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Abstract

Upon sensing DNA damage, PARP1/2 are recruited to lesions where they ADP-ribosylate
themselves and other proteins at sites of damage, including histones, thus promoting, and
directing DNA repair. Loss of catalytic activity of PARP1 causes its prolonged retention, or
‘trapping’, at sites of DNA breaks, which can exacerbate existing damage. This is exploited
therapeutically in cancers with deficiencies in DNA repair pathways, in which catalytic
inhibition of PARPL1 causes synthetic lethality. Recent years have seen an increase in studies
investigating the mechanism of action of these drugs, PARP inhibitors, with sometimes

contradicting findings.

HPF1, an essential PARP1/2 co-factor, discovered more than 50 years after PARP1, forms a
complex with PARP1/2 at sites of DNA damage and switches ADP-ribosylation to target
serine residues on histones and many other DNA damage associated proteins. While this
function of HPF1 has been studied and shown to be important for DNA repair and to reduce
PARP inhibitor sensitivity, HPF1 also restricts ADP-ribose chain elongation. This function
has not been as extensively studied, and its role in regulating PARP1 release and DNA repair
is yet not well understood. Therefore, | created cell lines that allow inducible expression of
wild-type or catalytically impaired versions of both HPF1 and PARPL, to allow better study
of the structure/function relationships of these proteins, including the investigation of the roles
of mono- vs poly-ADP-ribosylation in the DNA damage response and cellular survival. Using
these mutants, | demonstrate that mono-ADP-ribosylation, and not only poly-ADP-

ribosylation, is important for the release of PARP1 from sites of DNA damage.

In this work, I also demonstrate that the release of catalytic PARP1 mutants is promoted by a
novel PARP1-selective inhibitor, which adds to a growing field of research into how these

drugs work. Finally, by using a catalytic PARP1 mutant, and this novel, PARP1-selective



inhibitor, 1 am able to provide new insights into the relationship between PARP1 and PARP2

at sites of DNA damage.
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1. Introduction

Post-translational modification (PTMs), the attachment of covalent modifications to proteins,
greatly enhances the functional output and complexity of the cellular proteome, influencing
gene transcription, protein conformation, localisation, activity, stability, and function. The
majority of PTMs are reversible, and their addition and removal are regulated by various
enzymes. PTMs include modifications through small chemical groups such as acetylation,
phosphorylation, or methylation, as well as redox modifications, whereby the chemical
properties of an amino acid are altered, as well as the covalent linkage of another protein to a
target, such as during ubiquitination or SUMOQylation. Dysregulation of PTMs is a cause and
consequence of a multitude of pathologies, including aging, cancer, neurodegenerative
diseases, immune diseases and metabolic disorders (Zhong et al., 2023). Thus, gaining a
deeper understanding of how PTMs influence healthy physiology and disease has been a

crucial research focus since their discovery.

1.1 ADP-ribosylation

ADP-ribosylation was first discovered as a PTM in the 1960s, as a polymer made up of
adenosine diphosphate ribose, derived from nicotinamide adenine dinucleotide (NAD™)
(Chambon et al., 1963, Chambon et al., 1966). Today, it is known that ADP-ribosylation is
widespread in all kingdoms of life, including prokaryotes and all six major eukaryotic
supergroups, likely due to the ubiquitous and reactive nature of the donor molecule NAD*

(Suskiewicz et al., 2023).

1.1.1 Structure and Significance

During ADP-ribosylation, “writers” transfer a single, or multiple units of ADP-ribose from
nicotinamide adenine dinucleotide (NAD™) onto specific amino acid residues of substrate

proteins or nucleic acids, releasing nicotinamide as a by-product.
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The adenosine-distal ribose of ADP-ribose units are attached to the acceptor amino acid of a
target protein (Asp, Glu, Ser, Tyr, Arg, His, Thr or Cys) through an O-, N- and S-glycosidic
bond, to the 2’-hydroxyl of the adenosine-proximal ribose of the preceding ADP-ribose unit
during elongation, or to the distal ribose of another ADP-ribose unit during branching through
formation of a glycosidic bond (Figure 1.1). In vitro, these ADP-ribose chains may include up
to 200 ADPr units, encompassing diverse morphologies and branching points (Alvarez-
Gonzalez & Jacobson, 1987). 5°- or 3’ terminal phosphates of a single- or double-stranded
break of DNA or RNA can also serve as targets for the attachment of ADP-ribose

(Groslambert et al., 2021; Munnur et al., 2019).

ADP-ribosylation influences cellular function in many ways, including signal transduction by
providing a scaffold for the recruitment and binding of ADP-ribose binding proteins
(“readers”) and modification of the biochemical properties of a target protein by affecting its
catalytic activity or its charge profile. In prokaryotes, ADP-ribosylation was first discovered
as a method of warfare, with cholera and diphteria toxins killing host cells by ADP-
ribosylating essential cellular proteins (Honjo et al., 1968). ADP-ribosylation has since been
shown to be involved in the cellular stress response, microbial metabolism, transcription,
cellular proliferation and differentiation, apoptosis, inflammation, viral infection and the
maintenance of genome integrity (Cohen & Chang, 2018; Crawford et al., 2021; Mikol¢evié¢
et al., 2021; Palazzo et al., 2019; Perina et al., 2014; H. Wei & Yu, 2016). As such,
homeostasis of ADP-ribosylation is tightly regulated by “writers”, the enzymes catalysing
ADP-ribosylation, “readers”, proteins containing ADP-ribose binding domains important for
signal transduction, and “erasers”, which modify or remove ADP-ribosylation. The
dysregulation of this PTM is associated with several diseases, including neurodegeneration
and cancer, and as such, it has increasingly become a therapeutic target, particularly for

cancer.

16



NAD*
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Figure 1.1: Molecular structure of ADP-ribosylation. NAD" serves as a substrate for
ADP-ribose writers to attach single or multiple units of ADP-ribose onto a target protein

(or nucleic acid). ADP-ribose chain extension can occur in a linear or branched fashion.

