HPLC Grade

Fisher Scientific

Fetal Calf Serum

LSP

Glucose solution (200g/L)

Sigma

Glycine Fisher Scientific
Growth factor free Matrigel (356231) Corning
Hydrochloric acid Sigma-Aldrich

Industrial methylated spirit (IMS)

Fisher Scientific

Methanol 99.8% HPLC Grade

Fisher Scientific

Methylene blue Sigma-Aldrich
Milk powder Marvel
Non-essential amino acids Sigma
Phalloidin 488 Conjugate sc-363791 Santa Cruz
Phenylmethanesulfonyl fluoride 1G (PMSF) | Sigma Aldirch
Precision Plus Protein™ Dual Colour Bio-Rad
Standards

Propidium iodide Sigma Aldrich
Protease inhibitors Sigma-Aldrich
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Protein Assay Dye Reagent Concentrate Bio-Rad

#5000006

RNAse A Sigma Aldrich
Sodium Chloride Sigma Aldrich
Sodium dodecyl sulfate (SDS) Sigma-Aldrich

Sodium hydroxide

Fisher Scientific

Tetramethylethylenediamine (TEMED) VWR

Tris-HCL Fisher Scientific
Triton-X100 Sigma Aldrich
Tween-20 Acros Organics

Universal developer

Champion Protochemistry

Universal fixer

Champion Protochemistry

2.1.4 Buffers and Solutions

Table 2.4 Buffers and Solutions.

Solution

Content

1X RIPA buffer

20 %(v/v) 5X RIPA, 1 mM PMSF, 1X protease inhibitor (Sigma),
1X phosphatase inhibitor (Roche), made up to 1 ml with ddHz0.

5X RIPA buffer

250mM Tris (pH 8.0), 750mM NacCl, 0.5% SDS, 5.0% NP-40,

2.5% sodium deoxycholate.

PBS

8g NaCl, 0.2g KCl, 1.44g Na2HPO4, and 0.24g KH2PO4 in
800ml of ultra- pure water. pH 7.4, made up to 1L with ddHz0.

Sterilised by autoclaving.

SDS running buffer

25mM Tris base, 190mM glycine, 5g SDS, make up to 1L with
ddHz20.

TBS

20mM Tris base, 140mM NaCl, pH 7.6 (HCI), made up to 1L
with ddH:20. Sterilised by autoclaving.
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TBST

0.1%(v/v) tween-20 in 1X TBS. made up to 1L with ddH2-0

Towbin transfer buffer

25mM Tris base, 190mM glycine, 20% (v/v) methanol, made up
to 1L with ddH-20.

2.1.5 Inhibitor compounds

Table 2.5 Inhibitor compounds.

Drug Origin Solvent Stock Mechanism of
Concentration action
Olaparib Biovision DMSO 10 mM PARP 1-3
Inhibitor
TE-92 (Nathubhai et al., DMSO 1mM Tankyrases
2017) PARP 5a and 5b
Inhibitor
Compound 14
PDD00017273 (James et al., DMSO 10 nM PARG Inhibitor
2016)
Sigma Aldrich
LY294002 Cell Signalling DMSO 20 mM PI3K inhibitor
Technology
COH34 MedChemExpress DMSO 20 mM PARG Inhibitor
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2.1.6 Shortinterfering RNA (siRNA) and transfection Reagents

Two Individual PARG (NM_003631) ON-TARGETplus siRNA oligonucleotides were

purchased from Dharmacon. ON-TARGETplus Non-targeting siRNA #1 (D-001810-01-20)

was used as a negative control and was ordered from Horizon Discovery. Dharmafect 1 (T-

2001-03) was ordered from Horizon Discovery.

2.1.7 PCR Assays

Table 2.6 20X Applied Biosystems Tagman probes used to validate migration
associated differentially expressed genes reported by microarray (PDD) gene list.

Gene Assay ID
CDK2AP2 Hs00366670 gl
CORO1A Hs00200039 m1l

MDM1 Hs01098445 m1l

PRKN Hs01038318 m1l

PTK2B Hs00169444 m1l
RAPGEF3 Hs01030417 ml1
RHOBTB2 Hs01598083 m1l
TMSB15A Hs00751699 sl
CC2D1B Hs01054180 gl

E2F1 Hs00153451 m1l

CDT1 Hs00368864 m1l

TERT Hs00972650 m1l

ADK Hs00417073 m1l
NADSYN Hs00216808 m1l

CCL2 Hs00234140 m1l

CCL24 Hs00171082 m1
GAPDH Hs02786624 gl
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https://www.thermofisher.com/taqman-gene-expression/product/Hs00366670_g1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00200039_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs01098445_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs01038318_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00169444_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs01030417_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs01598083_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00751699_s1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs01054180_g1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00153451_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00368864_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00972650_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00417073_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00216808_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00234140_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00171082_m1?CID=&ICID=&subtype=

2.1.8 Primary Antibodies

Table 2.7 Primary Antibodies.

Primary | Species | Clonality Origin Working | Incubation
Antibody Dilution Time
(WB)/(IF)
Beta- Mouse Mono- Sigma Aldrich | 1:5000 | Overnight,
Tubulin clonal T8328 WB 4°C

E-cadherin | Rabbit Mono- Cell signalling 1:2000 | Overnight,

clonal 24E10 WB 4°C
PAR Mouse Mono- Enzolifescienc 1:500 Overnight,
clonal es ALX-804- WB 4°C
220-R100
PARG Mouse Mono- Santa Cruz 1:500 Overnight,
clonal WB 4°C
SC-398563
PARP1 Mouse Mono- Santa Cruz 1:1000 | Overnight,
o
clonal (F-2) SC-8007 WB 4°C
Tankyrase | Mouse Mono- Santa Cruz 1:1000 | Overnight,
-1/2 (E-10) clonal SC-365897 wWB 4°C
GAPDH Mouse Mono- Protein Tech | 1:20,000 | Overnight,
clonal WB 4°C
60004-1-1g
YAP Mouse Mono- Santa Cruz 1:100 Overnight,
(o]
clonal Sc-376830 WB 4°C
1:1000
IF
Vimentin Mouse Mono- Santa Cruz 1:10,000 | Overnight,

clonal Sc-373717 WB 4°C




b-Catenin Mouse Mono- Santa Cruz 1:500 Overnight,
clonal Sc-7963 WB 4°C
C-MYC Mouse Mono- Santa Cruz 1:1000 | Overnight,
clonal Sc-40(9E10) WB 4°C
P-AKT (p Rabbit Mono- Abcam 1:1000 | Overnight,
S473) clonal Ab81283 wWB 4°C
T-AKT Mouse Mono- BD 1:2000 | Overnight,
clonal Transductions WB 4°C
610860
Alpha- Mouse Mono- A86726 1:1000 | Overnight,
Tubulin clonal IF 4°C
E2F1 Mouse Mono- Santa Cruz 1:1000 | Overnight,
0]
Clonal KH-95 Sc-251 WB 4°C
Lamin A Rabbit Mono- Abcam 1:1000 | Overnight,
clonal 4°C
Ab26300 WB/IF
Lamin B1 Rabbit Poly- Thermo Fisher | 1:1000 | Overnight,
(o]
clonal | 159g7.1-aP we |¥C
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2.1.9 Secondary antibodies

Table 2.8 Secondary Antibodies.

Secondary Alexa Species | Clonality | Origin Working | Incubation
Antibody Fluor™ Dilution Time
Conjugate (WB/IF)
Anti-mouse HRP Horse Poly- Cell 1:1000 1hr, RT
clonal Signallin
g g WB
7076S
Anti-Rabbit HRP Goat Poly- Cell 1:2000 1hr, RT
Clonal signallin
g g WB
7074S
Anti-rabbit 488 Goat Mono- Cell 1:200 1hr, RT
clonal Signalling FACS
4412S
Anti-mouse 594 Goat Poly- Thermo- 1:1000 1hr, RT
clonal fisher
IF
A11005
Anti-rabbit 594 Goat Poly- Thermo- 1:1000 1hr, RT
clonal fisher
IF

A11037




2.1.10 Cell Lines

Table 2.9 Cell Lines.

Cell Line Cell Line Origin Reference Media
MCF-7 Human Breast ATCC DMEM, 10% FCS
Adenocarcinoma

MDA-MB- Human Breast ATCC DMEM, 10% FCS

231 Adenocarcinoma

A19 Mouse Zhao-Qi Wang DMEM, 10% FCS
Embryonic (Lyon, France)
Fibroblast

All Mouse Zhao-Qi Wang DMEM, 10% FCS
Embryonic (Lyon, France)
Fibroblast

2.2 Methods

2.2.1 Mammalian Cell culture

2.2.1.1 Passaging

Cell lines were cultured in a humidified incubator at 37 C and 5% CO2. Cell passaging was
routinely performed in standard T25 and T75 tissue-culture flasks. Cells were washed in
PBS and incubated at 37 C with 1 ml 1X trypsin-EDTA to detach cells from flask base.
Respective growth media (9ml) was then added to neutralise trypsin activity. This cell
suspension was then transferred and diluted as appropriate for seeding in a new flask.
MCF7 and MDA-MB-231 cells were used for no more than 30 passages, with the earliest
passages of the cell lines kept in storage being 30 and 50, respectively. A11 and A19 cell

lines were in storage at passage 10 or less and used for no more than 20 passages.
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2.2.1.2 Freezing

Following trypsin-EDTA exposure, cells were suspended in fresh media, counted using a
haemocytometer and centrifuged in 15 ml falcon tubes at 1200 rpm for 3 minutes using a
Heraeus MegaFuge 16 Centrifuge. Media supernatant was discarded. Cells were then re-
suspended in a freezing medium (90% media, 10% DMSO) at a density of 1x10° cells per
ml. This cell suspension was then aliquoted into 1 ml cryovials and stored at -80 C. As
earlier passages as possible for each cell line were frozen and kept in storage and expanded

to ensure enough was in reserve.

2.2.1.3 Thawing

Cells cryopreserved at -80 C were resuscitated by rapid thawing in a 37 C water bath. The
thawed cell suspension was then gently diluted in 9 ml warm culture media and centrifuged
at 1200 rpm for 3 minutes in a Heraeus MegaFuge 16 Centrifuge. The media supernatant

was discarded. The pellet was re-suspended in 10 ml media and transferred to a T25 flask.

2.2.2 Western Blotting

2.2.2.1 Cell lysis and Protein Extraction

Cells were seeded at 1-2 million cells and treated after 4 hours. Samples were left for 18
hours overnight in the incubator. Media was then removed, and cells were washed in ice-
cold PBS on ice. Cells were scraped directly into 70 pl of 1X RIPA buffer on ice, transferred
to an eppendorf and vortexed every 10 minutes during a 30-minute incubation period on ice.
DNA shredding was achieved by cell solution being passed through a 25G needle five times.
The shredded solution was centrifuged at 13400 rpm for 10 minutes at 4 C using the
eppondorf mini-spin centrifuge. The cell lysate containing supernatant was removed and

stored at -20 C prior to quantification.
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2.2.2.2 Protein Quantification assay

The Bradford assay was used to quantify the total cell lysate protein concentration prior to
SDS-PAGE. Bovine serum albumin protein standards at O, 1, 5, 10, 15, 20 ug/ll were made
at a final volume of 800 ul. Two microliters of each cell lysate sample was added to 800 pl of
ddHz20. Each 800 pl protein standard and lysate samples then had 200 ul of Bio-Rad protein
assay dye reagent added to them. Each standard and sample was briefly vortexed. A
Thermo Scientific Multiskan FC was used to measure the absorbance at 595 nm (Asgs). A
standard curve was produced from the Ases values of the protein standards which allowed for
the lysate sample proteins concentrations to be estimated. Lysates could then be diluted as

appropriate to achieve equal loading in the SDS-PAGE.

2.2.2.3 SDS-PAGE

Polyacrylamide gels were produced using the reagents depicted in table 2.10 with volumes
included. 10-20 pg total protein was loaded per lane. 5 pl of Precision plus Protein
Standards (BioRad) was run in parallel to the samples. Protein separation by molecular
weight was achieved by running the SDS-PAGE at 150V i 180V in 1X SDS-PAGE running

buffer for 1 hour i 1 hour 30 minutes.
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2.2.2.4 \Western Blot

SDS-PAGE gels were transferred onto a 0.2 um-pore nitrocellulose membrane (BioRad) via
a BioRad Criterion Blotter for 2 hours at 100V in 1X towbin transfer buffer on ice. All
membrane antibody incubations, blocking and wash steps were performed on a rocker.
Membranes were blocked in TBS-T (0.1% v/v tween in 1X TBS) with 5% Marvel milk (w/v)
(blocking solution) at room temperature for 1 hour. Primary antibodies were diluted in the
blocking solution at dilutions shown in table 2.7. Membranes were then incubated with the

diluted primary antibodies at 4 C overnight.

Table 2.10 Reagents and their associated volumes to make each component of an
SDS-PAGE gel.
Resolving Gel (10 ml) 5% Stacking Gel (5 ml)
(ml) 8% 10% 12%
ddH20 4.6 4.0 3.3 ddH20 34
30% 2.7 3.3 4.0 30% Acrylamide 0.83
Acrylamide 0.8% bis Acrylamide
0.8% bis
Acrylamide
1.5 M Tris pH 25 2.5 2.5 1M Tris pH 6.8 0.63
8.8
10% SDS 0.1 0.1 0.1 10% SDS 0.05
10% APS 0.1 0.1 0.1 10% APS 0.05
TEMED 0.006 0.004 0.004 TEMED 0.005
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The membrane was subject to three 10-minute TBS-T washes before being incubated with
the appropriate secondary antibody diluted in the blocking solution at the depicted values in

table 2.8 for 1 hour. Three 10-minute TBS-T wash steps then followed.

Amersham enhanced chemiluminescence western blotting detection reagent kit contains

reagent 1 and 2. They were mixed in a 1:1 ratio in a 15 ml falcon tube at a final volume of 4
ml and applied to the membrane at room temperature for 1 minute. Membrane exposure to
X-ray film was performed in a dark room. The chemiluminescent signal was developed and

fixed using RG Universal X-ray Developer and Fixer, respectively.

2.2.3 Clonogenic survival assays

Each cell line was seeded at 1000-2000 cells per well in a 6 well nunclon plate. After a 4-
hour adhering time period, cells were treated as appropriate. Cells were left in the incubator
to form colonies for 10-14 days. Once colonies had formed, the media was removed and
colonies were stained with 4 g/L methylene blue in methanol. Colonies were defined using a
threshold of 50 viable cells and counted. Plating efficiency was calculated by dividing the
number of colonies by the number of cells seeded. The survival fraction was then calculated
by dividing the plating efficiency by the untreated conditions plating efficiency. A minimum of
three biological repeats was performed and the number of repeats performed is indicated in

the respective figures.

2.2.4 Trypan Blue Exclusion Assay 1 Proliferation Assay

Each cell line was seeded at 50,000 cells per well in 6-well dishes with a final volume of 2
ml. Four hours later they were drugged accordingly with drugs at indicated doses or DMSO
in the negative control. Every 24 hours cells were washed, and new media containing
drugs/control added. At the 48-, 96- and 144-hour time point cells were trypsinised and re-

suspended in media. Cells were pipetted to ensure they were homogenous then mixed in a

86



1:1 with 20 pl of trypan blue and counted using a haemocytometer. Raw cell counts were
then plotted over time. A minimum of two biological repeats were performed and the number

of repeats performed is indicated in the respective figures.

2.2.5 Fluorescence-activated Cell Sorting i Cell Cycle Analysis

2.2.5.1 Cell Harvesting

1 x 10° cells were seed per 10 cm dish and after 4 hours treated as appropriate. Cells were
harvested for FACS analysis 24 hours post drugging by two PBS washes and 1 ml of trypsin.
Cells that washed off were pooled with samples into 50 ml Falcon tubes containing 10 mlice
cold PBS. Cells were pelleted at 1200 RPM using a Heraeus MegaFuge 16 Centrifuge for
three minutes and washed twice before being transferred to a 15 ml falcon tube and fixed in
100% ice cold methanol. Sample was then vortexed and left in the freezer (-20°C) for 24

hours prior to staining.

2.2.5.2 Propidium iodide (PI) and S10 p-Histone 3 Co-staining

Fixed samples were removed from the -20°C and pelleted at 1200 RPM using a Heraeus
MegaFuge 16 Centrifuge for three minutes. The methanol was removed, and the pellet was
resuspended in 5 ml of ice-cold PBS twice with the same centrifugation conditions. The PBS
was removed, and samples were resuspended and incubated in PBS with 100 pl 0.5% BSA
and 0.25% Triton-X100 for 15 minutes on ice. Secondary antibody only controls were
obtained by the removal of 30 yl of DMSO condition and it being pipetted into a separate 15
ml falcon tube. Cells were pelleted at 1200 RPM using a Heraeus MegaFuge 16 Centrifuge
and the supernatant removed. The pellet was resuspended in 100 pl 0.5% BSA and 0.25%
Triton-X100 containing a 1:500 dilution of S10 p-Histone 3 (ab5176 Abcam) primary antibody
for 1 hour at room temperature. The secondary antibody only control was suspended in 100

ul 0.5% BSA and 0.25% Triton-X100. Cells were then washed twice with 200 pl of PBS with
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0.25% Triton-X100 via two centrifugal rounds at 1200 RPM for 3 minutes and supernatant
removal. Cells were then suspended in 100 ul of PBS with 1% BSA containing 1:200 dilution
of Anti-rabbit Alexa flour 488 (4412S Cell Signalling). Cells were incubated for 30 minutes in
the dark at room temperature. Cells were then centrifuged at 1200 RPM for 3 minutes and
the supernatant removed twice. Cells were then resuspended in 200 pl of PI/RNAse A
solution (18 pg/ml Pl and 8 pl RNAse A) in the dark at 4°C for 1.5 hours prior to being

analysed on the LSRII.