1.1.2 Writers of ADP-ribosylation

The majority of writers of ADP-ribosylation, and the best studied, are part of the ADP-
ribosyltransferase (ART) superfamily, which are further divided into three clades based on the
amino acid composition of their active sites (clade I: H-Y-[EDQ)], clade II: R-[ST]-E, clade
I11: H-H-h) (Luscher et al., 2021). The majority of clade | eukaryotic ART enzymes are

referred to as ARTDs (diphteria-like) and are intracellular, while eukaryotic clade 1l ART
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enzymes that are secreted are designated ARTCs (cholera-like) (Lischer et al., 2021). The

intracellular ARTD branch of the family comprises 17 members in humans, consisting of

PARPs (poly(ADP-ribose)-polymerases), and tankyrase 1 and 2 (TNKS1/2, or PARP5a/b).
Despite their name, only the founding member PARP1, and its close homologue PARP2, as
well as TNKS1/2, are capable of producing poly-ADP-ribose (PAR) chains, with all others
only capable of catalysing mono-ADP-ribose (MAR), or are catalytically inactive (Lischer et
al., 2021; Vyas et al., 2014). Due to this inconsistency, it was recently suggested that
“PARPs” be used as a name in its own right, rather than as an abbreviation (Lscher et al.,
2021). All ARTs share a common core “split f sheet”, comprising two three-stranded
antiparallel B sheets and two a-helical regions, with the NAD™ binding pocket located
between the two B sheets (Suskiewicz et al., 2023). All 17 PARP family members share a C-
terminal (with the exception of PARP4) PARP-typical ART domain, with otherwise variable

domain composition (Figure 1.2).

Eukaryotic ARTD, or PARP, family members are classified into 6 clades. Clade 1, or the
PARP1 clade, in humans contains PARP1, PARP2 and PARP3, and is defined by the
presence of a WGR domain and their involvement in DNA repair (Perina et al., 2014). Clade
2 consists of plant PARPs and Clade 3 is heterogeneous and in humans consists of PARP7
and PARP9-15. Clade 4 is made up of tankyrases (TNKS1/2, or PARP5a/b), which contain
ankyrin repeats, Clade 5 contains PARP4 and homologues that share characteristics of vault
proteins (vault PARPs), and Clade 6 is made up of human PARP6, PARP8 and PARP16, all
of which have MARylation activity (Perina et al., 2014). The structure and activation of
PARP1 and PARP2, which will be the main focus of this study, will be discussed in the
following sections. Other proposed writers of ADP-ribosylation include sirtuins, originally
discovered in yeast, which primarily function as NAD*-dependent deacetylases and epigenetic

silencers. Some bacterial and fungal sirtuins act as pathogens, with ADP-ribosylation as their

18



primary function, with evidence for some secondary ADP-ribosylating activity in some

human sirtuins (SIRT4, SIRT6 and SIRT7) (Suskiewicz et al., 2023).

Human PARPs 500 aa
100 aa CAT
PARP1 — [zm f zn2 | zn3 JefBReTl={ wer }{ WD [  ART |
CAT
Clade 1| PARP2 me={ weR |{ HD | ART |
CAT
PARP3 =4 weR |+ HD | ART |
CAT ITIHL
Clade 5| paRP4 [BreTl={werl wo | ART  f={ vt [ wa |
cCCH
PARP7
PARP9
PARP10 RRM|RRM |RRM| o (AT |

PARP11

Clade 3
PARP12

PARP13

PARP14 |RRM [=={RRM| RRM |

PARP15

TNKS1/PARP5A

Clade 4

TNKS2/PARP5B

PARP6

Clade 6 PARPS

PARP16

Figure 1.2: Overview of the clade classification of the human PARP superfamily and their
domain architecture. Clade 1 PARPs contain a WGR domain, and an autoinhibitory helical domain
(HD) as part of their catalytic domain. Clade 3 contains PARP7 and PARP9-15, a heterogeneous
group. Clade 4 is made up of tankyrases, which carry multiple ankyrin repeats that serve as scaffolds
for protein-protein interactions. Clade 5 consists of PARP4, which contains VIT and VWA domains
characteristic for vault proteins. Clade 6 consists of PARP6/8/16, and is thought to have MARylation
activity. Adapted from Suskiewicz et al., (2023).
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1.1.3 Readers of ADP-ribosylation

One of the ways by which the ADP-ribosylation signal is transduced is through proteins
which can recognise and non-covalently bind ADP-ribose through specific ADP-ribose
binding domains, in turn changing their localisation or interaction with other proteins. Many
proteins contain ADP-ribose binding motifs, and several classes have been identified to date,
Specific ADP-ribose domains can determine the preference of a protein for a certain type of
ADP-ribose (Figure 1.3), and these domains can in turn be exploited to study the types of
ADP-ribose modifications generated by different ADP-ribose writers under different
circumstances. Some of the most common and best studied ADP-ribose binding domain

classes are described below.

PAR-binding motifs (PBMSs)

First discovered as DNA checkpoint proteins, PBMs contain conserved sequences of
interspersed hydrophobic and basic amino acid residues preceded by a cluster of positively
charged residues such as lysine or arginine, interacting with ADP-ribose through electrostatic
affinity (Pleschke et al., 2000). Proteins containing PBM motifs include p53, p21, DNA
Ligase I1l, XRCC1, DNA-PKCs, Ku70, NF-kappaB, and telomerase (Pleschke et al., 2000).
PBMs are predicted to be found in over 800 proteins (P. Li et al., 2022), many of which are
contained within other domains involved in DNA binding, protein-protein interactions and
nuclear localisation. Mutation of the PBM motif within the PCNA binding region of p21 was
shown to abolish its interaction with PCNA, causing its degradation (Pleschke et al., 2000).

PBMs prefer to bind long and branched PAR chains (Krietsch et al., 2013).
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PAR-binding zinc fingers (PBZs)

PBZ domains are roughly 30 amino acids in length, with the consensus sequence [K/R]-X-X-
C-X-[FIY]-G-X-X-C-X-[K/R]- [K/R]-X-X-X-X-H-X-X-X-[F/Y]-X-H, containing two zinc-
ion coordinating cysteines and histidines each (1. Ahel et al., 2008). PBZs specifically interact
with ADP-ribose at the junctions between two ADP-ribose units through hydrogen bonds,
thus specifically recognising PAR chains (Li et al., 2022). PBZs were first identified in APLF,
an endonuclease and histone chaperone important in non-homologous end-joining (NHEJ),
which contains tandem repeats of PBZs and has a correspondingly high affinity for ADP-

ribose (I. Ahel et al., 2008; P. Li et al., 2022). PBZs are not found as widely as other ADP-
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Figure 1.3: Overview of common ADP-ribose reader domain binding preferences. PBMs
prefer long and sometimes branched PAR chains. PBZs recognise PAR chains by interacting
with the junctions between ADPr units. Macrodomains vary in their ADP-ribose binding
properties, and are classified into different types based on their preference. Most WWE domains
bind PAR chains by recognising the iso-ADP-ribose link between ADP-ribose units. BRCT
domains recognise the phosphate group of an ADPr unit through electrostatic interactions.
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ribose binding domains, but one functional PBZ was identified in CHFR, an E3 ubiquitin
ligase which binds and ubiquitinates auto-modified PARP1, initiating the first wave of
ubiquitination following DNA damage and promoting the eviction of PARP1 from DNA
damage (C. Liu et al., 2013). A PBZ variant is also found in CHK1, a key checkpoint kinase
of the DNA damage response, mutation of which impairs CHK1-mediated S-phase

checkpoint activation and its retention at stalled replication forks (Min et al., 2013).