2.2.5.3 Analysis

Analysis was performed using FlowJo. Single cells were isolated by plotting the PI signal
(Blue 660 _20) area vs the width (figure 2.1A). The circled population are single cells and this
population was isolated to exclude cell doublets and other debris (figure 2.1A). Histogram vs
Pl Area was then plotted, using a minimum of 10,000 cells (figure 2.1B). This produced two
peaks connected by a less prominent bridge (figure 2.1B). The area prior to the first peak
was defined as sub G1(figure 2.1B). The first peak was defined as G1 (figure 2.1B). The
bridge connecting the two peaks was defined as s-phase (figure 2.1B). The second peak
was defined as G2/M (figure 2.1B). The mitotic population was isolated from the rest of the
G2 fraction by plotting Blue 530_30 height vs the Pl area (figure 2.1C). This produced two
discrete populations with and without p-H3 staining (figure 2.1C). Discrete populations that
wer endt present on the no primary antibody cont
530 20 -H axis was classified as mitotic cells. Once cell cycle stages were defined, they
were applied to all conditions within a biological repeat. The number of cells within each
stage, based on the total number of single cells, allowed for the percentages to be

quantified. A minimum of three biological repeats was performed.
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Figure 2.1. FACS Gating Strategy using Flowjo. (A) Single cell isolation by plotting Blue
660-22-A vs Blue 660-22-W. (B) ldentifying the number of cells with each cell cycle stage
based on propidium iodide content by blotting Blue 660-22-A as a histogram and labelling the
appropriate cell cycle stages. (C) Identifying which cells within the G2/M fraction are mitotic
based on pH3 labelling, which is indicated by the signal strength along the Blue 530-20-H axis.
A no pH3 primary antibody control was also used. Once all cell cycle groupings were defined,
they were applied to all conditions within a biological repeat and the percentage of cells within
each stage of the cell cycle as a percentage of the total number of single cells, were calculated.
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2.2.6 Static Adhesion Assay

2.2.6.1 Fibronectin Static Adhesion Assay

Fibronectin pre-coated plates were purchased and stored at 4°C. On the day of the
experiment, plates were placed at 37 degrees for 30 minutes prior to use. To prevent
evaporation, 100 pl of PBS was pipetted into the surplus wells. Subsequently, 100 pl of
media containing media, 0.2% DMSO or drugs of interest at 2x the intended final
concentration were added into the wells. Then 100 pl of a range of cell concentrations
indicated in the appropriate figure was added to the wells. Each drug and cell concentration
had 3 technical repeats. The plate was left in the incubator at 37 degrees for two hours to
allow for the cells to adhere. Subsequently, the media was removed and 3 x 100 Al PBS
washes were performed using a multichannel pipette. The cells were then fixed with 100 A
of 4% paraformaldehyde in PBS for 15 minutes. The cells were then washed with 100 A
PBS. The cells were then stained with 0.1% crystal violet in 20% methanol for 15 minutes
using 100 Al per well. The cells were then washed with 200 Al of deionised water. The
remaining crystal violet was solubilised in 100 Al of 1% SDS. The absorbance at 540 nM was
then recorded using the FC multiscan plate reader. A minimum of three biological repeats

was performed and the number of repeats performed is indicated in the respective figures.

2.2.6.2 Matrigel Static Adhesion Assay

Ninety-six well plates were coated with ECM gel (E1270) diluted 1 in 50 in cell media. 35 pl
was then applied to each well and left to set in the incubator for 30 minutes. To prevent
evaporation, 100 pl of PBS was pipetted into the surplus wells. Subsequently, 100 pl of
media containing media, 0.2% DMSO or drugs of interests at 2x the intended final
concentration were added into the wells. Then 100 pl of a range of cell concentrations as
indicated was added to the wells. Each drug and cell concentration had 3 technical repeats.

The plate was left in the incubator for two hours to allow for the cells to adhere.
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Subsequently, the media was removed and 3 x 100 Al PBS washes were performed using a
multichannel pipette. The cells were then fixed with 100 Al of 4% paraformaldehyde in PBS
for 15 minutes. The cells were then washed with 100 A PBS. The cells were then stained
with 0.1% crystal violet in 20% methanol for 15 minutes using 100 A per well. The cells were
then washed with 200 Al of deionised water. The remaining crystal violet was solubilised in
100 Al of 1% SDS. The absorbance at 540 nM was then recorded using the FC multiscan
plate reader. A minimum of three biological repeats was performed and the number of

repeats performed is indicated in the respective figures.

2.2.7 Invasion Assay

Transwell inserts were coated with 150 ul of serum free media with Matrigel diluted in a 1:31
ratio (0.213 ug/ml). This equated to approximately 30 pg of Matrigel per transwell. These
were left to set overnight at room temperature. 1.5 x10° MDA-MB-231 cells were seeded into
two 10 cm dishes and left overnight in the incubator. Twenty-four hours later, each plate
either received 10 yl of DMSO or 0.3 mM PDD for two hours. Plates were then washed in
PBS twice and trypsinised and resuspended in serum free DMEM. Two rounds of
centrifugation at 1200 RPM (Heraeus MegaFuge 16 Centrifuge) for 3 minutes and pellet
resuspension in 2 ml serum free media was then performed. The bottom chamber had 600
Ul of complete media carefully pipetted into it. Cells were then counted and volume equating
to 250,000 cells was pipetted into the top chamber of a coated or untreated transwell. The
DMSO or drug treated cells were introduced to the transwell upper chambers. Each test
condition was performed in duplicate. The transwells were then placed in the incubator for
16 hours after which the media from the upper chamber was carefully removed. One
transwell from each pair was then swabbed with a cotton bud 10 times clockwise. All
transwells then had 0.1 ml of 20% methanol with 0.1% crystal violet added to the top

chamber and 0.6 ml of added to the bottom chamber. Each transwell was then dipped gently
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into water and the excess poured off three times. The transwell were left to dry overnight at
room temperature. The membrane was then removed with tweezers and solubilised in 400 ul
0.1 M sodium citrate and 50% ethanol in a 96 well plate. The plate was left on the rocker for
5 minutes. The absorbance was then recorded the FC multiscan at 595 nm. The following
formula was then used to calculate the percentage of cells that invaded: (swabbed
absorbance reading/unswabbed absorbance reading) x 100. These relative differences
between conditions were then assessed for. A minimum of three biological repeats was

performed and the number of repeats performed is indicated in the respective figures.

2.2.8 Culture Well Inserts i Bi-Directional Cell Migration Assay

MDA-MB-231 cells were detached using trypsin-EDTA and counted using a
haemocytometer. Culture wells placed in the bottom of wells of a nunclon 6 well plate. A cell
solution with 300,000 cells per ml was produced and 70 pl was extracted from this solution
and pipetted into both sides of the culture well. Therefore, approximately 21,000 cells were
within in each side of the culture well. Two millilitres of media were then carefully added to
the surrounding well to prevent the culture well drying out. Plates were left to incubate
overnight. Subsequently, each culture well was carefully removed, and the cells were
washed twice gently with PBS and 2 ml 0.5% FCS media was added carefully to each well.
Cells were then treated with the appropriate inhibitors or vehicle control. Live bright field
images were then taken using the Nikon TE200 inverted fluorescent microscope using NIS-
elements 5 BR 20.01 software at 10X magnification. This acted as the 0-hour time point and
plates were returned to the incubator and then imaged as needed over time. The area
between each population of cells was calculated using the polygon tool to eliminate gaps in
the cell walls. Threshold was then applied, and the magic wand tool selected the area
between the two population of cells and the and measure tool recorded the area in imageJ.
A minimum of three biological repeats was performed and the number of repeats performed

is indicated in the respective figures.
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2.2.9 Live Cell - Single Cell Random Non-Directional Migration Assay

All live experiments were performed in 24 well plates with 20,000 cells seeded into each well

at a final volume of 2 ml. Drugging occurred 4 hours after initial cell seeding and imaging 14

hours after drugging. Experiments that utilised b-nicomononucleotide were pretreated with

6.6 Yl of 150 mM stock equating to 500 uM an hour prior to drugging and four hours after cell

seeding. Transfected cells were seeded at 20,000 cells and left 4 hours prior to drugging

(see transfection section). Experiments that utilised COH34wer e treated with D
nicomononucleotide 1 hour before they were treated with COH34 and after 1 hour were

subject to live cell analysis. This was done so that 18 hours after initial seeding all live cell

experiments were performed by 21 hours after initial seeding.

Live cell experiments were performed on a Leica AF6000LX microscope at 5% CO:2 and
37°C. Brightfield images were captured. Every well had 3 field of visions (FOV) and images
were taken every 15 minutes for 2.5 hours producing 11 images per FOV. Ten Cells per
FOV were tracked in the XY plane over time using the manual tracking tool in imageJ fiji.
Every biological repeat therefore had 30 cells per condition, unless otherwise stated. The
manual tracking tool was used to produce the trajectory plots and each cells accumulated
distance, euclidean distance, directionality and velocity were recorded. A minimum of three
biological repeats was performed and the number of repeats performed is indicated in the

respective figures.

2.2.10 NAD+/NADH Quantification Assay

NAD/ NADH quantification was performed by foll ow
the ab65348 kit from abcam with some amendments and repeated steps for optimisation.

Briefly, 2 x10° MDA-MB-231 cells were seeded initially into 10 cm dishes and after 24 hours

they were dr ugged -micordaohanuclectide anehouepdor ter dragding b

where appropriate. After 18 hours in the incubator, samples were prepared as described in
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the protocol. Cells were scraped and resuspended in ice cold PBS. During cell washes in
PBS, cell counts for each condition were obtained to factor in during the final analysis. Cells
were centrifuged at 2000 RPM (Heraeus MegaFuge 16 Centrifuge) for 5 minutes and the
pellet was resuspended in 400 pl of NAD/NADH extraction buffer. Cells were then subjected
to two freeze/thaw cycles on dry ice lasting 20 minutes with 10 minutes at room temperature.
Extracted samples were vortexed for 10 seconds. Samples were then centrifuged three
times at 4°C at top speed (16.1 RCF) for 5 minutes. The insoluble pellet was separated from
the supernatant with a pipette. This was transferred to a new Eppendorf tube and kept on
ice. Samples were then filtered for removal of NAD/NADH degrading enzymes by
centrifuging samples in a 10 kDa spin column (ab93349) at 10,000 RCF for 20 minutes at
4°C. The filtrate for each sample was collected and split into two Eppendorf tubes. One was
heated to 60°C for 30 minutes on a heating block, decomposing all NAD+ whilst NADH
remained intact. The other unheated sample was left on ice. This produced an NAD/NADH
(NAD+ total) and NADH sample for each condition. Sample and standards with background
controls were performed as indicated in the protocol in duplicate. For NAD+ total sample and
background wells, 5 pl of the neat filtrate was used. For NADH sample and background
wells, 10 ul of the neat filtrate was used. Once all the reagents were placed into the wells of
a 96 well plate, the reaction was left to catalyse for 1 hour at room temp. The optical density
at 450 nM was recorded using a flexstation 3 plate reader. Means were calculated and the
mean of the blank standard was subtracted from all conditions. Background samples were
subtracted from samples. The trendline from the NADH standards was plotted and sample
readings were read off using the equation Y=MX+C. The volume added into each well was
accounted for and given that the volume of each sample was recorded, and the
concentration of cells was known, the relative differences in NADH per million cells could be
calculated. Additionally, NAD+ could be calculated by subtracting the NADH value from the
NAD+ total value. This allowed the NAD+/NADH ratio to be determined. One biological

repeat was performed.
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2.2.11 ATP Quantification Assay

ATP quantification was performed according

ab83355 (abcam). Briefly, 2 x10®* MDA-MB-231 cells were seeded into 10 cm dishes and
after 24 hours they were drugged and/or pre-t r e a t e ehicombdnbriuclebtide pre-
treatments an hour prior to drugging where appropriate. After 18 hours in the incubator, cells
were scraped and resuspended in ice cold PBS. During the cell wash in PBS, cell counts for
each condition were obtained to factor in during the final analysis. Cells were centrifuged at
1200 RPM for 3 minutes and the pellet was resuspended in 100 pl of ATP assay buffer. The
volume of each sample was also recorded. Cells were pipetted eight times to homogenize
them. Cells were then centrifuged for 5 minutes at 4°C at 13000g. The supernatant was
collected and transferred to a new tube and deproteinated using the TCA deproteinization
sample preparation kit (ab204798 i abcam). To prepare the standard, a 0.01 mM stock of
ATP was used, giving a standard curve of 0-100 pmol/well. Sample and background controls
used 20 pl per condition per well. All standards, samples and background controls were
performed in duplicate in a 96-well plate. After reaction mixes were added to samples and
standards, the plate was left for 30 minutes in the dark at room temperature. The average
Ex/Em 535/587 nM was recorded using a flexstation 3 plate reader. Averages were recorded
and the mean of the blank standard was subtracted from all averaged conditions. Average
background samples were subtracted from samples. The trendline from the ATP standards
was plotted and sample readings were read off using the equation Y=MX+C. The volume
added into each well and the dilution following deproteinization was accounted for. Given
that the volume of each sample was recorded, and the concentration of cells was known, the
relative differences in ATP per million cells could be calculated. One biological repeat was

performed.

95

t

(0]

t



2.2.12 Cell Morphology

Cell morphology was determined using the freehand tool in image-J. The perimeter of cells
was manually drawn and the area, circularity and aspect ratio were then determined.
Analysis was performed on bright field live cell images. One hundred cells were analysed

per biological repeat and a minimum of three biological repeats was performed.

2.2.13 Immunofluorescence

2.2.13.1 Alpha-Tubulin and Actin

2.2.13.1.1 Alpha-Tubulin and Actin staining

Rounded coverslips (13 mm) were sterilised in 70% IMS and stood in 24 well plates to dry.
Once dry, they were laid flat and 20,000 MDA-MB-231 cells were seeded on top in 2 ml
media. After four hours in the incubator, cells were treated with 2 pl of DMSO or 0.3 mM
PDD. After 16 hours in the incubator, the media was removed and two PBS washes were
performed. Cells were then fixed for 15 minutes using 4% paraformaldehyde. Cells were
subject to two more PBS washes. Cells were then permeabilised using 0.5% Triton-X100 in
PBS for five minutes. Cells were then blocked in 3% BSA in PBS for 30 minutes at room
temperature. Coverslips were then flipped and placed into 100 pl of 3% BSA PBS with
1:1000 dilution of anti-mouse alpha-tubulin (A86726) overnight in the fridge at 4°C in a
humidified chamber. Coverslips were then flipped facing up and received three 5-minute
PBS washes. Coverslips were then placed facedown and placed into 100 pl of 3% BSA
containing 1:500 anti-mouse 594, 1:1000 dilution of 1 mg/mI DAPI and 1:1000 488 Phalloidin
for 1 hour in the dark at room temperature. Coverslips were flipped upwards and received
two 5-minute washes. Coverslips were then dipped in ultra-pure deionised water and
inverted facedown onto labelled slides with immunomount applied. After drying at room

temperature overnight, slides were stored in the fridge at 4°C. Images of 50 cells were then
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captured at 100x magnification using oil immersion on a Nikon TE200 inverted fluorescent

microscope using NIS-elements 5 BR 20.01 software. One repeat was performed.

2.2.13.1.2 Alpha Tubulin Analysis

Images were imported into ImageJ and the whole cell alpha tubulin integrated density (594
nm) was measured using the threshold and magic wand tool. To measure alpha tubulin
nuclear integrated density, the nuclear area was determined from the DAPI signal using
threshold and magic wand tools, this area was then transferred to the 594 nm channel and
the measurement of integrated area in the nucleus was determined. The cytoplasmic
integrated density was recorded by subtracting the nuclear integrated density from the whole
cell integrated density. Additionally, images were inspected for abnormalities of the
microtubule organising centre. Representative images of normal and abnormal staining are

presented.

2.2.13.1.3 Actin Analysis

Whole cell integrated density of actin (488 nm) was also determined in imageJ using the
threshold and magic wand tool and nuclear and cytoplasmic areas determined as above.
Additionally, filopodia were examined by manually drawing along the length of filopodia that
emanated outwards from the cell periphery using the free hand and measure tool to record
the length and number per cell. Representative images of cells with stress fibres are
presented. The percentage of cells with visible stress fibres was calculated. Representative
images of cells displaying podosomes are presented and the number of podosomes per cell

was determined by manual counting.
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2.2.13.2 YAP

22 x 22 mm coverslips were sterilised in 70% IMS and stood upright in 6 well plates to dry.
Once dry, they were laid flat and 300,000 cells were seeded into each well with a final
volume of 2 ml. Cells were placed in the incubator for 4 hours. After four hours, cells were
drugged appropriately. After 18 hours, the media was removed, and coverslips were washed
in PBS and fixed in 4% paraformaldehyde in PBS for 10 minutes at room temperature.
Coverslips were then washed twice with PBS for 5 minutes. Cells were then blocked and
permeabilised with 0.1% Triton-X100 with 1% BSA in PBS for 10 minutes. Coverslips were
then washed 3 times with PBS for 5 minutes. Coverlslips were then inverted into 100 pl of
1% BSA with 1:100 diluted YAP primary antibody (Sc-154-07) overnight at 4°C in a
humidified chamber. Coverslips were then flipped and washed 3 times in PBS for 10
minutes. Coverslips were the flipped facing down into 100 pl with 1:1000 dilution of Alexa
flour 594 anti-mouse with 1:1000 of 1 mg/ml DAPI at room temperature in the dark.
Coverslips were then flipped facing upwards and washed three times in PBS for 5 minutes.
Coverslips were then dipped in ultra-pure deionised water and inverted facedown onto
labelled slides with immunomount applied. After drying at room temperature overnight, slides

were stored at 4°C.

Images of 100 cells per condition were then captured at 60x magnification using oil
immersion on a Nikon TE200 inverted fluorescent microscope using NIS-elements 5 BR

20.01 software.

2.2.13.3 Lamin A

Cells were seeded onto dried 70% IMS sterilised 22 x 22 mm coverslips with 300,000 cells
per well in a 6 well plate and placed into an incubator. After four hours cells were drugged
and left to incubate for 18 hours. The media was removed, and coverslips were washed in

PBS and fixed in 4% paraformaldehyde in PBS for 10 minutes at room temperature.
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Coverslips were then washed twice with PBS for 5 minutes. Cells were permeabilised using
0.2% TritonX-100 in PBS for 10 and then washed 3 times in PBS for 5 minutes. Cells were
then blocked with 3% BSA in PBS for 1 hour at room temperature. Coverslips were inverted
and placed into 100 pl of 1% BSA with 1:1000 diluted Lamin A primary antibody overnight in
a humidified chamber at 4°C. Coverslips were placed facing up and washed 3 times in PBS
for 5 minutes. Coverslips were inverted and placed into 100 ul of 1% BSA in PBS with
1:1000 diluted alexa-flour 594 anti-rabbit secondary with 1:1000 of 1mg/ml DAPI at room
temperature in the dark for 1 hour. Coverslips were then flipped facing upwards and washed
two times in PBS. Coverslips were then dipped in ultra-pure deionised water and inverted
facedown onto labelled slides with immunomount applied. After drying at room temperature

overnight, slides were stored at 4°C.

Confocal imaging was performed using a 60X Olympus plan APO N lens with a GEOMX
BEAZE V4 microscope and 4 SCHOS camera to perform OMX deconvolution with the
startsoftworx V7.0 software. Twenty cells per condition were imaged with 0.25 p M spacing
and 7 pM thickness rendering each image to have 29 optical spaces. Deconvolution and
OMX alignment was then applied to each image using the tasks of the same name built into
the software. Images were captured using the DAPI and 569 nm channels and imageJ,
nuclear abnormalities were observed and scored in imageJ and representative images

presented.

2.2.14 Microarray

Cells were trypsinised and 180,000 MDA-MB-231 cells were seeded into 6 wells of a 6 well

plate. After 4 hours in the incubator, cells were treated with DMSO, PDD or TE92. Two wells

were used for each condition. Cells were left in the incubator for 18 hours. The RNA was

then purified using the RNAeasy kit (Qiagen) ac

and submitted for in house Affymetrix microarray analysis. Due to COVID-19, RNA integrity
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analysis (Agilent 2100 Bioanalyser), reactions and hybridisation to the arrays was carried out

by Paul Heath.

The raw CEL files were sent to me and were inputted into transcriptome analysis console 4.0
(Applied biosystems). Each conditions biological repeats were grouped, and a comparison
was performed allowing for differential expression to be observed between all three groups,

as well as the quality control status of every condition submitted for each biological repeat.

2.2.14.1 Bioinformatics

The differentially expressed genes retrieved by comparing PDD vs DMSO were interrogated
further for statistical enrichment of biological processes and KEGG pathways. Several
methods were employed. The differentially expressed genes were plugged into the R
package Cluster profiler and the following command functions were used to interrogate them
and the results were retrieved: enrichGO, gseGO, enrichKEGG and gseKEGG. The
commands with GO suffixes assessed for enrichment of gene ontologies. The commands
with KEGG suffixes assessed for enrichment of KEGG pathways. The distinction between
the Aenricho and fAigseodo prefixes in the command
in gene fold change directionality in the analysis. The differentially expressed genes were
plugged into the database for annotation, visualization and integrated discovery (DAVID) and
the gene ontology and KEGG was retrieved. The over representation test was performed in

PANTHER and the results were retrieved.
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2.2.15 Differential Expressed Genes i RT-gPCR

MDA-MB-231 cells were seeded in 6 well plates at 180,000 cells per well. Each condition
was performed in duplicate. Cells were left to incubate for four hours and subsequently
drugged. After the appropriate time, cells were harvested and suspended in media,
centrifuged at 1500 RPM for 3 minutes and the pellet was resuspended in ice cold PBS. The
centrifugation conditions were repeated and the pellet was resuspended in 1 mlice cold PBS
and transferred to a 1.5 ml Eppendorf tube. This was centrifuged at 5000 RPM for 5 minutes
at 4°C and the supernatant was removed. The pellet was stored at -80°C prior to RNA

extraction.

2.2.15.1 Total RNA Extraction

RNA was extracted from each sample pellet using the RNAeasy Kit (Qiagen) and supplied
reagents according to the manufacturer's instructions. This produced a final elusion of 20 pl.
A Nanodrop (ThermoFisher) was used to determine the RNA concentration as per standard
protocol. An Azso/Azso ratio of equal to or greater than 2.0 was used to assess RNA purity.
RNA was reverse transcribed to cDNA immediately after extraction (see below) and the

excess was stored at -80°C.

2.2.15.2 Reverse Transcription: cDNA synthesis from Total RNA

RNA samples were diluted in nuclease-free water to a concentration of 0.039 pg/ul in a final
volume of 10 pl giving 390 ng of RNA total per reaction. RNA was then reversed transcribed
into cDNA using a high-capacity RNA to cDNA kit (Applied biosystems i 4368814) according

to the manufacturer's instructions (see table 2.11).
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Table 2.11 Applied Biosystems high-capacity RNA to cDNA kit (4368814) RNA
reverse transcription reaction mixture recommended conditions.
Reagent Volume per 20 pl Reaction Final Reaction Mixture
(uh Concentration
10X RT Buffer 2.0 1X
100 mM dNTP Mix 0.8 4 mM
10X Random Primers 2.0 1X
Multiscribe Reverse 1.0 50U
Transcriptase (50U/ul)
Nuclease-free Water 4.2 -
Total RNA 0.039 pg/ul 10 390 ng

The reaction was run on a Geneamp PCR system 2700 (Applied Biosystems) using

standard thermal cycling conditions (see table 2.12).

Table 2.12 Recommended thermal cycling conditions for RNA to cDNA reverse
transcription reactions.
Temp (°C) Time (min)
25 10
37 120
85 5
4 b

2.2.15.3 Tagman qPCR

Tagman probes select against a range of differentially expressed genes were purchased
from thermofisher (see table 2.6). In addition, GAPDH mRNA expression was determined for
each cDNA sample. The relative expression of each gene of interest compared to GAPDH

and subsequent normalisation allowed for comparisons between conditions to be made.

Each gene to be tested had a Tagman gPCR reaction master mix made such that the final
volume per well in the 384 well plates (Applied Biosystems i 4309849) was 10 pl (table
2.13). cDNA samples were diluted in RNase free water to give a final concentration of 100
ng/ul. and 300 ng of cDNA was used in the reaction. Plates were sealed with optical
adhesive covers (Applied Biosystems i 4360954) and centrifuged at 1000 RPM for 1 minute.

A quantstudio™ 7 Flex Real-Time PCR system (Thermofisher) was used to perform the real
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time gPCR. The fluorescent signal from the PCR product was monitored over 40

amplifications and the recommended thermal cycling conditions for Tagman qPCR reactions

were used (table 2.14).

All real-time qPCR reactions were carried out in triplicate using samples from three biological

repeats with three technical plates per probe. A reaction with no cDNA was ran in parallel

with all probes to assesses for DNA contamination.

Table 2.13 The components within a 10 ul Tagman gPCR reaction per well.

Reagent Volume of Reagent per 10 Final Reaction Mixture
ul Reaction (ul) Concentration
2X Tagman Universal PCR 5.0 1X
master mix
20X Tagman gene 0.5 1X
expression assay probe
RNAse free water 15 -
0.1 pg/ul cDNA 3 300 ng

Table 2.14 The recommended thermal cycling conditions for Tagman RT-gPCR
probes.

Temp (°C) Time (min) No. of Cycles
95 10.00 1
95 0.25 40
60 1.00

2.2.15.4 gPCR Analysis

The Quantstudio (v1.3) software produced amplification plots that tracked the fluorescent
signal over cycles. The software selected a mutually amicable threshold within the log phase
of each probes PCR product. The Ct value was then recorded (the number of cycles take to
reach the fluorescent threshold). These data were then exported to manually calculate the 2-
®®C The average Ct of each probe within each condition was recorded. Each respective
conditions GAPDH average Ct values were then subtracted from each probes average Ct

val ues producing the The probe of interest

pCt .

had the respected probe within the DMSO untreat
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producing the @pCt. Thi s ?%Malues belova swetehen i nsert e
downregulated and values above 1 were upregulated. These values were then exported to

GraphPad prism.

2.2.16 Statistical Analysis

When single data points were derived from individual experiments, the data was expressed
as means -/+ the standard deviation. If data from biological repeats were pooled, then data
was expressed with a line depicting the median. If experiments included tec hnical repeats,
the resulting mean of means was recorded as mean-/+ the standard error of the mean.
Statistical differences between means were performed using an unpaired two-tailed t-test. If
more than two means were compared statistically, then a one-way ANOVA was performed.
Normality testing was done by the Shapiro-Wilk test. Pooled data was not normally
distributed and when two means were being compared, a Mann-Whitney was performed. In
instances where more than two means were compared statistically, pooled data was
assessed using the Kruskal-Wallis method. GraphPad Prism was used for all statistical

calculations, with p=O6fffd Katidticalisignficaricqhe assumed cu
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Chapter 3.0 Results: Evaluation of PARP and PARG inhibitors
as anti-metastatic agents in Breast Cancer in vitro

3.1 Introduction, aims and hypotheses

There is some limited evidence to suggest that the depletion of PARG in vitro exerts an anti-
metastatic phenotype (Q. Li et al., 2012; Marques et al., 2019; Pan et al., 2012). Depletion of
PARG in the colon cancer cell line LoVo reduced migration of co-cultured HUVEC cells (Pan
et al., 2012). Overexpression of PARG increased tumorigenesis and cell migration of normal
mammary epithelial cells and depletion of PARG lead to reduced tumour growth and
metastasis of TNBC cells in vivo (Marques et al., 2019). In addition, PARG depletion
reduced migration and invasion in hepatocellular carcinoma (HCC) cell lines and PARGI
using COH34, reduced tumorigenesis in in vivo models of HCC (Mincheng Yu et al., 2022).
One study in vitro has explored pharmacological inhibition of PARG, where PDD00017273
reduced migration of two ovarian cancer cell lines (Matanes et al., 2021). However, these

data were limited by the high cytotoxic doses used (2 uM and 5 pM).
The hypothesis of this chapter is that PARylation has a role in metastatic progression.

Considering that PARG overexpression is reported oncogenic in breast cancer (Marques et
al., 2019) and that PARP and PARG function are well studied in breast cancer, triple
negative breast cancer cells, MDA-MB-231, were chosen here as a model to study the
metastatic effect function of PARylation. A range of inhibitors selective against different

PARylators will be used to try and delineate function and will be validated using SiRNA.

The aim of this chapter is therefore to examine if PARylation impacts different facets of the

metastatic cascade. Specifically, | will:

1. Determine the effective, non-cytotoxic doses of PARP and PARG inhibitors
2. Determine if inhibitors of PARP and PARG affect cell adhesion

3. Determine if PARG inhibitors impact invasion
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4. Determine if inhibitors of PARP and PARG affect migration

5. Validate migration results using siRNA against PARG

3.2 Results

3.2.1 Clonogenic Survival to PARP, Tankyrase and PARG inhibition in MDA-MB-231
and MCF7 Cell Lines

Before starting to investigate effects on metastatic phenotypes, it was important to establish
the optimum dose and cellular consequences of these doses in MDA-MD-231 cells. MCF-7
cells were also used in these initial studies as they have been used widely in Bryant lab and

effective non-toxic does of both PARP and PARG inhibitors are known for these cells.

To establish toxicity, MDA-MB-231 and MCF7 cells were treated with increasing doses of the
PARP1-3 inhibitor Olaparib (PARPI), the Tankyrase inhibitor TE92 (TNKSI) or the PARG
inhibitor PDD00017273 (PDD or PARG:I) (Figure 3.1). The MCF7 cell line was more sensitive
than MDA-MB-231 to PDD (mean survival fraction at 1 uM 0.68 cf. 0.95, figure 3.1 A&B). In
contrast, sensitivity to Olaparib was similar in both cell lines (Figure 3.1C&D), while MDA-
MB-231 cells were more sensitive to TE92 at 1 pyM compared to MCF7 (mean survival

fraction at 1 uM 0.55 cf. 0.68, figure 3.1 E&F).
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Figure 3.1. Survival Fraction (SF) of MDA-MB-231 and MCF7 cell lines to PARPI,
TNKSi or PARGI. (A) MDA-MB-231 SF in response to PARGi PDD (0-1uM). (B) MCF7
SF in response to PARGI PDD (0-1 pM). (C) MDA-MB-231 SF in response to PARPI
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Olaparib (0-5 pM). (D) MCF7 SF in response to PARPI Olaparib (0-5 uM). (E) MDA-MB-

231 SF in response to TNKSi TE92 (0-1 uM). (F) MCF7 SF in response to TNKSi TE92

(0-1 um).
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3.2.2 Inhibition of PARP1-3, Tankyrase and PARG with respective inhibitors in MDA-
MB-231 Cells

Having determined doses of each inhibitor that have limited toxicity in cells, inhibition of
enzymatic activity was confirmed by western blotting. At 0.3 uM, PDD increased PAR signal
relative to the DMSO control (Figure 3.2). In contrast, 0.5 uM Olaparib reduced the PAR
signal (Figure 3.2). TE92 (0.1 mM) did not alter the levels of PAR (Figure 3.2), however it did
result in the stabilization of TNKS1 and TNKS2 compared to the DMSO control (Figure 3.2).
This stabilisation has been associated with changes in Tankyrase activity previously
reported (Bhardwaj et al., 2017). PARP and PARG levels remained unchanged in the
presence of all the drugs relative to the DMSO control (Figure 3.2A), demonstrating that the

changes in PAR seen were due to inhibition rather than changes in total protein levels.

Having confirmed the toxicity and inhibitory action of the drugs at these doses, the effect on

proliferation and cell cycle profiles were then examined.

PARP1

PARG111

TNKS1/2

B-Tubulin

Figure 3.2. Effective non-cytotoxic inhibitory doses of PARPi, TNKSi and PARGiI in
MDA-MB-231 cells. Legend overleaf.
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Figure 3.2. Effective non-cytotoxic inhibitory doses of PARPi, TNKSi and PARGiI in
MDA-MB-231 cells. PARGi PDD (0.3 uM) increased U-PAR signal relative to DMSO.
PARPi Olaparib (0.5 uM) decreased U-PAR signal relative to DMSO. TNKSi TE92 (0.1
M) did not impact U-PAR signal relative to DMSO. Total PARP1 and PARG110 levels
remain unchanged in response to each drug. TE92 stabilised TNKS1/2 protein whereas
PDD and Olaparib did not. b-Tubulin served as a loading control.

3.2.3 Proliferation of MDA-MB-231 and MCF7 cells treated with PARP1-3,

Tankyrase and PARG inhibitors

The effects of these drug doses on cell proliferation were determined. Cells were dosed

every 24 hours (by replacing media containing fresh drug) and counted every 48 hours by

trypan blue exclusion. At 48 hours PDD, Olaparib and TE92 had little effecton MDA-MB-231

cell proliferation (consistent with survival data) (Figure 3.3A), however, by 144 hours

proliferation was reduced by PDD, Olaparib and TE92 in MDA-MB-231 cells (Figure 3.3A),

although only 2 biological repeats were performed at this time point so statistical analysis

was not possible. Similarly, only two biologica

3.3B). However, the result appears to be broadly consistent with findings in MDA-MB-231.
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Figure 3.3. Proliferation of MDA-MB-231 and MCF7 cells treated with PARP1-3,
Tankyrase and PARG inhibitors. (A) MDA-MB-231 cell proliferation as a % of the
DMSO control over time using daily doses of PARPI, TNKSi or PARGI. (B) MCF7 cell
proliferation as a % of the DMSO control over time using daily doses of PARPi, TNKSi or
PARGI. Each dot reflects a biological repeat. Proliferation determined using trypan blue
exclusion. A one-way anova was performed on the MDA-MB-231 48 and 96 hour
conditions relative to normalised DM SO control. The P-values were 0.88, >0.99 and 0.44
(48 hour) and 0.09, 0.06 and 0.88 (96 hour) for PDD, Olaparib and TE92 respectively.
Statistical analysis was not performed on the rest of the conditions due to N=2.
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3.2.4 Cell cycle profiles of MDA-MB-231 and MCF7 cells treated with PARP1-3,
Tankyrase and PARG inhibitors

The cell cycle profiles of MDA-MB-231 and MCF7 cells treated with PDD, Olaparib or TE92
for 24 hours was assessed using fluorescence assisted cell sorting and PI/p-H3 staining to
differentiate between the different cell cycle fractions. A no primary control was used to
assess for nonspecific binding of the secondary antibody to p-H3. There was no statistically
significant difference between any of the phases of the cell cycle with any drug in either cell

line (Figure 3.4A-D).
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Figure 3.4 Cell cycle profiles of MDA-MB-231 and MCF7 cells treated with PARP1-3,
Tankyrase or PARG inhibitors. Legend overleaf.
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Figure 3.4. Cell cycle profiles of MDA-MB-231 and MCF7 cells treated with PARP1-3,
Tankyrase or PARG inhibitors. (A) FACS PI/p-H3 staining of MDA-MB-231 cells after
24 hours treated with a PARPI, TNKSi or PARGI. (B) Enlarged mitotic MDA-MB-231
prolife derived from figure 3.4A. (C) FACS PI/p-H3 staining of MCF7 cells after 24 hours
treated with a PARPIi, TNKSi or PARG:i. (B) Enlarged mitotic MCF7 profile derived from
figure 3.4A. An one-way ANOVA was performed comparing the respective cell cycle
phases with the DMSO control. No statistical significance was observed. The NS P-
values for the MDA-MB-231 data was 0.97, 0.93, 0.99 (Sub-G1), 0.98, 0.92, 0.99 (G1),
0.22, 0.45, 0.26 (S), >0.99, 0.72, 0.94 (G2) and 0.98, 0.99 and >0.99 (M) for PDD,
Olaparib and TE92 respectively. The NS P-values for the MCF7 data was 0.95, 0.88,
0.99 (sub-G1), 0.89, 0.9, >0.99 (G1), 0.89, >0.99, 0.97 (S), >0.99, >0.99, >0.99 (G2) and
0.97, 0.42 and 0.7 (M) for PDD, Olaparib and TE92 respectively.