Macrodomains

Having likely co-evolved with PARP proteins and sirtuins, macrodomains are widespread,
found in prokaryotes, archaea, eukaryotes, and even some viruses, ranging from 130 to 190
amino acids in length (Rack et al., 2016). They share a conserved structure consisting of a three-
layered globular a/p/a sandwich made of a central six-stranded B-sheet surrounded by five a-
helices, but low sequence homology (Li et al., 2022). Owing to this low sequence conservation,
different macrodomains range widely in their ADP-ribose binding, and even hydrolysing,
ability, and can in humans be classified into the following classes with differing preferences:
MacroH2A-like, MacroD-type, PARG-like and ALC1-like (Rack et al., 2016). Twelve proteins
in humans contain macrodomains, some of which are different variants of histone H2A (Li et
al., 2022), providing a mechanism for ADP-ribosylation to directly impact chromatin.
MacroH2A1.1 specifically recognises MAR and the terminal ADP-ribose unit of PAR chains,
and by recognising auto-modified PARP1 it promotes a transient increase in chromatin density,
yH2AX levels and inhibits recruitment of NHEJ protein Ku70 to sites of damage. (Timinszky
et al., 2009). Meanwhile, the splice variant macroH2A1.2, or histone MacroH2A2 do not bind
ADP-ribose, and do not transduce PARP1-mediated chromatin rearrangement (Timinszky et

al., 2009).

ALC1 (Amplified in Liver Cancer 1/CHD1L), a SNF2-family type chromatin remodeller and

oncogene amplified in many solid tumours, also contains a macrodomain (Karras et al., 2005).
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The macrodomain of ALC1 was shown to interact with PAR oligomers of between at least 3
and 20 units of ADP-ribose and above, but not MAR, causing ALC1 to be recruited to sites of
DNA damage by the activity of PARP1, which in turn relieves its autoinhibition and triggers
its own catalytic activity, inducing nucleosome remodelling and chromatin relaxation (D. Ahel
et al., 2009; Singh et al., 2017). Multiple macrodomains are also found in PARP9, PARP14 and
PARP15; PAP14 contains three macrodomains, two of which (macrodomain 2 and 3) are
readers of mono-ADPr, while one of them (macrodomain 1) has hydrolytic activity (Duki¢ et
al., 2023). The MacroD-type and PARG like macrodomains will be discussed below as

hydrolytic macrodomains.

WWE domains

WWE domains, named after their conserved tryptophane and glutamate residues, are roughly
80 amino acids in length, globular, and have been identified in three different groups of
proteins. The first group only contains one protein, DDHD2, the WWE domain of which does
not bind PAR in vitro (Li et al., 2022). The next group are ADP-ribosylating proteins, such as
PARP7, PARP11, PARP12, PARP13 and PARP14, none of which are capable of catalysing
PARylation (Li et al., 2022). The third group of proteins containing WWE domains are
ubiquitin ligases, such as RNF146, Deltex1-4 and TRIP12. Binding to PAR by the WWE
domain of RNF146 causes a conformational change in the protein, stimulating its catalytic
activity (DaRosa et al., 2015), and TRIP12 binds auto-modified PARPL, targeting it for
proteasomal degradation (Gatti et al., 2020). WWE domains vary in their ADP-ribose
recognising properties. While RNF146 and TRIP12 recognise the iso-ADP-ribose link
between ADP-ribose units of PARylated proteins, the WWE domain of PARP11 interacts

with the terminal ADP-ribose moiety (He et al., 2012).
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BRCT domains

Originally understood to be readers of phosphorylation and regulators of protein-protein
interactions, some BRCT domains have been shown to also bind ADPr, likely recognising the
phosphate groups in the ADP-ribose through electrostatic interactions (M. Li & Yu, 20133;
Rudolph, Muthurajan, et al., 2021). Despite low sequence homology, typical BRCT domains
are globular structures of between 90 and 100 amino acids arranged in a four-pronged 3 sheet
interspersed by a-helices (B o B B o B o) (Wu et al., 2015). Twenty three genes in humans
have been identified as having at least one BRCT domain, many of which are involved in the
DNA damage response (DDR), such as XRCC1 (X-ray repair cross-complementing protein
1), DNA Ligase I1l, DNA Ligase IV, and BARD1 (BRCAZ1-associated RING domain protein
1) (Teloni & Altmeyer, 2016). In XRCC1, the first BRCT domain is responsible for
interaction with PAR and DNA and likely allows for the recruitment of XRCC1 to the
damage site by PAR followed by retention at the damage site through interaction with DNA,

where it acts as a scaffold for DNA repair factors (Polo et al., 2019).

1.1.4 Erasers of ADP-ribosylation

As a dynamic PTM that affects a multitude of cellular processes, ADP-ribosylation must be
spatially and temporally regulated, making its removal an integral part of ADP-ribosylation
signalling and cellular homeostasis. Owing to the different linkages that connect ADP-ribose
units to their target (the N, O, or S-glycosidic bond between the terminal ADP-ribose and an
amino acid or nucleic acid, the ribose-ribose bond between ADP-ribose units of a linear PAR
chain, and the ribose-ribose bond at a PAR branching point), different enzymes are employed
to digest the variety of these linkages. Erasers can be classified into three distinct families: the
macrodomain-containing enzymes, the ADP-ribosyl-acceptor hydrolases, and
phosphodiesterases, the latter of which were the most recently identified, and will not be

discussed in this work.
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Macrodomain-containing hydrolases

Like their ADP-ribose binding ability, macrodomains also differ in which substrates they
prefer for their hydrolytic activity. Members of the PARG-like class of macrodomains are
generally associated with hydrolysis of PAR chains and members of the MacroD and ALC1-

like classes with MAR hydrolysis (Rack et al., 2016).