Taking together all these data 0.3 niM PDD, 0.5 mM Olaparib and 0.1 mM TE92 were taken
forward as non-toxic, effective doses of their respective inhibitors with few proliferative

consequences following short-term (24-48 h) treatments.

3.2.5 Inhibition of PARP1-3, PARG or Tankyrase had no effect on static adhesion of
MDA-MB-231 cells to fibronectin

Fibronectin is a commonly cancer associated extracellular matrix component implicated in
tumour malignancy that is frequently investigated in adhesion studies, particularly with MDA -
MB-231 cells. Static adhesion assays are a common method of assessing the impact of
agents on adhesion. Cells are seeded onto a coated surface and left to adhere for a
selected period. The cells are then subject rounds of washes to remove potential loose cells
and stained and solubilised to assess for differences in relative cell numbers. Figure 3.5A
demonstrates that there is a linear relationship between solubilised crystal violet-stained
MDA-MB-231 cell number treated with 0.1% DMSO (equivalent of drugged conditions) and
absorbance at 540 nM with an R? value of 0.9678 providing evidence of sensitivity. Two
hours is the most common time frame these types of adhesion assays are performed in the
literature. A range of cell numbers: 5,000, 10,000 and 25,000 were seeded on drugged pre-
coated plates and left to adhere for two hours. Statistical analysis could not be performed on
the 5,000-cell number condition as there was only two biological repeats (Figure 3.5B).
There was no statistically significant difference with any of the drug treatments relative to the

DMSO control at 10,000 or 25,000 cell number conditions (Figure 3.5B).
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Figure 3.5. Inhibition of PARP1-3, PARG or Tankyrase has no effect on static
adhesion of MDA-MB-231 cells to fibronectin. (A) Cell number and crystal violet
absorbance (540 nM) have a linear relationship (R*2 = 0.97) demonstrating assay
sensitivity. (B) 540 nM absorbance of a range of crystal violet-stained cell values relative
to the DMSO control seeded on fibronectin in the presence of a PARPI (Olaparib), PARGI
(PDD) or TNKSI (TE92). An one-way ANOVA was performed to assess for statistical
differences between the treatment conditions and the respective cell numbers relative
DMSO control. No statistical significance was observed. Statistical analysis was only
performed when N=3. The P-values were 0.8, 0.54 and 0.99 (10,000 cell number) and for
0.99, 0.85 and 0.57 (25,000 cell number) for PDD, Olaparib and TE92, respectively.
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3.2.6 Inhibition of PARP1-3, PARG or Tankyrase had no effect on static adhesion of

MDA-MB-231 cells to Matrigel

Matrigel is a heterogenous mixture of extracellular matrix protein including laminin, collagen

IV and entactin as its primary constituents and it is used as an alternative to pure fibronectin

in some adhesion assays and may more closely resemble the ECM in real tumours. We

therefore wanted to assess if any of the inhibitors could affect MDA-MB-231 adhesion to this

matrix. An optimal concentration of Matrigel to coat the plates was determined (Figure 3.6A).
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Figure 3.6. Inhibition of PARP1-3, PARG or Tankyrase had no effect on static
adhesion of MDA-MB-231 cells to Matrigel. (A) Matrigel static adhesion optimisation
displaying a range of Matrigel dilutions. A 1/50 dilution achieved the strongest and most
consistent signal (Mean -/+ SD) and was used to experimentally assess the impact of the
drugs on static adhesion to Matrigel. N=4. (B) 540 nM absorbance of crystal violet-stained
cells (10,000) at 1-2 hour time points relative to the DMSO control seeded on Matrigel in
the presence of a PARPI (Olaparib), PARGI (PDD) or TNKSi (TE92). An one-way ANOVA
was performed to assess for statistical differences between the treatment conditions and
the respective time points DMSO control. No statistical significance was observed. The p-
values were 0.9, 0.44 and 0.62 (1 Hr) and 0.92, 0.45 and 0.57 (2 Hr) for PDD, Olaparib
and TE92 respectively.
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A one in fifty dilution achieved the highest absorption with the most consistency and was
used experimentally to assess the impact of the drugs on adhesion. The relative number of
cells remaining (based on solubilised crystal violet absorption at 540 nM), compared to the
DMSO control after one and two hours was investigated (Figure 3.6B). However, consistent
with fibronectin, no drug at either time point yielded a statistically significant difference in

adhesion (Figure 3.6B).

3.2.7 Inhibition of PARG reduced invasion of MDA-MB-231 cells through Matrigel

An important part of the metastatic cascade isthatasub-popul ati on of the tumo
develop the ability to degrade the surrounding extracellular matrix for resources and
invade/migrate into that new territory. We wanted to assess the impact of all three inhibitors
on this facet of metastasis, however, due to issues with scalability and time spent optimising
the assay, only the PARG inhibitor (PDD) was assessed. The matrix at the bottom of the
upper chambers of the transwell inserts was coated with Matrigel and left to set. The lower
chambers were then supplemented with complete media and pre-treated MDA-MB-231 cells
were resuspended in low FCS media and seeded on top of the Matrigel. The chemotactic
gradient incentivises the cells to move down through the Matrigel and transwell matrix. Each
condition was performed in duplicate to assess for the number of cells added relative to the
number of cells that invaded (Figure 3.7A). Figure 3.7B shows that 48% of the DMSO
treated cells reached the transwell matrix when there was no coating present, this

represents migration as there is no barrier present. In comparison, 37% of the DMSO treated
cells reached the transwell matrix in the presence of Matrigel, which represents invasion
(Figure 3.7B). PDD caused a statistically significant reduction in the number of cells that

invaded through the Matrigel compared to DMSO - 27 % vs 37 % (Figure 3.7B).

These data suggest that inhibition of PARG by PDD can reduce the invasiveness of MDA -

MB-231 cells and that by implication that PARG plays an important role in invasion.
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Figure 3.7. PARGI (PDD) reduces MDA-MB-231 invasion through Matrigel. (A)
Schematic diagram showing the principal of the method used to assay the impact of
PDD on MDA-MB-231 invasion. Briefly, experimental conditions were performed in
duplicate and one of the transwells had the upper layer of cells swabbed with a cotton
bud. The swabbed transwell served as a way of measuring the number of invaded
cells. The unswabbed transwell served as a way of measuring the total number of
cells. Cells in each transwell were stained with crystal violet and the membrane was
removed from the plastic and solubilised in 0.1% sodium deoxycholate. (B) The
solubilised crystal violets absorbance was recorded (595 nM) and the percentage of
invaded cell s -wadke rcatlecsul ma edat mMi gel i n
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migrated cells. Less cells invaded in the DMSO (+) condition relative to the DMSO (-)
condition suggesting the Matrigel acted as a barrier to MDA-MB-231 cells. Normality
was not tested for as three biological repeats were obtained. An unpaired t-test
reported a statistically significant reduction in the percentage of invaded cells in the
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3.2.8 Inhibition/depletion of PARG reduces migration of MDA-MB-231 cells

3.2.8.1 Migration into a Bilateral Cell Free Area

Culture well inserts were used to create a cell free exclusion zone and as a proxy for cell
movement the relative cell free area remaining after 18 hours was recorded. The greater the
gap that remained, the less the cells had migrated (Figure 3.8A). Figure 3.8B displays
representative images of brightfield and analysed images under each condition at 0 hours
and 18 hours. After 18 hours, DMSO treated MDA-MB-231 cells left a cell free gap of 34%
whereas PDD treated cells had a larger gap that remained (67%), suggesting cell migration

was reduced by PDD (p<0.01) (Figure 3.8C).
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Figure 3.8. PARGI (PDD) reduces bilateral migration of MDA-MB-231 cells into a cell
free area. Legend overleaf.
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Figure 3.8 PARGI (PDD) reduces bilateral migration of MDA-MB-231 cells into a cell
free area. (A) schematic diagram depicting the principal of the assay from Ibidi. Briefly, the
culture well insert was placed into a 6 well dish. Cells were seeded and left to adhere.
Culture well was removed. Media was replaced with 0.5% FCS DMEM and 0.3 uM PDD.
Images at the 0-hour time point were captured along the length of the cell free gap. This
was repeated after 18 hours. An average area that remained was recorded using imagej
and the % of the gap that remained after 18 hours relative to the 0-hour time point was
calculated. (B) Representative images of DMSO or PDD treated cells at O or 18 hours with
or without (brightfield) the ImageJ analysis performed to record the area. (C) The
percentage of the gap that remained after 18 hours when cells were treated with DMSO or
PDD (0.3 uM). An unpaired t-test reported a statistically significant increase in the gap that
remained when cells were treated with the PARGi (PDD). This suggests migration was

i mpaired. ** dene+t+3EM p=00.01. Mean

3.2.8.2 Random Non-Directional Single Cell Migration

Live cell imaging was performed to assess individual MDA-MB-231 random cell movement
over a 2.5-hour period with images taken every 15 minutes. Within each biological repeat, 30
cells were monitored equating to 90 cells across three biological repeats. The trajectory plots
show 30 representative routes taken by cells under DMSO or PDD treated conditions over

2.5 hours (Figure 3.9A).

The accumulated distance (AD) is the total distance travelled by a cell along the whole
length of the black line depicted within the trajectory plots. When all the cells from each
biological repeat were pooled, control DMSO treated cells had an average AD of 46.75 pm
(Figure 3.9B). A statistically significant reduction in AD was observed when MDA-MB-231
cells were treated with PDD which possessed an average AD of 18.66 um (Figure 3.9B).
The average AD of each biological repeat has also been plotted and was statistically

different (Figure 3.9C).

117



A DMSO
40t
20+
E
% r
=)
20+
-40 -
-40 -20 0 20 40
X axis [pm]
B Accumulated Distance (UM) c
150 -
= % % % %
8 . |
5 1004 , .
B ;
Q 3
2
=< 504 :
€ RS .
8 E I
< L 1
0 T 1
DMSO PDD
D Euclidean Distance (uM) E
100-= % % %k %
— I
3 so{
8
§ 60 .
Q .
S 40+ 5
Q a0
= ::“' ,:’.
-g 20 3 o
ul "t I:?‘[s,
B [HH
0 1 1
DMSO PDD

y axis [um]

PDD

40+

20 -

-40 -

L

1 L '

-40

-20

0 20 40
x axis [um]

Average Accumulated Distance (uM)

80+

(o)}
o
1

Accumulated Distance (UM)
y] +
T T

o
1

DMSO PDD

Average Euclidean Distance (uM)

40-

N w
o o
| |

Euclidean Distance (M)
o
1

o
|

* %

DMSO PDD

Figure 3.9. PARGI (PDD) impedes random non-directional MDA-MB-231 cell
migration by live cell analysis. Legend overleaf.
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Figure 3.9 PARGi (PDD) impedes random non-directional MDA-MB-231 cell
migration by live cell analysis. (A) Trajectory plots that tracks individual cell movement
of 30 cells within one biological repeat when cells were treated with DMSO or PDD. (B)
Pooled data from 3 independent biological repeats of accumulated distance (um). (C)
Average accumulated distance (um) of each biological repeat. (D) Pooled data from 3
independent biological repeats of euclidean distance (um). (E) Average euclidean
distance (um) of each biological repeat. (F) Pooled data from 3 independent biological
repeats of directionality. (G) Average directionality of each biological repeat. (H) Pooled
data from 3 independent biological repeats of cell velocity (um). (1) Average cell velocity
(um) of each biological repeat. Pooled data depicts the median. Average data depicts
mean -/+ SD. Statistical testing was by Mann-Whitney for pooled data and unpaired t-test
for averages. **** denotes p=00.0001, **
denotes no statistical significance. The NS P-values were 0.77 (F), 0.8 (G) and 0.15 (1).
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The Euclidean distance (ED) is the direct distance between the start and end point of a cells
AD. When all the cells from each biological repeat were pooled, control DMSO treated MDA-
MB-231 cells had an average ED of 25.09 um and PDD treated cells exhibited a statistically
significant reduction in ED with an average of 9.3 um (Figure 3.9D). The average ED of each

biological repeat has also been plotted and was statistically different (Figure 3.9E).

The directionality is the ratio of the AD and ED. The greater the concordance, the greater

degree of linearity a cell will exhibit in its migration pattern i.e. a ratio of 1 will translate to a

cell having moved in a completely straight line. When all the cells from each biological repeat

were pooled, control DMSO treated MDA-MB-231 cells had an average directionality of 0.57

and PDD treated cells had an average directionality of 0.58 (Figure 3.9F). There was no

statistical difference (Figure 3.9F). Theaver age of each bi ol ogi cal repe:
also depicted (Figure 3.9G) and interestingly, the standard error of the mean was greater in

the PDD condition compared to the DMSO. This was not seen in other measures of

migration (AD, ED) and a lack of statistical difference may have been observed due to how

little distance was travelled in PDD treated cells.

The velocity of the pooled DMSO data set on average was 0.023 um/min (Figure 3.9H). The
velocity of the pooled PDD data set was on average 0.009 pm/min (Figure 3.9H). PDD
pooled velocity was reduced statistically significantly compared to the pooled DMSO data set
(Figure 3.9H). The averages of each biological repeat were also plotted (Figure 3.91) and in

this case here, there was no statistical difference (Figure 3.9I).
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3.2.8.3 Depletion of PARG reduces migration of MDA-MB-231 cells and in this context
PARG inhibition cannot further reduce migration

To confirm the on-target effects of PDD, the impact of SIRNA mediated PARG depletion on
migration was investigated using live cell imaging. Depletion of PARG was confirmed by

western blotting (Figure 3.10A&B).
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Figure 3.10. Depletion of PARG reduces MDA-MB-231 cell migration and is not
enhanced with a PARGI. Legend overleaf.
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Figure 3.10 Depletion of PARG reduces MDA-MB-231 cell migration and is not
enhanced with a PARGI. (A) Western blot confirming depletion of PARG with two
separate PARG targeting SiRNA (sSiPARG2 and siPARG3). (B) Densitometry plot
quantifying the relative differences in PARG adjusted for GAPDH loading. (C) Pooled

data from 3 independent biological repeats of accumulated distance (um). siPARG2 and
siPARG3 relative to siScr was statistically reduced. SiScr + PDD was statistically reduced
relative to siScr, as was siPARG2+PDD and siPARG3+PDD. Notably however, the
medians of all test conditions were similar and siPARG2+PDD and siPARG3+PDD was
not significant relative to siScr+PDD. (D) Average accumulated distance (um) of each
biological repeat under each test condition. Same comparisons as described above apply
however siScr vs sSiPARG3+PDD was not statistically significant. . Pooled data depicts

the median. Average data depicts mean -/+ SD. Statistical testing was by Kruskal-Wallis
test for pooled data and 1-way ANOVAforaverages. **** denotes |
p=00.01, * denotes p=00.05, N STheNSPealuesforn
Si Scr+PDD relative to SIPARG 2 and SIPARGS3 were both >0.99 (C) and 0.99 (D).

To demonstrate that depletion of PARG phenocopied PARG inhibition, PARG was depleted
for 24 hours prior to re-seeding at low density and live cell imaging as performed previously.
When all biological repeats were pooled together, cells treated with control Scrambled
siRNA had an average AD of 43.14 ym, consistent with DMSO treated cells above and
suggesting control siRNA has no effect on migration (Figure 3.10C). Two separate PARG
targeting siRNA (SIPARG2 and siPARG3) transfected cells had an average AD of 16.84 and

16.9 um respectively, which was statistically different and reduced relative to the control

condition (Figure 3.10C).

Furthermore, all transfection conditions were treated with PDD in parallel. As expected in the
control cells (scrambled siRNA) cells, treatment with PDD significantly reduced the AD from
43.14 pm to 15.53 pm (Figure 3.10C). In contrast, PDD did not significantly alter the AD in
PARG depleted cells ((AD of 16.84 vs. 16.93 and 16.9 pm vs 16.67 um in PARG2 siRNA
and PARG3 siRNA transfected cells respectively) (Figure 3.10C)). The average accumulated
distance of each biological repeat is also displayed (Figure 3.10D). Thus, the reduction of

migration induced by PARG depletion is not enhanced by PARG inhibition.