Mammalian PARG (poly-ADP-ribose glycohydrolase), the macrodomain of which is the
founder of the PARG-like class of macrodomains, is encoded by a single gene, alternative
splicing of which provides diversity in sub-cellular location of the protein (Rack et al., 2016).
PARG is recruited to DNA damage sites by PARP1/2 generated PAR, where its hydrolase
activity is important for efficient DNA repair (Mortusewicz et al., 2011). PARG, as the only
hydrolytic macrodomain to do so, hydrolyses the glycosidic bond between two ADP-ribose
units by positioning the O-glycosidic ribose-ribose bond close to its catalytic glutamates
(Rack et al., 2016). It shows preference for the end of ADP-ribose chains, acting
predominantly as an exo-glycohydrolase in vivo, preferring PAR chains longer than four
ADPTr units, and is capable of hydrolysing PAR branch points (Barkauskaite et al., 2013; Rack
etal., 2016, 2021) (Figure 1.4). PARG, however, is unable to remove the terminal ADP-
ribose unit from a target protein or nucleic acid. For this removal of the terminal ADP-ribose

moiety, other hydrolases are required.

MacroD1 and MacroD2 (mono-ADP-hydrolase 1 and 2) both hydrolyse mono-ADP-
ribosylated substrates in vitro, removing the terminal ADPr moiety preferentially from acidic
amino acids, and share a common macrodomain fold, but are associated with different
subcellular localisations and distinct functions, although they are poorly understood

(Crawford et al., 2021; Jankevicius et al., 2013; Rosenthal et al., 2013).
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MacroD1 is predominantly found in mitochondria, and is highly expressed in skeletal muscle,
and was implicated as an essential co-factor in NF-xB activation and for estrogen and
androgen receptor signalling (Han et al., 2007; J. Yang et al., 2009). MacroD2 is highly
expressed in the brain and largely found in the nucleus and cytoplasm and has been linked to a
variety of neurological and psychiatric conditions, including autism, ADHD and
schizophrenia (Crawford et al., 2021). In agreement with skeletal muscle expression and
estrogen/androgen receptor association, MacroD1 knockout (KO) mice show female-specific
motor-coordination defects, while MacroD2 KO mice exhibit hyperactivity and gait
disturbances consistent with the reported neurological phenotype (Crawford et al., 2021).
Dysregulation of both has also been implicated in cancer, although the validity of these
findings has been put into question (Feijs et al., 2020). TARGL, part of the ALC1-class of
macrodomain hydrolases, is primarily located in the nucleus and like MacroD1 and MacroD2,
specifically removes MAR from acidic residues, such as glutamate and aspartate (Sharifi et

al., 2013) (Figure 1.4).
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Figure 1.4: Schematic overview of the preferences and function of different ADP-ribose
erasers. ARH3 removes the terminal MAR from serine residues, while TARG1, MacroD, PARP9
and PARP14 can hydrolyse the bond between the terminal ADP-ribose and Glu/Asp. PARG is

able to digest linear and branched PAR chains, but cannot remove the terminal ADP-ribose unit.
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ADP-ribosyl-acceptor hydrolases (ARHSs)

The ADP-ribosyl-acceptor hydrolase (ARH) family of ADPr erasers consist of three
members, ARH1-3. ARH1 specifically removes the N-glycosidic bond between the terminal
ADPr and arginine residues, while ARH3 is the only human enzyme capable of hydrolysing
the O-glycosidic bond between ADPr and serine residues, and at least in vitro is capable of
hydrolysing linear, but not branched, PAR chains, albeit with much lower activity than PARG
(Fontana et al., 2017a; Oka et al., 2006) (Figure 1.4). ARH3 was further shown to hydrolyse
the O-glycosidic bond between ADPr and nucleic acids (Li et al., 2022). ARH3 is localised to
the nucleus, cytoplasm and mitochondria (Schiitzenhofer et al., 2021). In its inactive state,
ARH3 is autoinhibited by interaction of one catalytic glutamate with Mg?* and sequestering
of the other, which is relieved by substrate binding (Schutzenhofer et al., 2021). ARH2 was

not shown to have any enzymatic activity (Li et al., 2022).

1.2 ADP-ribosylation in the DNA damage response

With DNA under constant threat of both endogenous and exogenous damage, maintenance of
genome integrity is crucial for cellular and organismal health. Because of this, cells have
evolved highly conserved signalling pathways to detect and repair damaged DNA, known as
the DNA damage response (DDR). Failure to do so underlies a plethora of pathologies,
including ageing, neurodegenerative disease, and cancer. PARP1-3, are directly involved in
DNA repair, and recruitment of PARP1, the founding member of the PARP family of
proteins, to the site of damage is one of the earliest events of the DDR. In the following

sections, | will discuss the structure and activation of PARP1-3, and their role in DNA repair.

1.2.1 PARP1 structure and activation

PARP1 is a multidomain protein consisting of 1014 amino acids and a molecular weight of
roughly 113 kDa. In eukaryotes, it is, after histones, the most abundant nuclear protein, and

produces up to 90% of the ADP-ribosylation induced in response to DNA damage (D’amours
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etal., 1999; C. Thomas et al., 2019). At its N-terminus, PARP1 contains three DNA-binding
zinc fingers (Zn1-3), followed by a BRCT and WGR domain, both of which are also involved
in DNA binding (Figure 1.5, a). At its C-terminus, the catalytic domain is divided into the HD
and ART subdomains (Figure 1.5, a). Before binding of PARP1 to DNA, in its inactivate
state, the HD is folded over the catalytic residues in the ART domain to avoid undue access of
NAD", providing an autoinhibitory mechanism. Biochemical modelling and structural
analyses have shown that upon binding to DNA through its Zn1, Zn3 and WGR domains, an
intramolecular signal wave travels through PARP1, resulting in allosteric changes that allow

NAD™ access to the ART and catalytic activation.

Unlike other zinc fingers, Zn1-3 recognise DNA structures, rather than specific sequences;
Znl and Zn2 form hydrophobic contacts with the phosphate backbone of DNA via positively
charged grooves on their surface, and hydrogen bonds with exposed bases at the break (Ali et
al., 2012; M. F. Langelier et al., 2011). While Zn1 is crucial for DNA-dependent activation of
PARP1, Zn2, despite having much greater DNA binding affinity than Zn1, is dispensable but
might be important for rapid PARP1 recruitment to DNA and/or its retention at the break site
(Haince et al., 2008; M. F. Langelier et al., 2011). Zn2 of PARP1 was also shown to be
primarily responsible for binding of PARP1 to single-stranded breaks (SSBs) (Eustermann et
al., 2011). Zn3 mediates interdomain communication, and is structurally and functionally
distinct from Zn1 and Zn2, binding the minor groove of the DNA phosphate backbone
adjacent to Znl (Langelier et al., 2012). The crystal structure of PARP1 bound to a double-
stranded break (DSB) revealed that Znl and Zn3 reside next to each other on DNA, facing
one side of the WGR domain, which binds to the 5’ terminus of one strand and which in turn
is facing the HD (M.-F. Langelier et al., 2012) (Figure 1.5, a). DNA binding positions Zn1

D45 to form a salt bridge with R591 of the WGR domain, which on its other side contacts
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hydrophobic residues in the HD (M.-F. Langelier et al., 2012). Similarly, W318 in Zn3 forms

an interface with WGR K633 and R735 of the HD (Langelier et al., 2012).

As a result of the Zn1-WGR-HD and Zn3-WGR-HD contacts, the HD interface with the ART
is affected. Contact of the HD with WGR displaces conserved leucine residues (L698 and
L701) that form part of a hydrophobic HD core (Langelier et al., 2012). A later study showed
that the allosteric changes going through the HD, especially o helices B and F were extensive,
demonstrating how this “leucine switch”-mediated HD distortion opens up the catalytic cleft
for NAD™ to access the ART (Dawicki-McKenna et al., 2015). Mutations of any of these zinc
finger or WGR interface contacts abolishes DNA-dependent activation of PARP1, and
mutation of core hydrophobic residues of the HD was shown to lead to constitutive activation

of the protein (Langelier et al., 2012; Dawicki-McKenna et al., 2015).

The BRCT domain sits between Zn3 and the WGR domains and is dispensable for PARP1
DNA-dependent activation, and while initially thought to mainly serve protein-protein
interactions, it was recently shown to be another DNA binding module (Rudolph, Muthurajan,
et al., 2021). Unlike the other PARP1-DNA binding domains, the BRCT binds intact DNA;
this was suggested to provide PARP1 with a rapid way of searching for DNA lesions through
a “monkey bar” mechanism, allowing it to rapidly dissociate from DNA breaks by binding
intact DNA and moving through undamaged chromatin without activation of its catalytic

activity (Rudolph et al., 2021).
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Figure 1.5: Schematic representation of PARP1 activation and the catalytic reaction. a) In its inactive

state, PARPL1 is thought to assume an unstructured conformation, with the HD domain blocking the

catalytic cleft. Upon binding of a DNA break, the allosteric changes travel through the Zn1-WGR-HD and

Zn3-WGR-HD interface, allowing access of the substrate NAD™ to the active site. b) Structural model of

the PARPL1 active site during PAR chain elongation. Taken from Suskiewicz et al., 2023. ¢) Schematic

drawing showing the role of key PARP1 residues in the PAR chain elongation reaction. Hydrogen bonds

are shown in dotted lines, nonpolar stacking interactions are shown by parallel bars, and the nucleophilic

attack is denoted by the arrow. Donor and acceptor NAD+ molecules are incomplete. Adapted from Ruf et

al., 1998, reused by permission from Elsevier and Copyright Clearance Center on behalf of the Journal of
Molecular Biology (License Number 5983110134910).
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The ART domain of PARP1 is composed of a NAD™ binding site, or donor site, which
positions ADP-ribose for the transferase reaction, and an acceptor site which binds either the
protein target during initiation or the distal ADPr unit of a growing PAR chain (Barkauskaite
et al., 2015). The donor site of PARP1 contains the conserved His-Tyr-Glu triad, with His862,
Tyr896 and Glu988 (Barkauskaite et al., 2015) (Figure 1.5, b). During the enzymatic process,
the nucleophile of a side-chain of the acceptor amino acid, or the 2’-OH of a preceding PAR
chain, is positioned for a nucleophilic attack on the C1’natom of the donor NAD?, resulting in
the formation of a glycosidic bond, and the release of nicotinamide as a byproduct
(Suskiewicz et al., 2023; Figure 1.5, ). In the donor site, E988 forms hydrogen bonds to the
2’-OH and the 3’-OH of the donor nicotinamide ribose, positioning it for nucleophilic attack
(Figure 1.5, ¢). While E988 was shown to be dispensable for initiation, with intrinsic
nucleophiles of target amino acids not requiring activation by E988, it also hydrogen bonds to
the 2’-OH of the acceptor ribose of a terminal PAR unit, and its function as a base is essential
for nucleophilic attack and elongation (Marsischky et al., 1995; Alemasova & Lavrik, 2019).
Y896 binds the donor NAD™ by stacking with the nicotinamide ring (Figure 1.5, c), and H862
binds to the 2’-OH of the donor adenine ribose (Figure 1.5, ¢). Y907 also hydrogen bonds to

the 3’-OH of the donor nicotinamide moiety, orienting it for nucleophilic attack.

The acceptor site binds and poises the acceptor amino acid or terminal ADPr unit of a PAR
chain: during elongation, H826 engages the B-phosphate of the acceptor ADP (Figure 1.5, ¢),
and K903 forms hydrogen bonds with the a-phosphate of the acceptor ADP, and its role in
elongation was demonstrated by replacement of this residue in other mono-ADPr PARPs, and
the fact that its mutation restricts catalytic output of PARP1 to MARylation (Alemasova &
Lavrik, 2019; Carter-O’Connell et al., 2014; Ruf et al., 1998) (Figure 1.5, c). M890 of the

acceptor site stacks against the acceptor adenine moiety (Figure 1.5, c), and random mutation
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of this residue to valine also causes a loss of PARylation activity due to clashing with the side

chain of Y896 or ADP (Alemasova & Lavrik, 2019; Rolli et al., 1997).

In summary, the structure and function of PARP1 are intricately tied to its ability to recognize
DNA damage and mediate cellular responses through ADP-ribosylation. The cooperative
interactions among its zinc fingers, WGR domain, the HD and catalytic domains ensure the

efficient activation of the protein in response to DNA breaks.