Taken together, the data above (3.2.8) suggest that low levels of PARG or inhibition of
PARG can reduce the migration of MDA-MB-231 cells and by implication that PARG plays

an important role in promoting migration.
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3.2.9 Inhibition of PARP1-3 or Tankyrase reduces migration of MDA-MB-231 cells

The two types of migration assay used to assess the effects of PARG inhibition/deletion

were repeated with Olaparib and TE92. In each case, the same conditions as for PDD were

used.

In culture well assays DMSO treated MDA-MB-231 cells had a cell free gap of 44 % (Figure
3.11). In comparison, olaparib and TE92 treated cells retained gap sizes of 72 % and 68 %
respectively (Figure 3.11). This suggests olaparib and TE92 reduced cell migration and by

implication, PARP1-3 and TNKS1/2 have roles in promoting migration.
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Figure 3.11. PARP1-3i and TNKSi reduces bilateral migration of MDA-MB-231 cells
into a cell free area. Legend overleaf.
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Figure 3.11 PARP1-3i and TNKSi reduces bilateral migration of MDA-MB-231 cells
into a cell free area. (A) Representative images of DMSO or treated cells at 0 or 18 hours
with or without (brightfield) the imagej analysis performed to record the area. (B) The
percentage of the gap that remained after 18 hours when cells were treated with DMSO,
Olaparib (0.5 uM) or TE92 (0.1 uM). An one-way ANOVA reported a statistically significant
increase in the gap that remained when cells were treated with Olaparib and TE92. This
suggests Olaparib and TE92 impair MDA-MB-2 31 mi gr ati on. * d-+tn
SD.

In live cell imaging AD was significantly reduced with olaparib and TE92 compared to DMSO
control (19.38 and 17.88 um compared to 46.75 um respectively in pooled data) (Figure
3.12A&B). The average AD of each biological repeat has also been plotted and showed a
significant difference (Figure 3.12C). Likewise, ED was significantly reduced by either
inhibitor, olaparib or TE92 (pooled data - 11.95 and 9.7 um respectively compared to 25.09
pum) (Figure 3.12D). The average ED of each biological repeat has also been plotted and
was also significantly different to DMSO control (Figure 3.12E). There was no statistical
difference in directionality between DMSO and either olaparib or TE92 (Figure 3.12F),
although in each of the biological repeats there was a small increase in average

directionality compared to DMSO control (Figure 3.12G).

The velocity of the pooled DMSO data set on average was 0.023 pm/min (Figure 3.12H).
The velocity of the pooled olaparib and TE92 data set was on average 0.01 and 0.008
pum/min respectively (Figure 3.12H). Olaparib and TE92 pooled velocity was statistically
significantly different compared to the pooled DMSO data set (Figure 3.12H). The averages
of each biological repeat were also plotted (Figure 3.12l). The average of the velocity for the
DMSO data set was 0.02 pm/min (Figure 3.12l). For olaparib and TE92, it was 0.009 and
0.007 um/min respectively (Figure 3.12I). They were not statistically different compared to

the DMSO condition (Figure 3.12I).

Taken together, the data suggests that low levels of PARP1-3 or TNKS1/2 activity can
reduce the migration of MDA-MB-231 cells and by implication that PARP1-3 and TNKS1/2

play an important role in promoting migration.
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Figure 3.12. PARP1-3i and TNKSi impedes random non-directional MDA-MB-231 cell

migration by live cell analysis. Legend overleaf.
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Figure 3.12 PARP1-3i and TNKSi impedes random non-directional MDA-MB-231 cell
migration by live cell analysis. (A) Trajectory plots that tracks individual cell movement
of 30 cells within one biological repeat when cells were treated with DMSO, Olaparib or
TE92. (B) Pooled data from 3 independent biological repeats of accumulated distance
(um). (C) Average accumulated distance (um) of each biological repeat. (D) Pooled data
from 3 independent biological repeats of euclidean distance (um). (E) Average euclidean
distance (um) of each biological repeat. (F) Pooled data from 3 independent biological
repeats of directionality. (G) Average directionality of each biological repeat. (H) Pooled
data from 3 independent biological repeats of cell velocity (um). () Average cell velocity
(um) of each biological repeat. Pooled data depicts the median. Average data depicts
mean -/+ SD. Statistical testing was by Kruskal-Wallis test for pooled data and 1-way
ANOVA for averages. **** denotes p=00.00
statistical significance. The NS P-values were 0.18 and 0.33 (F), 0.19 and 0.97 (G) and
0.12 and 0.08 (1) for Olaparib and TE92 respectively.

126



3.3 Discussion

In this chapter, we present evidence that PARPI, TNKSiand PARGi do not impact MDA-MB-
231 adhesion to fibronectin and Matrigel. We also showed that PARGI reduces MDA-MB-
231 cells capacity to invade through Matrigel. Finally, we also demonstrated that PARPI,
TNKSi and PARGI reduce MDA-MB-231 migration 7 single cell random migration and bi-
directional migration to fill a cell free area. The anti-migration phenotype of PARGI was

validated with 2 siRNA against PARG using the live cell single cell random migration.

3.3.1 Inhibiting PARP1-3 Reduces MDA-MB-231 Migratory Capabilities

Olaparib (0.5 uM) reduced migration of MDA-MB-231 cells in vitro after 18 hours using a
culture well insert to create a gap that the cells could bi-directionally fill. Olaparib at this dose
did not impact the cell cycle or proliferation during the duration of the migration assay.
Additionally, a dose with 0.9< survival fraction was used, and the dose was sufficient to

d e p | ePAR sigbal via western blot and total levels of PARP1 and PARG111 were
unaffected. This suggests the observed anti-migratory effects are not artifacts of cytotoxicity
or proliferation but a consequence of PARP1-3 inhibition. Dutta et al., (2020) reported a
reduction in cell migration of MDA-MB-231 cells using the PARPi PJ34 (20 uM) and a
scratch wound assay after 10 hours. Proliferation was unlikely to be affected during this time
frame, however PJ34 at 20 UM is cytotoxic and causes off-targetanti-mi t ot i ¢ ef f ect s ¢
difficult to conclude if it was the inhibition of PARP1-3 that caused the reduction in migration
(Madison et al., 2011). Increasing doses of Olaparib were administered to capan-1
pancreatic cells over 214 days (Ye Han et al., 2019). They acquired a resistance to PARPI
and exhibited enhanced migratory capability. They monitored migration using an uncoated
transwell assay with a chemotactic gradient. Whilst the chemotactic variant is a confounding
variable, it would be interesting to observe the same experiment performed in a breast

cancer setting. We observed a reduction in random single cell migration using live cell
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analysis. Live cell analysis examining the effects of Olaparib on MDA-MB-231 migration has
not been performed. Whilst a statistically significant reduction in AD, ED and velocity was
observed with Olaparib, directionality was not statistically different. However, the
directionality increases in the treatment condition and follows the same trend across each
biological repeat. If the experiment was performed for longer or there was a chemotactic
gradient driving migration, perhaps a statistically significant difference could be observed.
The impact of PARPI on cancer polarity signalling is not well studied and warrants further
research. The previously published data and our data imply that PARP1-3 play a role in

migration that can be attenuated by PARPI.

3.3.2 Inhibiting TNKS1/2 Reduces MDA-MB-231 Migratory Capabilities

TE92 is a recently developed highly potent inhibitor that has dual activity against TNKS1/2
(Nathubhai et al., 2017). TE92 (0.1 uM) reduced bi-directional migration of MDA-MB-231
cells into a cell free gap. Live cell imaging confirmed anti-migratory effects of TE92. TE92 at
this dose did not alter cell cycle progression or proliferation. Additionally, a dose with >0.9
survival fracti onPARaignal was aotlaltered,lthe Hoseungdsuffldient to
stabilise TNKS1/2. Total levels of PARP1 and PARG111 were unaffected. We choose to use
TNKS1/2 stabilization as a marker for drug activity as tankyrase autoPARylation targets it for
proteasomal degradation (Callow et al., 2011). This suggests the observed anti-migratory
effects are not artifacts of cytotoxicity or proliferation but a consequence of TNKS1/2
inhibition. As well as revealing a potential therapeutic outlet for TNKSi, the data suggest that
TNKZ1/2 likely play a role in promoting cell migration. We can speculate that TNK1/2
regul ates migration via one of i1its TIPOs.

a s -cddenin for example.

TE92 has not previously been investigated for its anti-migratory applications. However,

consistent with our findings, the TNKSi XAV939 (5 uM) reduced MDA-MB-231 Wnt3a

128

Par ti



mediated cell migration in a scratch wound assay (Bao et al., 2012). In our model, we did not
use Wnt3a complemented media and despite this, we observed the same anti-migratory
effect with a different TNKSI. Possible explanations for this include genetic drift between cell
line batches or the presence of death signals and cell debris that is formed during the act of
creating a cell free area with a scratch wound assay. Another possibility is differences in off-
target effects between TE92 and XAV939. In addition, compared to our data, the dose of
XAV939 used was reported cytotoxic resulting in approximately 50% survival (Bao et al.,
2012). Nevertheless, the previously published data and our data imply that TNKS1/2 play a
role in migration, warranting further study and justifies further elucidating the relationship

between TNKS1/2 and migration and the role Wnt ligands play in this context.

3.3.3 Inhibiting PARG Reduces MDA-MB-231 Migratory and Invasion Capabilities

PDD00017273 (PDD) is a recently developed specific, cell permeable PARG inhibitor that is

not suitable for in vivo work due to its low bioavailability (D. l. James et al., 2016). Here we

demonstrate that PDD can reduce migration of MDA-MB-231 cells into a cell free gap and

reduce single cell migration using live cell imaging. We used a dose of PDD (0.3 uM) that

does not impact cell <cycl e pr oOforsevival.iwen or pr ol i
confirmed this was an effective -BARsgnalei PARGI b
western blots. Total levels of PARP1 and PARG111 were unaffected. This is consistent with

the effective non-toxic inhibitory dose reported by Gravells et al., (2018). This suggests the

observed anti-migratory effects seen here are not artifacts of cytotoxicity or proliferation but

a consequence of PARG inhibition. One other study has explored cell migration following
pharmacological inhibition of PARG (Matanes et al., 2021). They also saw reduced

migration, however high cytotoxic doses were used (2 uM and 5 uM), making it difficult to

conclude whether the anti-migratory effect was due to the inhibition of PARG per se or due

to cytotoxicity or other off-target effects. We also validated the migratory effects of PARGI by

depleting MDA-MB-231 cells of PARG111. Pleasingly, PARG depletion also reduced

migration. Addition of PDD to PARG depleted cells did not further reduce migration
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compared to depletion alone implying the effect of PDD was via inhibition of PARG111. Our
data is consistent with another study where migration was inhibited when PARG111 was
depleted in MD-MB-231, this time using ShRNA (Marques et al., 2019). It is also consistent
with PARG depletion reducing cell migration and invasion in colon cancer cells (Fauzee et
al., 2012; Q. Li et al., 2012) and HCC cell lines (Mincheng Yu et al., 2022) in vitro. Our data
is the first reported investigation of PARGI in the context of invasion, however the result is
consistent with depletion of PARG reducing MDA-MB-231 invasion through Matrigel
(Marques et al., 2019). It should be noted however since a PDD Matrigel free condition was
not performed in parallel, the results could be a consequence of the anti-migratory effects of

inhibiting PARG using PDD.

The discussed published data and our data, provide evidence of PARG being a viable drug
target and that by implication, inhibiting PARG

migration and invasion.

3.3.4 Limitations

The adhesion studies were not performed with a negative wash control or a positive control.
Therefore, ités possible the washes were not vi
why differences were not observed. Scratch wounds assay leave behind cellular debris and
activate death signalling pathways and the release of cytokines. Culture wells do not have
these confounding variables, but performing both in parallel can provide additional insights
into drug function. Furthermore, our live cell analysis was performed without a chemokine
gradient, so the cells are said to be moving randomly. Absent the gradient to compare along
an axis and in instances where migration is reduced, longer experimental time frames
maybe required to examine the effects of the drugs on cell directionality. The invasion assay
requires a PDD matrigel free condition to account for the anti-migratory effects of the drug. If
it was performed, the percentage of cells whose migration was reduced could be factored

into the analysis providing a more accurate insight into the effects of PDD on invasion.
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Figure 4.1. b-NMN rescues PARGI but not PARPI anti-migration phenotype. MDA-

MB-231 cells were imaged for 2.5 hour following treatment as indicated and where cells

were supplemented with NMN pre-incubation, it was for 1 hour. This was one biological

repeat and consists of 30 cells. Due to sample size and lack of repeats, no statistical

analysis was performed.
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Figure 4.2. Anti-migration effects of PARGi (PDD), PARPI (Ola) and TNKSi (TE92)
are rescuable. Legend overleaf plus one.
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Figure 4.2. Anti-migration effects of PARGi (PDD), PARPi (Ola) and TNKSi (TE92) are

rescuable. Legend overleaf.
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Figure 4.2 Anti-migration effects of PARGI (PDD), PARPI (Ola) and TNKSi (TE92) are
rescuable. MDA-MB-231 cells were imaged for 2.5 hour following treatment as indicated,
where cells were supplemented with NMN pre-incubation, it was for 1 hour, while
combinations of inhibitors were added simultaneously and imaged. For each independent
biological repeat 30 cells were imaged. (A) Average of each biological repeat under all
conditions. The same data but pooled is depicted in three separate graphs to aid
comparisons. Statistical significance observed when test in parallel depicted. (B) Pooled
data showing the effectsof b-NMNs upp |l ement ati on-mi gsaui ag
PARGI v i(@)Cé-tiek@ment of MDA-MB-231 cells with PDD and Olaparib restores
migration. (D) Co-treatment of MDA-MB-231 cells with PDD and TE92 restores migration.
For pooled data the line represents the median. For averages mean and SD are shown.
Statistical testing was by Kruskal-Wallis test for pooled data and an one-way ANOVA for
averages, **xx denot es p -stdal SgnificAnbel The NEPH- d e
values were 0.15, 0.99, 0.92, 0.11, >0.99, 0.2 and >0.99 for the respective conditions (A),
both >0.99 (B), >0.99 (C) and >0.99 (D).
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Figure 4.3. The anti-migration effects of inhibiting PARG and it being rescuable with
NMN pre-treatment are observed with the in vivo PARGiI COH34. Legend overleaf.
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Figure 4.3. The anti-migration effects of inhibiting PARG and it being rescuable with
NMN pre-treatment are observed with the in vivo PARGiI COH34. (A) Clonogenic
survival assay displaying the relative survival fraction with increasing doses of COH34.
(B) PAR Western blot with increasing non-cytotoxic doses of COH34 with Olaparib and
PDD as western blot controls. (C) MDA-MB-231 cells were imaged for 2.5 hour following
treatment as indicated, where cells were supplemented with NMN pre-incubation, for 1
hour prior to the addition of COH34. For each independent biological repeat 30 cells were
imaged. (C) Pooled data from 3 independent repeats of accumulated distance (um) under
all conditions (D) Average of each biological repeat under all conditions. For pooled data
the line represents the median. For averages mean and SD are shown. Statistical testing
was by Kruskal-Wallis test for pooled data and one-way ANOVA for averages, ****
denotes p=0 0.0001, *** denotes p=0 O0The O
NS P-values were >0.99, >0.99, 0.49 and >0.99 (C) and 0.99, 0.88 0.9 and 0.97 (D) for
the NMN, C0.1 nM+NMN, C1 nM+NMN and C10 nM+NMN conditions respectively.
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Figure 4.4 PARP1 defective mouse embryonic fibroblasts migration behaviour is
different in response to PARG, PARP1-3 and Tankyr ase -NMNypreb i
treatment. Legend overleaf plus one.

138



ns

ns
§8858
150+ ns 150+
€ €
&« &«
8 3
8 100+ § 100+
o ®
a [a)
° °
& ol i
© - -
= 50 ‘_g 50 L
S = i YT
3 i ST 3
< <
0 1 1 1 1 0 1 1 1 1
Q%o QOO ®$ QOO §¥%O QOO v\s@v\ QQO
< x) <) X <Q \N A x
x\ \ \Z N N N N
o ¥ 2 N ORI
oYY X v %
o S
R e
F ns G §s58
ss §88S
—
ns §SSS
—
ns §8SS
80~ 150
€ €
&L &L
8 604 8
E g 100
3 )
0O 40- @)
°© ©
] Q R34
K B 50
E 204 T o & o= Loam 2 a R 2 e
3 b . =]
3 3
< <
O —T—T—T——T— T O —T——T——T—T—T1
N Qa7 R KR N L7 o RV K R
D o R N D
X 97 NN K AR RSO NENIRN
RN SRR

Figure 4.4 PARP1 defective mouse embryonic fibroblasts migration behaviour is
different in response to PARG,PARP1-3 and Tankyr ase -NMNyprebi
treatment. Legend overleaf.
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Figure 4.4 PARP1 defective mouse embryonic fibroblasts migration behaviour is
different in response to PARG, PARP1-3 and Tankyr ase -NMNypreb i
treatment. A19 and A1l cells were imaged for 2.5 hour following treatment as indicated,
where cells were supplemented with NMN pre-incubation, it was for 1 hour, while
combinations of inhibitors were added simultaneously and imaged. For each independent
biological repeat 30 cells were imaged. (A) Confirmation of PARP1 Status of A19 and
All. PARG110 was not detected in the A1l cell line. (B) Average of each biological

repeat under all conditions. The rest of the graphs are pooled data from 3 independent
repeats of accumulated distance (um) split up to allow for easier comparisons (C)
Untreated A19 and A1l accumulated distance (um) (D & E) A selection of A19 and A1l
NMN and PDD relevant conditions, respectively. (F & G) A selection of A19 and A11 drug
combination relevant conditions, respectively. For pooled data the line represents the
median. For averages mean and SD are shown. Statistical testing was by Kruskal-Wallis
test for pooled data andone-way ANOVA f or averages, ***°
denotes p=0 0.001, ** denotes p=0 0.01,
significance. The NS P-values were 0.12, >0.99 and 0.05 (D) and 0.21, 0.15 and 0.56 (F)
for the respective conditions NS was reported.
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Figure 4.5. The impact of PARGI and NMN-pre-treatment on NAD+/NADH levels. (A)
Schematic diagram summarising the protocol. Briefly, cells were seeded and treated as
per the conditions in the live cell experiment in figure 4.11. Cells were then subject to
freeze thawing and centrifugation steps using spins columns to isolate the total NAD
(NADT = NAD+ and NADH). A fraction of the sample was heated which degraded the
NAD+ leaving only the NADH. Standards along with samples from heated and unheated
conditions were mixed with reaction agents as per the standard manuf act ur er
instructions in duplicate. Samples were left for 1 hour in the dark and the 450 nM
absorbance was recorded. Average background signal based was subtracted from the
average of the technical repeats. Samples were then read off the standard curve and
adjusted for based on total sample volume, volume used in the reaction mixture and the
average total number of cells recorded prior to freeze thawing and NADT isolation. (B)
NADH (pmol) standard curve in relation to 450 nm absorbance. (C) Total NAD+ per
10X1076 cells in pmol within each condition. (D) Total NADH per 1X1076 cells in pmol
within each condition. (E) The ratio of NAD+/NADH within each condition. N=1 so no
statistical analysis was performed.
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had a | ower ATePl IGmo(l4.10x8160) versus the DMSO contr
b-NMN al one and with PDD infcelelas ede adiiend3P BPmour ¢
formatted from the data in figure 4.6C but refo
to the DMSO. PDD *ettbsethyATTR/7TB¥1l @Gnd is consiste
NADH | &WNMINs al one i ncr éaeaslelds AAY 1d xd@WPcHdesaditngs
being si milbaNMN owiDMS @®.DD i nc fceed sl esd bATP4 1/.11x81% and
consistent with the increase NADH readings we o

performed as one repeat was obtained.