1.2.2 PARP1 in DNA repair

PARP1 and chromatin remodelling

One of the major targets of PARPL1 are histones (Gibbs-Seymour et al., 2016), and PARP1
itself (Satoh & Lindahl, 1992). The modification with ADP-ribose adds negative charge onto
the target, which is thought to lead to electrostatic repulsion between the ADP-ribose polymer
and DNA (Satoh & Lindahl, 1992). The modification of histones with ADP-ribose is
responsible for the rapid decondensation of chromatin observed at sites of DNA damage
(Messner & Hottiger, 2011; Strickfaden et al., 2016), allowing access of DNA repair factors
to stalled replication forks or DNA breaks. PARP1 itself being a major target, is extensively
auto-modified upon DNA-dependent activation; as observed in vitro, this auto-modification is
required for PARP1 to efficiently dissociate from DNA (Satoh & Lindahl, 1992). This is
thought to underlie the rapid recruitment and dissipation of PARP1 from sites of DNA
damage; loss of PARP1 catalytic activity leads to prolonged retention of PARP1 at the site of
damage, which is associated with unfavourable repair outcomes. PARP “trapping” at damage

sites and PARP inhibitors will be discussed in further detail in section 1.4.

ALC1 (Amplified in Liver Cancer 1), is a SNF2-family chromatin remodeller that is rapidly
recruited to DNA-damage associated PAR via its C-terminal macrodomain, and its ATPase

activity is strongly stimulated by interaction with PAR (D. Ahel et al., 2009). It is
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overexpressed in many solid tumours and is associated with tumour progression and poor
patient outcomes (Ma et al., 2008). Recruitment of ALC1 to DNA lesions depends on PARP1
catalytic activity, and its resulting ATPase activity is a key mediator of PAR-induced
chromatin relaxation (Sellou et al., 2016). It appears that chromatin relaxation is the main
factor promoting recruitment of a host of DDR factors following ADP-ribosylation; one study
found that it is this PAR-dependent chromatin relaxation, rather than direct interaction of
proteins with PAR chains, that was responsible for recruitment of a host of DNA-binding
DDR factors (Smith et al., 2019). PARP1 activity therefore creates a permissive chromatin

microenvironment around the DNA damage site.

ADPr-dependent chromatin relaxation was also shown to depend on a site-specific ADP-
ribosylation code, allowing the choice of one cellular pathway over another. For instance,
ADP-ribosylation of histone H3S10 was found to be mutually exclusive with acetylation of
H3K9 and phosphorylation of H3S10, modifications associated with active gene transcription
and mitosis, respectively. This provides a mechanism for ADP-ribosylation to block
unwelcome transcription and DNA replication after DNA damage and direct cells towards
DNA repair (Bartlett et al., 2018). Meanwhile, methylation of H3K9 and H3K27, which are
associated with transcriptional repression, was shown to coexist with ADP-ribosylation at

proximal residues, as this agrees with cellular pathway choice (Bartlett et al., 2018).

PARP1 in single-stranded break repair

PARP1 was shown to play an important role in base-excision-repair (BER). BER is
responsible for the repair of alkylated, oxidated or deaminated bases, abasic sites and SSBs,
which, if left uncorrected, stall DNA replication and transcription, and can ultimately lead to
the generation of DSBs (Spiegel et al., 2021). BER involves removal of an altered base by a
family of enzymes called DNA glycosylases, leaving an abasic site, which is then excised by

another endonuclease, leaving nicked DNA with a one-base gap (Spiegel et al., 2021). This
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single-stranded DNA nick is then recognised by PARP1, and PARP1-mediated ADP-
ribosylation is required for recruitment of XRCC1, a scaffold protein that coordinates various
other DNA repair factors. For instance, XRCC1 mediates DNA end-processing by recruiting
enzymes such as APEL, PKNP and TDP1, and nick-sealing, through its recruitment of DNA
polymerase B, DNA ligases I and III, ultimately leading to ligation and repair of the gap in the

DNA (Caldecott, 2019; Polo et al., 2019; Reber et al., 2023).

XRCC1, which binds ADP-ribose via its BRCT domain, was shown to have a clear
preference for PAR chains, as its recruitment to damage sites was significantly impaired when
PARP1 mutants were used that only produced MAR and short ADPr chains (Aberle et al.,

2020).

Certain genotoxic stressors, such as metabolic by-products and chemotherapeutic agents, as
well as UV-irradiation, can induce bulky DNA lesions which can distort the DNA helix.
These consist of DNA-protein crosslinks (DPCs), interstrand crosslinks (ICLs), 6-4-
photoproducts, UV-induced thymine dimers and other cyclobutene pyrimidine dimers
(Naumenkoa et al., 2022). These lesions are repaired by the nucleotide excision repair (NER)
pathways, which can be split into transcription-coupled (TC-)NER, which removes lesions
from actively transcribed genes, and the global genomic (GG-)NER, which involves the
removal of a 24-32 nucleotide stretch of single-stranded DNA containing the bulky lesion,
followed by filling of the gaps and ligation of the nicks (Cleaver et al., 2009). PARP1 activity
was shown to be activated by UV-induced damage early on (Vodenicharov et al., 2005). GG-
NER is initiated upon recognition of the lesion by DDB2 (XPE), which as part of the UV-
DDB-E3 ligase complex ubiquitinates and recruits XPC (Xeroderma Pigmentosum C), to the
site of damage (Fei et al., 2011; Sugasawa et al., 2005). XPC, in tandem with RAD23B,
recognises unpaired bases and mediates unwinding of DNA, paving the way for subsequent

strand incision, gap filling and DNA ligation (Kusakabe et al., 2019). Upon binding to the
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break site, catalytic activity of PARP1 was shown to promote its interaction with and ADP-
ribosylation of the UV-DDB ligase complex, which in turn promotes recruitment of XPC and
efficient repair of UV-induced DNA lesions (Robu et al., 2013). It was further shown to form
a stable complex with XPC independently of the UV-DDB ligase complex, rapidly escorting
it to sites of UV-lesions (Robu et al., 2017). Consequently, loss or inhibition of PARP1

catalytic activity impairs recruitment of XPC, and repair of UV-lesions (Robu et al., 2017).

PARP1 in double-stranded break repair

The predominant form of double-stranded break (DSB) repair during S/G2 phases is
homologous repair (HR). It allows for the non-erroneous, faithful correction of the break by
using the homologous strand as a template. It is accomplished through a series of steps, which
can be divided into initiation, strand invasion, branch migration, resolution, and DNA
synthesis (Prakash et al., 2015). The first step involves recruitment of the MRN (MRE11-
RAD50-NBS1) complex and CtIP, which resects the DNA strand, exposing a single-stranded
(ss)DNA overhang on either side of the break, which is subsequently bound and protected by
RPA (Replication Protein A). The MRN complex also activates the checkpoint kinase ATM,
which phosphorylates a variety of proteins, including H2AX (YH2AX), to signal the damage.
Following generation of sSDNA overhangs by DNA end resection, which is promoted by
BRCAL, BRCAZ1 recruits the PALB2 (Partner and Localiser of BRCA2)-BRCA2-RAD51
complex to DSB sites, where RAD51 replaces RPA and scans the surrounding chromatin for
the sister chromatid. Once found, the RAD51-nucleoprotein filament invades the homologous
strand, forming a displacement loop (D-loop) that can move along the strand. Following
strand invasion, several different sub-pathways can be engaged, with the two major ones
being Holliday junctions and synthesis-dependent strand annealing (SDSA). PARP1 was
shown to bind DSBs (Ali et al., 2012; M.-F. Langelier et al., 2012), and its presence and

catalytic activity in response to break detection were found to promote recruitment of both the
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MRN complex and BRCA1 to DSBs (M. Li & Yu, 2013; Ray Chaudhuri & Nussenzweig,
2017). The exact role of PARP1 in HR is not fully understood, with loss of PARP1 causing an
increase in RAD51 loading and sister chromatid exchange and recombination (Ray Chaudhuri
& Nussenzweig, 2017); one study found that PARP1-mediated ADP-ribosylation of BRCA1
prevents excessive HR and hyper-recombination, indicating PARPL1 is involved in fine-tuning
the HR process (M. Li & Yu, 2013). Loss-of-function of either BRCAL or BRCA2, and
resulting deficiency in HR, is associated with an increased risk of certain cancers, particularly
breast and ovarian cancers (Prakash et al., 2015). The exploitation of this deficiency with

PARP inhibitors will be discussed in section 1.4.

Devoid of a sister chromatid that can serve as a template outside of G2/S phases, cells utilise
an error-prone pathway termed NHEJ (Non-Homologous End Joining) as the primary repair
pathway for DSBs (Stinson & Loparo, 2021). Ku70 and Ku80 are loaded onto a variety of
DSB structures, where they serve as a scaffold for downstream repair factors, including DNA-
dependent protein kinase (DNA-PK), which signals the presence of the DSB and recruits the
XRCC4-Ligase IV-XLF complex that mediates ligation of the break, as well as DNA
synthesis factors such as Artemis and polymerases u and A, if necessary. PARPL1 activity was
shown to form a complex with DNA-PK and stimulate its kinase activity (Ray Chaudhuri &
Nussenzweig, 2017). PARP1 activity also promotes the recruitment of CHD2, a SWI2/SNF2
ATPase chromatin remodeller, which in turn triggers deposition of histone H3.3 at sites of
damage, creating an accessible chromatin environment for NHEJ factors (Luijsterburg et al.,
2016). Other studies found PARP1 to be in direct competition with binding of Ku to damage
sites (Wang et al., 2006), and implicate PARP1 as a main mediator of a Ku-independent,
error-prone alternative (a-)NHEJ, which was shown to be completely dependent on functional

PARP1 (Mansour et al., 2010). Some evidence also suggests a role for PARP1 in promoting
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the cellular choice for HR over NHEJ, protecting the HR pathway from interference by Ku70

through competition at the damage site (Hochegger et al., 2006).

PARP1 at replication forks

During replication, upon encountering an obstacle, such as secondary DNA structures,
repetitive sequences, misincorporated ribonucleotides, dormant replication origins or DNA

lesions, replication forks are stalled (Mazouzi et al., 2014).

Prolonged replication stress, if left unresolved, may lead to fork collapse, ultimately resulting
in genotoxic DSBs (Liao et al., 2018). To avoid collapse, cells have evolved mechanisms to
stabilise and restart stalled replication forks; this involves protection of ssDNA, fork reversal,
in which newly generated daughter strands anneal, and a 3-way reverse DNA junction is
formed, and controlled DNA resection (Liao et al., 2018). The role of PARP1 in this has been
implicated by many studies; PARP1 activity is increased in response to replication stress, and
PARP1 is located to progressing and stalled forks (Ray Chaudhuri & Nussenzweig, 2017).
PARP1 activity is also associated with recruitment of Mrell, part of the MRN complex, and
thereby promotes resection at stalled forks and efficient fork restart, and PARP1-deficient
cells are hypersensitive to hydroxyurea, a replication fork-stalling agent (Bryant et al., 2009;
Y. G. Yang et al., 2004). Loss of PARP1, or catalytic inhibition, leads to increased replication
fork stalling and inefficient re-start, and it is through this mechanism that PARP inhibitors
have been proposed to kill HR-deficient cells, by promoting replication fork collapse and
resulting generation of DSBs (Helleday, 2011). There has been some controversy about
whether this collapse of replication forks is caused simply by the loss of catalytic activity, or
the encountering of trapped PARP1 on DNA by replication forks, similar to trapping of
topoisomerase on DNA through inhibitors (Pommier et al., 2022); this will be discussed in

section 1.4.
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1.2.3 PARP2 and PARP3 in DNA repair

PARP2 was discovered as a close homologue of PARP1 upon investigation of the remaining
ADP-ribosylation in PARP1 knock-out (KO) mouse embryonic fibroblasts, which was shown
to be DNA-damage dependent (Amé et al., 1999). While PARP1 KO mice are viable, loss of
both PARP1 and PARP2 is embryonically lethal (Ménissier de Murcia et al., 2003a). PARP2
has a disordered N-terminal region, lacking the specialised DNA-binding zinc fingers and
BRCT domain of PARP1, which is followed by a WGR domain and a catalytic domain,
which consists of the HD and ART subdomains (Obaji et al., 2016) (Figure 1.2). The
disordered N-terminus is not required for DNA binding or DNA-dependent activation, but
increases the affinity of PARP2 for SSB structures (Riccio et al., 2016a). DNA-dependent
allosteric activation of PARP2 is mediated by the WGR domain, which contacts DNA and the
HD (M. F. Langelier et al., 2014). PARP2 binds SSBs as a monomer and DSBs as homodimer
or heterodimer with PARP1 (Obaji et al., 2016). Unlike PARP1, PARP2 is preferentially
activated by binding to DNA breaks with an exposed 5’ phosphate, suggesting a preference
for DNA break intermediates before the final step of DNA ligation (M. F. Langelier et al.,
2014). PARP2 also has a preference for flap-containing DNA, and lower affinity for earlier
BER DNA intermediate structures (Kutuzov et al., 2013; Sukhanova et al., 2019). PARP2
resides longer at sites of DNA damage than PARP1, and its recruitment to sites of damage
occurs later than PARP1 (roughly 30 seconds post-irradiation), and was reported to be at least
partially dependent on the catalytic activity of PARP1 (Mortusewicz et al., 2007). In fact, one
study found that PARP2 catalytic activity could be activated by PAR in vitro, and loss of
PARPL1 catalytic activity impaired the recruitment of PARP2 to damage sites (Chen et al.,
2018). The same study also found that PARP2 was largely responsible for the generation of
branched PAR chains, which are recognised by fewer of the ADP-ribose readers. APLF, a
histone chaperone and nuclease associated with the DDR, was shown to specifically bind