These data together suggest PDD reduces ATP | ev
and t htarte gotrreebANMNwi tilncr eases the ATP | evels and
are treated with a PARG inhibitor. TINMN immayr eas

be rescuing the cells from their perturbed migr
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Figure 4.6 The impact of PARGi and NMN-pre-treatment on ATP levels. Legend
overleaf.
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Figure 4.6 The impact of PARGi and NMN-pre-treatment on ATP levels. (A)
Schematic diagram summarising the protocol. Briefly, cells were seeded and treated as
per the conditions in the live cell experiment in figure 4.11. Cells were then subject to
centrifugation and acid treatments to isolate the ATP. Standards, samples and sample
background were mixed with reaction agents as perthe ma n u f a c ihstructiens i s
duplicate. Samples were left in the dark for 1 hour. The fluorometric signal using ExX/Em
535/587 nm was recorded for each condition. The Average relevant background signals
were subtracted from the average standard and average sample readings. Samples were
then read off the standard curve and adjusted for based on total sample volume, volume
used in the reaction mixture and the average total number of cells recorded prior to
centrifugation and acid treatments. (B) ATP (pmol) standard curve relative to Ex/Em
535/587 nm. (C) Total ATP (umol) per 1x10"6 cells across each condition. (D) The
percentage change in ATP levels relative to DMSO control. N=1 so no statistical analysis
was performed.

4. 2.6 PARG inhidMB2BbnmatplkeokolylipAand potenti a
cytoskel eton anslt ascstocrieas ed sub

4. 2.6.1 PARG IMDRAVBA 31 omelallulears mor phol ogy

During anal-MB2 31 dfi vDA el | dat a, we noted differ
Using the |ive cell image stills, the cell ar ea
manually drawing around the cell Hpsthiomet er in i
representative stills of cells under DMSO or PD
repeats were obtained and 99 cells per biologic

147



Cell Area Average Cell Area
2500+ A 800+
%k %k
R 2000+ . \ 600
15004 ° . %
x ’ x
a < @ 400+
g 1000 ﬁ t S
< < 200+
“15d
0 .
DMSO PDD DMSO PDD
¢ Cell Circularity D Cell Circularity
1.5+ 1.0- ok
% %k %k %k 0.8 | ;
S 40d ——
< A Nl < 06
= k- > 007 H  PDD
S = £ 04
TR S 0.4-
Sosf{ W U B
(@) o H (@)
.'E:: - 0.2_
0.0 T T 0.0 ,
DMSO PDD DMSO PDD
4pi(Area/Perimeter?)
E F
Cell Roundness Average Cell Roundness
1.54 0.8+ *
%k %k %k %k
=) 1 5 064 ‘ —
< 1.04 ‘ <
[2] ‘ i!}- )
@ 154 9 --!'E;:: N -
g ,;!fl u:j::_ g 04
3054 = T 3
o G ® 02
HL ]
DMSO PDD DMSO PDD

4*Areal(pi*MajorAxis?)=1/AR

Figure 4.7 PARGI impacts MDA-MB-231 cell morphology based on live cell images.
Legend overleaf.
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Figure 4.7 PARGI impacts MDA-MB-231 cell morphology based on live cell images.
Quantification is from live cell imaging. 99 cells per biological repeat. (A) Cell area
(pixels™2). (B) Average cell area (pixels"2) across each biological repeat. (C) Cell
Circularity (AU) (D) Average cell circularity (AU) across each biological repeat. (E) Cell
roundness (AU). (F) Average cell roundness (AU) across each biological repeat. (G)
Representative image of DMSO live cell image displaying morphologies. (H)
Representative image of PDD live cell image displaying morphologies. For pooled data
the line represents the median. For averages mean and SD are shown. Statistical testing
was by Mann-Whi t ney f or pooled data and unpair-r
0.0001,* ** denotes p=0 0.001, ** denotes p=¢(
statistically significant.

Figures 4. 6A, C and E are pooFedudas a4 feoB, tDheam:

the averages of each biological repeat, respect

PARGiIi treated cells had a statistically signifi
PARGiI treated cells had a statistically signifi
PARGiI treated cells had a stati siouindakby $fggiuf

F) .

This suggests PARGI af f88231 heelmbs pandomgkeft MO

more circul ar and rounder.

4. 2 PARZEG inhibiti-@aat i mclr ewdB2s3 liFnc eMD As

Given the change in cell mor phol ogy, we -wanted

MB231 cytoskeleton. Il ntegrated density (intden)
intensity whilst factoring in sizl-akcWe nu-aedl gloa
staining for DAPI allowed us to define the nucl

i ntegrated-ademnsitpByott heEn subtracting the 488 nu
whol e cell 488 integrat edopdleanssmitcy,i naee gcroautl edd cdaeln
action. PDD increased the integrateeéaacdeamsity of

(Figure 4.8A & C & E). Figure 4.8B & D include
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Integrated Density (AU)

Integrated Density (AU)

derived from one repeat so statistical

were used for each condition.

anal ysi s

This suggests that -MBRGLHad&tnicenr d aesveed sMImA ross t he

around the nucl eus.
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Figure 4.8 PDD impacts MDA-MB-231 F-actin signal by immunofluorescence.
Legend overleaf.
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Figure 4.8 PDD impacts MDA-MB-231 F-actin signal by immunofluorescence. (A)
Integrated density (AU) of nuclear actin signal defined by DAPI threshold. (B)
Representative images of Nuclear actin integrated density (AU). (C) Integrated density
(AU) of whole cell actin defined by 488 channel threshold. (D) Representative images of
whole cell actin integrated density (AU). (E) Cytoplasmic actin integrated density defined
by the integrated signal density of the nuclear actin being subtracted from the
corresponding whole cell actin integrated density (AU). N=1. Approximately 30 cells per
condition. No statistical analysis performed.

4. 2.6.3 PARG inhibition increases -MBZ23Ihumber of

Podosomes are actin rich conical substructures

aid migration (functioning as altacaaclhimseend dcdltiewser

extracellular matrix degrading enzymes). We not
fluorescent dots in cells, indicative of podoso
per cell from the s anmaec tdiane aa(bboevguneally8rd Repr Es
i mages included (figure 4.9A & B). There was an

for the DMSO and PDD treatment conditions respe
derived from one repeats otspariotmedl andabhppi s

were used for each condition.

This suggests that PARGiI i mpact podosome dynami
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Figure 4.9 PDD impacts podosome dynamics. Legend overleaf.
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Figure 4.9 PDD impacts podosome dynamics. (A) Larger representative images to aid
visualization. The bright dots are possible indications of podosome structures. (B) More

examples (C) Number of podosomes manually counted per cell. N=1. Approximately 30
cells per condition. No statistical analysis was performed.

4. 2.6.4 PARG inhibition incred88% ecséekrless fibre

Stress fibres are actomyosin (rich in actin) co
facilitate t hemunsocvieemecnal losf amodh are al so involved
mechanosensing. Following PDD treat memel, | sve not

where stress fibresctasiemenedscbl esisethanBl ysed
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Figure 4.10 PDD impacts stress fibre dynamics. Legend overleaf.
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Figure 4.10 PDD impacts stress fibre dynamics. (A) Representative images of cells
categorised as stress fibre negative or positive treated with DMSO or PDD. (B) The
percentage of cells that exhibited visible stress fibres. N=1, approximately 30 cells per
condition. No statistical analysis was performed.

When cells were classified as positive or negat
PDD treated versusodd®wolnwehe DMAGsi fied positi
results were derived from one repeat so statist

approximately 30 cells were used for each condi

This implicates PARG in supressing stress fibre
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4. 2.6.5 PARG inhibition reduces the nuMBer and
231 el ongated

Fil opodi a arriech hd oomp cancetnitns of the cytoskeleton t
pl asma membr ane, aiding imaenkirtanimegtatl Iselnarn n

t he s amasithaicneeld s (figure 4.8), the Il ength of th

manually drawing along their |l ength in imagej

of untreated and PDD treated cells. The number
|l engpeh cell was also calculated. The cells disp
reduce the variability, we focused on elongated

mi grati ver abekefal opodia | ength of DMSO treated
reduced to 1.766 Om in PDD treated cells (figur
filopodia per cell also reduced from 33.38 in t
cels (figure 4.11C). Consistent with these data
also reduced in PDD treated cells (figure 4.11D
so statistical analysis was -2notc elelrdi searetioandaa

condition.

A

DMSO

PDD

Figure 4.11 PDD impacts filopodia dynamics in elongated cells. Legend overleaf.
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Figure 4.11 PDD impacts filopodia dynamics in elongated cells. (A) Representative
images of DMSO or PDD treated elongated cells with visualisable examples of the trends
depicted in figures 4.10B, C and D. (B) Filopodia length (um) in elongated cells. (B)
Number of filopodia per elongated cell. (C) Average Filopodia length (um) per elongated
cell. Given the anti-migratory effects we have reported, elongated cells were focused on
for the filopodia quantification as we reasoned a disruption in a cell actively attempting to
migrate would be more pronounced. N=1, 15-20 cells per condition. No statistical analysis
was performed.

The decrease in filopodia | ength and reduction
that PARGiIi can i mpact filopodia formation and p
PARG has a role in filopodia dynamics.
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4.2.6.6 PARG intH bbuil 06 nMB2nX1MBcAes! el ss

Thea€&tin stained -séhli seldewbrutliins manadoa 594 conjug

secondary antibody and the same intden analysis
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Figure 4.12 PDD impacts MDA-MB-231 U-tubulin signal by immunofluorescence.
Legend overleaf.
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Figure 4.12 PDD impacts MDA-MB-231 U-tubulin signal by immunofluorescence. (A)
Integrated density (AU) of nuclear U-tubulin signal defined by DAPI threshold. (B)
Representative images of Nuclear U-tubulin integrated density (AU). (C) Integrated
density (AU) of whole cell U-tubulin defined by 594 channel threshold. (D) Representative
images of whole cell U-tubulin integrated density (AU). (E) Cytoplasmic U-tubulin
integrated density defined by the integrated density signal of the nuclear U-tubulin being
subtracted from the corresponding whole cell U-tubulin integrated density (AU). N=1.
Approximately 30 cells per condition. No statistical analysis performed.

Represent at inwuec liemaarg easn tbtfwhal encat é included (fig
|l ntegrated density analysis demonstrated that P
cytopl as miUg¢ ulbaud éIns (é6fi gure 4. 12A & C & E). The t
actin Alelsudlesults were derived from one repeat

performed and approximately 30 cells were used

This suggests that -MBRM uibnudrimasaes oMBA t he cyt or

around the nucl eus.
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4 . 2MD/IAMB2 31 cel Il s but not MCF7 exhibit altere
response to PARG inhibition

Given that we observed an increase-MB23ducleddrs c
were treated with a PARG inhibitor, we consider.
mor phol ogy. Using DAPI stained fiyxeodf -BNBRA Ik, t he
nucl ei were measured in imagej. We al so examine
hundred nuclei were measured per biological rep

perfor med.
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Figure 4.13 PDD impacts MDA-231-MB but not MCF7 nuclear morphology based on
2D immunofluorescent images of DAPI stained nucleus. Legend overleaf.
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Figure 4.13 PDD impacts MDA-231-MB but not MCF7 nuclear morphology based on
2D immunofluorescent images of DAPI stained nucleus. (A) MDA-MB-231 Nuclear
Area (pixel*2) (B) Average MDA-MB-231 nuclear area (pixel*2) across each biological
repeat. (C) MDA-MB-231 nuclear circularity (AU) (D) Average MDA-MB-231 nuclear
circularity (AU) across each biological repeat. (E) MCF7 Nuclear Area (pixel*2) (F)
Average MCF7 nuclear area (pixel*2) across each biological repeat. (G) MCF7 nuclear
circularity (AU) (H) Average MCF7 nuclear circularity (AU) across each biological repeat.
N=3, 100 nucleus per biological repeat. For pooled data the line represents the median.
For averages mean and SD are shown. Statistical testing was by Mann-Whitney for
pooled data and unpaired tt est f or average. **** denot:
NS denotes no statistical significance. The NS P-values were 0.7 (B), 0.1 (D), 0.07 (E), 0.7
(F), 0.53 (G) and >0.99 (H).

PDD statistically reduced t heMB2u3cll enaurc |aerie aw haennd
repeats were pooled (figure 4. 13A a&d)s thiuctaldliyd dti

using the average data (figure 4.13B &-MB). The

160



231 nuclei had a |l arger standard deviation, whe
small er standard deviation, compared to the DMS

4. 13E & F) and circularity (figure 4.13G & H) w

This suggests PARGiIi can impact nucl ear morphol o

dependant manner.

4. 2.8 PARG i nhinlmict ie@am @& IntveMBR2@eh ecfe | MDA

Given the differences in nucl eaMB23l ac elnlds cwhenu
treated with a PARG inhibitor, we wanted to ass
envelope. DAPI and |l amin A were detecacecal by i mmi
i mages were taken. Cells with | amin irregularit
gaps in lamin A staining, (l'i kely indicating gaj]
l amin A dots (likely nucl ear mimv &g iarpagteiacresd) tan b
out from the regular envelope shape (likely nuc
cells exhibited a greater number of gaps in the

27.27% of DMSO treated del lasnad sy se dp € rFd ggrutr eeg & . d.f4
treated cells exhibited a greater number of nuc
DMSO treated cells as a percentage of cells ana
exhibited nuclear blebbear gbkaber ( hombew) ovensu
DMSO treated cells as a percentage of cells ana
was performed so statistical analysis was not d

were anal ysed.

These data suggest that PARG inhibition can alt.

increase the incidence of nuclear ruptur e, nucl
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Figure 4.14 PDD disrupts nuclear envelope structures of MDA-MB-231 cells. (A)
Representative images of abnormalities, (B) representative images of cells under DMSO
or PDD treatment. (C-E quantification of % cells displaying these phenotypes. N=1,
approximately 30 cells per condition. No statistical analysis was performed.
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4.2.9 PARG inhibition does not effect-total

MB231 cell s

Given that PD-DB2 3 kac eld MDAx hi bi ted differences

n

4 .

we examined expression of total whole cell | ami
bl otting. However, no statistical diDIMSeO eanncde i
PDD treated cells for either protein (figure
the total protein | evels of I amin A or B1l.
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Figure 4.15 PDD does not alter MDA-MB-231 total lamin A or Lamin B1 protein
levels. (A) Densitometry plots of normalised Lamin A adjusted for using GAPDH loading
control. Included is a representative western blot. (B) Densitometry plots of normalised
Lamin B1 adjusted for using GAPDH loading control. Included is a representative western
blot. N=3. An unpaired t-test was performed however both results were not statistically
significant (NS). The NS P-values were 0.44 (A) and 0.14 (B).
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4.2.10 Reduced total YAP1 protein and reduce
observed in PARG i mMB2Biltoel i seated MDA
Ye®mssociated protein 1 (YARBL) at®ratthmaansesritpting
nucleus via the activation of the hippo signal/l
stiffness sensor and is involhvedadiepesndgnal i md
hi ppo p@buhparyt et APl 9Ypaillrally gets translocat
conditions, and we reasoned i f PDD induces cyto
translocation oVi ¥ARHLi s¥dPhywasmmunofl uorescent
area was definesdt &iyntaamrd DAlPd icrot egr ated density
measured. PDD reduced the median integrated den

88, 045 (Fi ®wrodé ed. HG@BRr. and averages of 3 indepen

shown and in each case the result is statistica
assessed via western blotting. There was a stat
potein | evels in the presence of PDD relative t

suggests that PARGI reduces nuclear YAP1, possi

total pgotein. DAPI YAP1 (594)

DMSO

0.3 uM PDD

Figure 4.16 PDD reduces MDA-MB-231 YAP1 nuclear localisation possibly due to
reduced total YAP1 protein levels. Legend overleaf.
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Figure 4.16 PDD reduces MDA-MB-231 YAPL1 nuclear localisation possibly due to
reduced total YAP1 protein levels. (A) Representative image of DMSO or PDD treated
cells with the DAPI and YAP1 594 channels. The nuclear area was selected using the
DAPI threshold and copied onto the 594 channel (B) DMSO or PDD treated cells nuclear
integrated density of the YAP1 594 signal. 100 cells per repeat. N=3. (C) Average
integrated density of YAP1 594 signal across each biological repeat. N=3. (D)
Densitometry plots of normalised YAP1 adjusted for using GAPDH loading control.
Included is a representative western blot. N=3. An unpaired t-test was performed to
assess for statistical significance. For pooled data the line represents the median. For
averages mean and SD are shown. Statistical testing was by Mann-Whitney for pooled
data and unpaired t test for average and western densitometry data. **** denotes p=
00.0001, *** denotes p= O 0.001, * denot
significance.
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4.2.11i RARGiI ti on reduces tHbateoMal &&ndtein |
Vi ment i n -chaudth enroitnnMB-2n3 IMDcAe | | s

PARP1 is involved in -M¥Qudhau ientg avlii.me n2t0iOn7 ;a nMlo sG o
201.4)The tankyrases PARyl ate Axin, prevelmting tF
cat gnMar i ot ti .etWealt.her2e0florrbe wanted to assess th
to alter the total protein -megebhsi oh mhe&ker mes &
a statistically siboafeochdMn L£reduwitmemt im @drodtadi |
t heespgence of PDD relative to-G)he IDIMSOx asbdms rriiom K f
are indicative of-cadhevenswas ahd\B2&clt EEbelld sin M
therefore establishing if changes i nofh&DtDot al
could not be determined (figure 4.17D). This su
the tested mesenchymal markers and that PARG ma
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Figure 4.17 PDD reduces the total protein levels of b-catenin, C-MYC and Vimentin
but not E-cadherin in MDA-MB-231 cells. Legend overleaf.
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Figure 4.17 PDD reduces the total protein levels of b-catenin, C-MYC and Vimentin
but not E-cadherin in MDA-MB-231 cells. (A) Densitometry plots of normalised b-
catenin adjusted for using GAPDH loading control. (B) Densitometry plots of normalised
C-MYC adjusted for using GAPDH loading control. (C) Densitometry plots of normalised
Vimentin adjusted for using GAPDH loading control. Representative western blots
included. (D) Representative western blot of E-Cadherin protein levels with an MCF7 blot
to confirm the antibody is working. N=3-5. An unpaired t-test was performed to assess for
statistical significance. *** denotes p-=

4.2.12 PARG inhibitAKh (dS47%3)nodar i Toptaaclt APKT p

PARG depletion has bee-AKTep8478)0 s$ogmnalklriemsg ei P
(Fauzee et al ., 2012ZheQef i eetwal wank€d2)o asse
the presence of a PARGIi . TherfKTwe(r$4 md) ,s ttadtiaslt iA

the rafAKd bd Pot al -MBEKZI3 wheceenl IMDAwer e treated with
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Figure 4.18. PARGI does not impact p-AKT or total AKT protein levels. (A)
Representative western blots for P/T-AKT densitometry and confirmation of P-AKT (S473)
antibody specificity using the P-AKT inhibitor LY294002. (B) Densitometry plots of
normalised P-AKT (S473) adjusted for using GAPDH loading control. (C) Densitometry
plots of normalised T-AKT adjusted for using GAPDH loading control. (D) Densitometry
plots of the ratio of P-AKT to T-AKT adjusted for using GAPDH loading control. N=3. An
unpaired t-test was performed to assess for statistical significance. NS denotes no
statistical significance. The NS P-vales were 0.6 (A), 0.43 (B) and 0.43 (C).

(figur-®) 4. T8Aconfirm t hReKTs p(edc7i3f)i cainttyi boofd yt haeg aR n s
phosphoryl ated epi-AKTpei,nhwebiusoed LIYIRO 4RW-BRTand a r
(S473) signal was observed (figure 4. 17VA). This

i mpact AKT (S473) phosphorylation in breast can
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4. 3 Discussion

I n this chapter, we aimed to expl emiegrtanteornye c han
phenotype. We presenimigvitenge etf h®&tcttshe farPtAiIRGI
changes and i sb-NMNs cduragbd temevitt .h Furt hertmor e, we al
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ot her . Establishing how other breast cancer cel
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The AD of PARP1 wildtype A19 cells was too | ow
Therefore, conclusions about the effects of the
deficient context cannot be made. PARGI11)H)O ( mous
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Chapter 5.0 Results: Evaluation of PARG Inhibitors on Global
Transcription in MDA-MB-231 cells

5.1 Introduction, aims and hypothesis

The PARP protein family has a wide range of mechanisms by which they alter transcription:
modulating chromatin structure ((Krishnakumar et al., 2008), functioning as transcription
factors themselves ((Akiyama et al., 2001; K. Huang et al., 2004), or impacting the
recruitment of transcription factors and other regulatory elements to DNA (Lin et al., 2011,
Simbulan-Rosenthal et al., 2003), as well as affecting post transcriptional processes such as
MRNA stability (Di Giammartino et al., 2013) and impacting RNA binding (Isabelle et al.,
2010; Jungmichel et al., 2013; Teloni & Altmeyer, 2016). However, the consequence of
PARG inhibition on global transcription has not been investigated. Here we investigate the
transcriptional changes induced by a non-cytotoxic dose (0.3 uM) of the PARG inhibitor
PDD00017273 (PARG:I) on the triple negative breast cancer cell line MDA-MB-231. This
model was chosen because extensive research regarding the PARP family has been
performed in breast cancer, including transcriptional profiling of PARPI treated and PARP
depleted MDA-MB-231 cells (Dutta et al., 2020; Parra, 2012). In addition PARG is highly
expressed in breast cancer where higher expression correlates with poorer survival
(Marques et al., 2019) and depletion/inhibition of PARG in breast cancer has shown
therapeutic promise in vitro and in vivo (Gravells et al., 2018; Marques et al., 2019), meaning
that any changes in gene expression seen might be of translational relevance or provide

insight into how PARGI may work therapeutically.
The hypothesis of this chapter are:

1. PARG inhibition will Impact global transcription
2. These identified differentially expressed genes will provide potential insight into

PARG function
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3. These identified differentially expressed genes will provide insights into potential

novel applications for PARGI 0s

The aim of this chapter are therefore as follows:

=

Identify differentially expressed genes

2. Interrogate the differentially expressed genes for functional enrichment with a range
of bioinformatic approaches

3. Highlight the top differentially expressed genes in terms of fold change and

statistically significance and explore their function and significance on breast cancer

prognosis

4. Relate these results to known PARG function and consequences of inhibition

Figure 5.1 depicts the workflow of this chapter. Chapter 5.2.2 discusses the rational for using

different pathways of analysis.

Bioinformatics Analysis

Functional Enrichment Analysis of all DEG's:

MDA-MB-231 Cells Seeded
Drugged after 4 Hours

8 C ~ C; CA) Harvested after 18 Hours R:ClusterProfiler Panthes
Gene Ontology .
’ Gene Ontology Gene 0: e GO Slim Over
Enrichment KEGG Pathway Representation
\_] ;] 1 (RNA Purification J enrichGO et

gseGO
+

KEGG Pathway
Enrichment

enrichKEGG

E\ffymetrix Microarray ]

B-

Transcriptome Analysis Console

TAC
Differential Expression Analysis
=R Fold Change >1.5/<-1.5, P-Value <0.05
r

gseKEGG

Top 20 +FC,-FC
and Statistically
Significant DEG's

Literature Review

KM Plots
gPCR
Western Blot

Figure 5.1. Summary of workflow investigating PARGI induced changes in global

Transcription. Legend overleaf.
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Figure 5.1 Summary of work flow investigating PARGI induced changes in global
Transcription. MDA-MB-231 cells were seeded and drugged as per the migration protocol.
The RNA was purified and submitted for Affymetrix microarray analysis and was performed
by Paul Heath. Differentially expressed genes were identified using the transcriptome
analysis console with a fold change threshold of -/ + 1. 5 and p=00. 05 (-
produced 139 genes that were interrogated for bioinformatics analysis. The R package
cluster profiler was used to performed gene ontology enrichment using the enrichGO and
gseGO functions and KEGG pathway enrichment using the enrichKEGG and gseKEGG
functions (Yu, et al. 2012, Wu, et al. 2021). The gene list was also inputted into DAVID and
the gene ontologies of biological processes was investigated, as was enriched KEGG
pathways (Huang, et al. 2009, Sherman, et al. 2022). A gene ontology slim over
representation test was also performed in panther (Mi, et al. 2019, Thomas, et al. 2022).
Additionally, a review of the functions of the top 20 differentially expressed genes in terms
of -/+ fold change and statistical significance was performed. These same genes were also
assessed for their expression levels prognostication on breast cancer (Lanczky & Gyorffy,
2021) and a sub population of them were validated by gPCR and western blot.

5.2 Results

5.2.1 Microarray Quality Controls

Following extraction of RNA, quality controls, RNA integrity analysis and the Affymetrix

microarray were all performed in house by Dr Paul Heath. Figure 5.2 shows the microarray

labelling controls (figure 5.2A), hybridization controls (figure 5.2B) and the positive versus

negative area under the curve (figure 5.2C). In every instance, each condition within each

biological condition passed quality control. The principal component analysis (PCA) is

depicted in figure 5.2D. There is greater variation amongst the PDD biological repeats

versus DMSO along the PCA axisod, suggesting gre

transcriptomic data.
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Figure 5.2. Microarray Quality Controls of each biological repeat within each
condition. (A) Labelling Controls (B) Hybridization controls (C) Positive vs Negative Area

under the curve (D) PCA of DMSO and PDD treatment conditions for each biological
repeat.

180



5.2.2 ldentification of Differentially Expressed Genes

Differentially expressed genes (DEGSs) were identified using the Transcriptome Analysis
console (TAC) version 4.0.1. In brief, following the treatment of MDA-MB-231 cells, RNA
was purified and submitted for Affymetrix Microarray analysis. The resulting
Clarion_S_Human .CEL files were imported into TAC. A p-value of less than 0.05 and fold
change greater than 1.5 or less than -1.5 was used as a cut off for significance (figure 5.3).

These criteria produced a gene list consisting of 139 genes (Figure 5.4).

PARGi vs DMSO DEG's

o
O 3=
o b
o) #
_ll . . '-' :'
£ R S
S 3 b
o 1=
0 1 | | LA | | || | |
-4 -3 -2 -11 2 3 4

Fold Change

Figure 5.3 Treatment with PARG inhibitor results in 139 statistically significant
differentially expressed genes (DEG). i log10 p-value of 1.3(p-v al ue 0O0-+0.5)
fold change threshold allowing for visualisation of all 139 differentially expressed genes
amongst all genes probed for in the microarray (21448).
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Figure 5.4 Differentially expressed genes directionality is consistent across

biological repeats. These are the 139 differentially expressed genes, rank ordered by p-

value (ebayes method). The axis depicts the relative log2 fluorescent signal of
differentially expressed genes in PDD treatment conditions adjusted with the respective
biological repeats DMSO signal (DMSO/PDD signal). Red denotes downregulation and

blue denotes upregulation.
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5.2.3 Functional Enrichment using Cluster Profiler

Having identified the DEGO6s, Gene Ontology Enri
pathway enrichment analysis (KPEA) were both used to explore functional enrichment. Gene

ontology is a hierarchy of classification based on the ascribed biological processes (BP),

Molecular Functions (MF) and Cellular components (CC) the genes have been implicated in.

Each hierarchy is split into levels and the higher the level, the greater degree of specificity

there is within that ontological domain. Kyoto Encyclopaedia of Genes and Genomes

(KEGG) is a collection of databases used to explore largescale datasets and is useful for

pathway visualisation. Both GOEA and KPEA within the Clusterprofiler package have two

means of assessing enrichment: Gene set enrichment (GSE) and enrichment. GSE allows

f or greater sensitivity as it factors fold chan
if only a small number of genes in a particular pathway are altered if the fold change of each

is altered drastically this could have a significant biological effect. Enrichment simply factors

in the ontological term/KEGG pathway and whether it is overrepresented versus the

background gene list. Consequently, these yield different outputs, and the results of both will

be depicted for each type of enrichment analysis. Additional enrichment tests were

performed, namely DAVID and PANTHER, as each uses different databases, with different

gene annotations, along with different background lists and thresholds for significance. This

provides greater confidence in reliably observed hits and allows for wider insight into

enriched terms.

5.2.3.1 Enriched Gene ontology Terms

The Entrez | D6s of the 139 DEGs were imported (
enrichment was performed using the Clusterprofiler enrichGO function. This retrieved 266
biological processes that were statistically enriched following PARGi. The top 20 were rank

ordered by p-value (Figure 5.5A). The genes count ranged from 1-4.
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I T 1
0 5 10

Gene Count

Figure 5.5 Statistically significant biological processes (<0.05 P-value) retrieved by
the enrichGO function in the R package Clusterprofiler. (A) Top 20 Rank ordered by
p-value (B) Top 20 Rank ordered by gene count

A broad range of biological processes were retrieved and are summarised in figure 5.5. Of

note with respect to migration is the positive regulation of protein polymerization and positive

regulation of cytoskeleton organization.

The top 20 biological processes were also rank ordered based on gene count (Figure 5.5B).

In this case the gene counts ranged from 7-9. A broad range of biological processes were

retrieved and are summarised in figure 5.5. Of note with respect to migration include:
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organelle organization, regulation of cytoskeleton organization, mitochondrion organization,
actin filament organization, regulation of actin filament-based process and regulation of actin

cytoskeleton organization.

5.2.3.2 Gene set enrichment of Gene Ontology Terms

The Entrez | Db6s widhdnges dithe 139sD&@soweera imporded iht@R amd
gene ontology (GO) gene set enrichment was performed using the Clusterprofiler gseGO
function (figure 5.6). Only 6 biological processes were statistically significant so statistically
significant hits in terms of molecular function and cellular compartment were also included.
This produced 11 terms which were rank ordered by p-value (Figure 5.6). The enrichment
scores ranged from -0.88 to 0.70. Semantically similar hits have been omitted. The enriched
terms were endosome/late endosome, regulation of cellular catabolic process, zinc ion
binding, enzyme binding, cellular biosynthetic process, transition metal ion binding,

anatomical structure homeostasis and catabolic process.

gseGO BP/MF/CC PARGI
Rank Ordered by P-Value

endosome (CC)H

late endosome (CC)H

regulation of catabolic process (BP)—
regulation of cellular catabolic process(BP)—
zinc ion binding (MF)—

cellular catabolic process (BP)—
enzyme binding (MF)—

cellular biosynthetic process (BP)-
transition metal ion binding (MF)—
anatomical structure homeostasis (BP)—
catabolic process (BP)-

T I T 1
-1.0 -0.5 0.0 0.5 1.0

Enrichment Score
Figure 5.6 All Statistically significant biological processes (BP), molecular functions
(MF), and cellular compartments (CC) (<0.05 P-value) retrieved by the gseGO
function in the R package Clusterprofiler rank ordered by p-value.
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5.2.3.3 KEGG Pathway Enrichment Analysis

TheEntrez | D6s with the associated fold changes

KEGG Pathway enrichment was performed using the Clusterprofiler enrichKEGG function.
The gene counts ranged from 27 6 (figure 5.7). The statistically significant KEGG pathways
included hepatitis B, bile secretion, carbohydrate digestion and absorption, measles,
aldosterone-regulated sodium reabsorption, ABC transporters, type Il diabetes mellitus,

chemokine signalling pathway and leukocyte transendothelial migration (figure 5.7).

enrichKEGG PARGI
Rank Ordered by P-Value

Hepatitis B

Bile secretion

Carbohydrate digestion and absorption
Measles

Aldosterone-regulated sodium reabsorption
ABC transporters

Type Il diabetes mellitus

Chemokine signaling pathway

Leukocyte transendothelial migration

Gene Count

Figure 5.7 All Statistically significant KEGG pathways (<0.05 P-value) retrieved by
the enrichKEGG function in the R package Clusterprofiler rank ordered by p-value.
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5.2.3.4 Gene Set enrichment of KEGG Pathways

The Entrez | Db6bs with the associated fold change
KEGG Pathway enrichment was performed using the Clusterprofiler gseKEGG function. The

only retrieved term with an enrichment score of -0.72 was hepatitis C (figure 5.8).

gseKEGG PARGI Rank Ordered by P-Value

Hepatitis C

T 1
-1.0 -0.5 0.0

Enrichment Score

Figure 5.8 Statistically significant KEGG pathways (<0.05 P-value) retrieved by the
gseKEGG function in the R package Clusterprofiler.

5.2.4 Functional Enrichment using DAVID

The official gene symbols without the associated fold changes of the 139 DEGs were
imported into DAVID i The database for annotation, visualization, and integrated discovery
to assess for functional annotation (D. W. Huang et al., 2009; Sherman et al., 2022). DAVID
recognised 126 of the DEG. The database regarding the gene ontologies related to
biological processes was only able to retrieve annotations for 104 of those 139 genes. The
Threshold settings of count 2 and EASE 0.2 were used and it retrieved 23 significant
biological processes (figure 5.9A). The gene counts ranged from 2 - 11. A range of biological
processes were retrieved. With respect to migration, these included regulation of cell shape,

positive regulation of GTPase activity, regulation of actin cytoskeleton reorganization, actin
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filament organization and regulation of actin filament polymerization. Encouragingly, several
PARG associated signalling pathways were included i.e. positive regulation of PI3K, cellular

response to tumour necrosis factor and positive regulation of Wnt signalling pathway.
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ri/omrearrés UCtIO
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podifve regiTmtich 21 PhELRIFAt yimo r\e%sﬁg EP"‘O‘; ¢ gt
? |[ nPn r amzaa‘lon
ILLJJ tion of actin filamen erization
1 1

f
{eq al response ta/? Mor hecrosis factor
positive regu Ation of smga ing pathwayr

Gene Count

DAVID KEGG PARGI
Rank ordered by P-Value

Hepatitis B
Bile secretion
Carbohydrate digestion and absorption
Measles
Epstein-Barr virus infection
Human T-cell leukemia virus 1 infection
Leukocyte transendothelial migration
Osteoclast differentiation
I T
0

Gene Count

Figure 5.9 DAVID Functional Enrichment. (A) Statistically significant biological
processes (<0.05 P-value) retrieved by DAVID rank ordered by p-value (B)

Statistically significant KEGG pathways retrieved DAVID KEGG pathway analysis
(<0.05 P-value).
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KEGG pathway analysis was also performed in DAVID. The gene count ranged from 3 -6.
Figure 5.9 rank orders the enriched KEGG pathways by p-value. The pathways retrieved
included hepaititis B, bile secretion, carbohydrate and absorption, measles, Epstein-barr
virus infection, human T-cell leukaemia virus 1 infection, leukocyte transendothelial migration

and osteoclast differentiation (figure 5.9).

5.2.5 Functional Enrichment using PANTHER

The official gene symbols without the associated fold changes of the 139 DEGs were
imported into PANTHER 1 Protein analysis through evolutionary relationships (Mi et al.,
2016; Thomas & Mushayahama, 2022). To reduce the number of annotations that were
semantically similar, a statistical over representation test was performed using the
PANTHER GO slim biological processes. Of the 139 genes, PANTHER was able to perform
the analysis on 125. There were 50 statistically significant results retrieved. The top 20
biological processes retrieved were rank ordered by p-value (Figure 5.10A). The gene
counts ranged from 1-5. A wide range of biological processes were retrieved (figure 5.10A).
Migration relevant terms include: regulation DNA metabolic process, positive regulation
GTPase activity, cell-cell adhesion, positive regulation of cytokine production. The top 20
biological processes rank ordered by gene count (range 2-5) were also listed (figure 5.10B).

The migration relevant terms from 5.10B overlapped with the relevant terms in figure 5.10A.
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Figure 5.10 Panther Biological Process Gene Ontology Slim Over representation
test. (A) Top 20 statistically significant (<0.05 P-value) GO slim biological processes
retrieved by PANTHER rank ordered by p-value (B)Top 20 statistically significant (<0.05
P-value) GO slim biological processes retrieved by PANTHER rank ordered by gene
count.
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5.2.6 Exploring the most significant differentially expressed genes by fold
change or statistical significance

The bioinformatics approach deployed so far determines the ontologies and pathways which
are statistically enriched. Whilst useful, particularly with large data sets, it doesn't necessarily

capture the potential nuance of biology. A term/pathway may not be enriched but a single gene in a

pathway in a particular biological context can still exert a notable effect. For example, PARG deletion/inhibition is
linked to phenotypic changes in mitosis and while mitotic related processes were not enriched in our analysis,

there were some DEGs in the list that are associated with mitosis, and these may be relevantto understanding of

PAR biology and PARG inhibition in the context of mitosis. Therefore, expression of individual DEGs
was considered. The top 20 DEGs were determined both by fold change and by statistical
significance, producing a list of 50 distinct genes, with 25 being upregulated and 25 being

downregulated (figure 5.11).

Top 20 Top 20 Top 20
Downregulated Statistically Upregulated
Significant

CC2D1B ALS2CR11
CORO1A CD209 ANKEF11
E2F1 CNTLN APOBEC3A
KLHL18 EPSTU1 CcCL24
LAPTM4A [ ADK KCNK16 HNRNPCL1
ORA4F3 C2orf15 LOC10246 LARGE
PARP15 C190rf45 | 7081 LCN8
PNPLA2 FAM45A LINC01359
POLR2J4 | FBRsL1 |NADSYN1 MDM1
PRKAR1TA | sLC38A9 NR2F1
RHBDL1 PARK2
TJAP1 TCEAL5 SLC10A1
ZNF653 TMEM53 SSMEM1
ZSWIM3 TAS2R13
TERT

ZBED9

Figure 5.11 Top 20 differentially expressed genes by -/+ 1.5 fold change and
statistical significance. Highlights which group each gene belongs to and equates to 50
genes total.
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PARG inhibition downregulated expression of genes involved in nuclear envelope repair,

transport, proteolysis, metabolism, RNA/DNA/protein binding, transcription, actin regulation,

centrosome cohesion and cancer associated pathway modulation. In depth details on each

gene are provided in figure 5.12A/B. In contrast, PARG inhibition upregulated genes
involved in cilliogenesis, cell protrusion, lipid transfer, apoptosis, transport, proteolysis,
cytidine deamination, receptors, microtubule stabilization, nucleosome assembly, fertility,
telomeres, chemotaxis, polarization, metabolism, differentiation, transcription, and the
modulation of cancer associated pathways. In depths details on each gene are provided in

figure 5.12C/D.
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Gene Name |Fold Change P-Value Gene Information
CC2D1B 297 0.0067 Nuclear Envelope_ Rupture a_nd_ repair
during cancer cell migration, mitotic NE, TF
Lysosomal amino acid transporter,
SLC38A9 -2.27 0.0012 upstream of MTORC1
TJAP1 -2.19 0.0403 Golgi Regulation and Cellular tight junctions
RHBDL1 -2.04 0.0414 Proteolysis, EFGR pathway?
OR4F3 -2.01 0.0117 Olfactory Receptor
PNPLA2 201 0.0336 Trlglycerld_e Hydrc_;ly5|s, pro BRCA
microenvironment
FBRSL1 -2 0.0023 RNA Binding
FAM45A -1.99 0.003 Endocytic pathway Homeostasis
E3 Ligase — mitotic progression and
KLHL18 -1.98 0.0058 cytokinesis
C190rf45 -1.96 0.0018 Testis Associated
ZSWIM3 -1.96 0.0149 DNA Binding and Protein Interactions
cAMP-dependant protein kinase regulation
PRKAR1A -1.93 0.046 — MAK, PI3K/AKT, JAK/STAT, Whnt beta-
catenin
C2o0rf15 -1.85 0.0011 Protein and RNA Binding
E2F1 -1.82 0.0219 Multifunctional Transcription Factor
Mono-ADP-Ribosylator, negatively
PARP15 -1.81 0.0347 regulates transcription
ZNF653 -1.8 0.0348 Transcriptional Repressor
CORO1A -1.75 0.03 Actin and Locomotion
POLR2J4 -1.75 0.0267 Pseudogene
LAPTM4A -1.74 0.0409 Nucleoside Transportation
ADK -1.73 0.0024 ATP dependant AMP Biosynthesis
TMEMS53 166 0.002 Part ofa TumourFE‘;L:EEIJ;essorIOncogene
Centrosome cohesion and CEP68
CNTLN -1.6 0.0008 recruitment
SLC2A2 -1.53 0.0012 Glucose Transporter
NADSYN1 153 0.0037 Final Step of NAD+ de novo synthesis
pathway
LOC102467081 -1.52 0.0013 LncRNA

Figure 5.12 Top hits are involved in a wide array of biological processes. Legend
overleaf plus three.
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B Gene Name Fold Change P-Value Gene Information
Centrosome cohesion
CNTLN -16 0.0008 and CEP68 recruitment
C2orf15 1.85 0.0011 Protein and RNA
Binding
Lysosomal amino acid
SLC38A9 -2.27 0.0012 transporter, upstream
of MTORC1
SLC2A2 -1.53 0.0012 Glucose Transporter
LOC102467081 -1.52 0.0013 LncRNA
C19orf45 -1.96 0.0018 Testis Associated
Part of a Tumour
TMEMS3 -1.66 0.002 Suppressor/Oncogene
Family
FBRSL1 -2 0.0023 RNA Binding
ATP dependant AMP
ADK -1.73 0.0024 Biosynthesis
Endocytic pathway
FAM45A -1.99 0.003 Homeostasis
Final Step of NAD+ de
NADSYN1 -1.63 0.0037 novo synthesis
pathway
E3 Ligase — mitotic
KLHL18 -1.98 0.0058 progression and
cytokinesis
Nuclear Envelope
Rupture and repair
CC2D1B -2.27 0.0067 during cancer cell
migration, mitotic NE,
TF
OR4F3 -2.01 0.0117 Olfactory Receptor
DNA Binding and
ZSWIM3 -1.96 0.0149 Protein Interactions
Multifunctional
E2F1 -1.82 0.0219 Transcription Factor
POLR2J4 -1.75 0.0267 Pseudogene
CORO1A -1.75 0.03 Actin and Locomotion
Triglyceride Hydrolysis,
PNPLA2 -2.01 0.0336 pro BRCA
microenvironment
Mono-ADP-
PARP15 -1.81 0.0347 Ribosylator, negatively
regulates transcription
Transcriptional
ZNF653 -1.8 0.0348 Repressor
Golgi Regulation and
TJAP1 -2.19 0.0403 Cellular tight junctions
Nucleoside
LAPTM4A -1.74 0.0409 Transportation
Proteolysis, EFGR
RHBDL1 -2.04 0.0414 pathway?
cAMP-dependant
protein kinase
PRKAR1A -1.93 0.046 regulation — MAK,
PI3K/AKT, JAK/STAT,
Whnt beta-catenin

Figure 5.12 Top hits are involved in a wide array of biological processes. Legend

overleaf plus two.
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Gene Name Fold Change P-Value Gene Information
CC2D2A 208 0.0003 Ciligoenesis and Sonic
Hedgehog signalling
Protocadherin-mediated cell
ANKEF1 1.91 0.0189 protrusion and adhesion
(Xenopus laevis)
Lipid transfer, may be
TNFAIP8L3 1.88 0.0027 involved in PI3K-AKT and
MEK-ERK Pathways
PPP1R1C 1.87 0.003 Phosphatase inhibitor of PP1
Sodium dependant transport
SLC10A1 1.85 0.0454 channel
NR2F1 1.81 0.0069 Transcription Factor
E3 Ligase that binds to many
PARK2 1.81 0.0416 substrates (actin, beta-
catenin, hsp70)
APOBEC3A 1.8 0.013 Cytidine deaminase, anti-
viral, genomic instability
LCN8 1.73 0.0105 Retinoid Carrier
LINC01359 1.73 0.0075 INcCRNA
Microtubule stabalising
MDM1 173 0.0397 Binding protein that
negatively regulates centriole
duplication
TAS2R13 1.71 0.0125 Gustatory Receptor
ALS2CR11 169 0.0221 Amytrophic La;eral Sclerosis
HNRNPCL1 1.69 0.0205 Nucleosome Assembly
SSMEM1 1.68 0.0156 Fertility
TERT 1.68 0.0291 Telomeres
ZBED9 1.67 0.0164 NSCLC Oncogene
Chemotactic (migration, ERK,
CCL24 1.66 0.0071 Cell Shape, Angio)
Supressses Nf kb, Migration,
PBLD 1.66 0.0008 EMT, SMAD
Biosynthesis of
LARGE 165 0.0075 | Phosphorylated O-mannosyl
trisaccharide important for
DAG1 — interesting functions
TCEAL5 162 0.0035 | Jranscriptional Regulation,
family implicated in cancer
KCNK16 1.53 0.0022 Potassium Channel
CD209 152 0.0013 Pathogen Recognition
Receptor
EPSTH 1.51 0.0009 Macrophage Polarization
Spermatogenesis and
SPATA31A6 1.5 0.002 Differentiation

Figure 5.12 Top hits are involved in a wide array of biological processes. Legend
overleaf plus one.
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Gene Name Fold Change P-Value Gene Information
CC2D2A 2.08 0.0003 Ciligoenesis and Sonic
Hedgehog signalling
Supressses Nfkb, Migration,
PBLD 1.66 0.0008 EMT. SMAD
EPSTI1 1.51 0.0009 Macrophage Polarization
CD209 152 0.0013 Pathogen Recognition
Receptor
Spermatogenesis and
SPATA31A6 1.5 0.002 Differentiation
KCNK16 1.53 0.0022 Potassium Channel
Lipid transfer, may be involved
TNFAIP8L3 1.88 0.0027 in PI3K-AKT and MEK-ERK
Pathways
Phosphatase, may increase
PPPIR1C 187 0.003 TNF-induced apoptosis
TCEAL5 162 0.0035 Transcriptional Regulation,
family implicated in cancer
NR2F1 1.81 0.0069 Transcription Factor
Chemotactic (migration, ERK,
CCL24 1.66 0.0071 Cell Shape. Angio)
LINC01359 1.73 0.0075 IncRNA
Biosynthesis of phosphorylated
O-mannosyl trisaccharide
LARGE 1.65 0.0075 important for DAG1 —
interesting functions
LCN8 1.73 0.0105 Retinoid Carrier
TAS2R13 1.71 0.0125 Gustatory Receptor
APOBEC3A 18 0.013 Cytidine deamlnase, _a\_ntl-wral,
genomic instability
SSMEM1 1.68 0.0156 Fertility
ZBED9 1.67 0.0164 NSCLC Oncogene
Protocadherin-mediated cell
ANKEF1 1.91 0.0189 protrusion and adhesion
(Xenopus laevis)
HNRNPCL1 1.69 0.0205 Nucleosome Assembly
ALS2CR11 1.69 0.0221 Amytrophic Lateral Sclerosis 2
TERT 1.68 0.0291 Telomeres
Microtubule stabalising Binding
MDM1 1.73 0.0397 protein that negatively
regulates centriole duplication
E3 Ligase that binds to many
PARK2 1.81 0.0416 substrates (actin, beta-catenin,
hsp70)
Sodium dependant transport
SLC10A1 1.85 0.0454 channel

Figure 5.12 Top hits are involved in a wide array of biological processes. Legend
overleaf.
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Figure 5.12 Top hits are involved in a wide array of biological processes. Genes are
compiled from figure 5.11 and includes information relating to their reported function/role.
(A) Top downregulated genes rank ordered by negative fold change. (B) Top
downregulated genes rank ordered by statistical significance. (C) Top upregulated genes
rank ordered by positive fold change. (D) Top upregulated genes rank ordered by
statistical significance.

5.2.7 Relating DEG to breast cancer prognosis

PARG expression is altered in some cancers, however, the effects of high or low expression
and its association with tumorigenesis or prognosis varies amongst cancers. In breast
cancer, elevated PARG expression is associated with poorer prognosis and has oncogenic
or pro-tumour effects (Marques et al., 2019). Here wanted to test whether any of the genes
differentially expressed following treatment with PARGI, were associated with overall survival
outcome in breast cancer. The rational was that if high expression of a particular gene in
breast cancer is associated with worse prognosis and PARGiI downregulates that same
gene, then some weight can be added to the argument that PARGi could be of therapeutic
value. Likewise, the opposite could be argued that low expression of a gene being
associated with worse prognosis in combination with PARGiI causing up regulation of that

gene would support potential theraputic use.

The 50 differentially expressed genes were imported into KMplotter using the standard
settings and the RNA-Seq breast cancer data set (Lanczky & Gyorffy, 2021). Of the 25
genes whose expression was downregulated by PARGI, high expression of 7 were
associated with poor surivival - RHDBL1, ZSWIM3, E2F1, POLR2J4, LAPTM4A, ADK,

TMEMS53, SLC2A2 and NADSYNL1 (figure 5.13).
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High/Low Expression Directionality|Potential
associated with poor following Biomarker for

|Gene Name rognosis PARGi PARGi
CC2D1B Low Down No
SLC38A9 Not SS Down Not SS
TJAP1 Low Down No
RHBDLA1 High Down Yes
OR4F3 N/A Down N/A
PNPLA2 Not SS Down Not SS
FBRSL1 Low Down No
FAM45A N/A Down N/A
KLHL18 Low Down No
C190rf45 N/A Down N/A
ZSWIM3 High Down Yes
PRKAR1A Not SS Down No
C2orf15 Low Down No
E2F1 High Down Yes
PARP15 Low Down No
ZNF653 Not SS Down Not SS
CORO1A Not SS Down Not SS
POLR2J4 High Down Yes
LAPTM4A High Down Yes
ADK High Down Yes
TMEM53 High Down Yes
CNTLN Low Down No
SLC2A2 High Down Yes
NADSYN1 High Down Yes
LOC102467081 N/A Down N/A

Figure 5.13. Summary of Kmplot results derived from Lanczky & Gyorffy, (2021)
using RNA-Seq data in breast cancer with downregulated differentially expressed
genes. Legend overleaf plus one.
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Figure 5.13 Summary of Kmplot results derived from Lanczky & Gyorffy, (2021)
using RNA-Seq data in breast cancer with downregulated differentially expressed
genes. Legend overleaf.
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Figure 5.13 Summary of Kmplot results derived from Lanczky & Gyorffy, (2021)
using RNA-Seq data in breast cancer with downregulated differentially expressed
genes. Kmplots included. No indicates the genes directionality observed in the
microarray does not correspond to a more favourable prognosis. Yes indicates the
genes directionality observed in the microarray does correspond to a more favourable
prognosis. Not SS indicates that high or low expression did not statistically correlate
with survival. N/A indicates the gene was not in the database so a Kmplot could not be
produced.
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