these branched PAR chains with its tandem PBZ domains. Its recruitment to, and subsequent
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eviction of histone H3 from the damage site, is dependent on PARP2 (Chen et al., 2018).
Combined, this suggests that PARP2 is involved in the later stages of DNA repair, that its
recruitment and activity rely on PARP1, and that it generates a distinct ADP-ribose code
which is interpreted by a specific set of DDR factors. In general, this suggests that due to the
reliance of PARP2 on PARP1 activity, the recruitment of some DDR factors could be

misconstrued as being directly dependent on PARP1, hiding the role of PARP2 in the process.

To a large degree, the functions of PARP2 in the DNA damage response are redundant with
those of PARP1; loss of PARP2 increases sensitivity to ionising radiation, alkylating agents
and X-ray radiation, indicating a role for PARP2 in SSB and DSB repair, as well as restarting
of replication forks (Szanto et al., 2024). Evidence for the involvement of PARP2 in BER
comes from slowed BER in PARP2 KO cells, and the interaction of PARP2 with BER

proteins such as XRCC1, DNA polymerase p and DNA ligase III (Szantd et al., 2024).

Some of the specific functions of PARP2 are distinct from PARPL, while serving the same
goal within a pathway. PARP1 stimulates DNA end resection at DSBs through PAR-
dependent recruitment of the MRN complex (Haince et al., 2008; Wang et al., 2006) and
PARP2, independently of its catalytic activity, was shown to restrict the accumulation of
53BP1 (Fouquin et al., 2017), an antagonist of resection and pro-NHEJ factor, thereby

promoting PARP1-mediated loading of MRN to the break site and HR pathway choice.

PARP2, rather than PARP1, is particularly implicated in the maintenance of genomic stability
in frequently proliferating cell types, such as erythropoiesis, and lymphocyte and B cell
development (Farres et al., 2013; Farrés et al., 2015; Galindo-Campos et al., 2022). A recent
study also found a role for PARP2, but not PARP1, in the response to replication stress at

telomeres and the prevention of associated telomere loss (Muoio et al., 2024).
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PARP3 strongly resembles PARP2 in its domain architecture, and shares its affinity for 5’
phosphorylated nicks (M. F. Langelier et al., 2014). PARP3 has been indicated in HR and
NHEJ pathway choice: it was shown to PARylate Ku70/Ku80 and recruit the complex to
DNA lesions, thereby limiting DNA end resection and promoting c-NHEJ (Beck et al., 2014).
One study reported that PARP3 modifies the 5’-phosphate of gapped DNA in vitro with
MAR, which could be effectively extended by PARP1 and PARP2, and allowed for ligation

of the gap by different DNA ligases (Belousova et al., 2018).

This would agree with its reported role in the recruitment of APLF, a PAR-binding histone
chaperone, which in turn promotes XRCC4/DNA ligase 1V-mediated break ligation
(Rodriguez-Vargas et al., 2019). Expression of PARP3 was also positively correlated to
increased tumour aggressiveness, making it an attractive target for future therapeutic targeting

(Rodriguez-Vargas et al., 2019).

1.3 The ADP-ribosylation code in the DNA damage response

As discussed in previous sections, ADP-ribosylation differs in its length and branching,
depending on the writer, which in turn is interpreted by different ADP-ribose readers,
resulting in different functional outcomes depending on the ADPr “code”. PARP1/2-mediated
ADPr in the DDR has widespread consequences for the chromatin environment, and recent

developments have updated current understanding of the DDR-specific ADPr code.

1.3.1 HPF1 and serine ADPr — discovery of a crucial PARP1/2 co-factor

Traditionally, glutamates and aspartates were thought to be the predominant acceptors of
PARP1/2-mediated ADP-ribosylation (Daniels et al., 2015; Gibson et al., 2016). However,
more recent studies using more sensitive mass spectrometry technology revealed serine to be
a more robust target for ADPr in the DDR (Bonfiglio et al., 2017; Larsen et al., 2018;
Leidecker et al., 2016; Palazzo et al., 2018). This finding coincided with the discovery of

HPF1 (Histone Parylation Factor 1). HPF1 (previously known as protein C4orf27) was
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initially linked to DNA repair PARPs due to the presence of a PBZ domain (I. Ahel et al.,
2008). Later, it was shown that HPF1 interacts specifically with PARP1 and PARP2, and
promotes their efficient modification of histones (Bonfiglio et al., 2017; Gibbs-Seymour et al.,
2016). This interaction of HPF1 with PARP1 and PARP2 is independent of PARP1 catalytic
activity and generation of ADP-ribosylation. Consequently, the recruitment of HPF1 to DNA
damage sites depends on direct physical interaction with PARP1 and does not require the
prior presence of an ADP-ribosylation signal (Gibbs-Seymour et al., 2016; Prokhorova,
Zobel, et al., 2021; Suskiewicz et al., 2020). Loss of HPF1 greatly increases cellular
sensitivity to treatment with DNA alkylating agent MMS (methyl methanesulfonate) and
sensitises cells to PARP inhibition (Gibbs-Seymour et al., 2016). HPF1 was further shown to
limit PARP1 hyper-automodification in vivo and in vitro, instead redirecting its catalytic
activity towards histones and other substrates (Gibbs-Seymour et al., 2016). HPF1 not only
boosts the ADPr activity on histones and other targets, it is also the determining factor in
swapping PARP1 specificity from Glu/Asp residues to the generation of specific serine-linked
ADPr (Bonfiglio et al., 2017). Proteomic and cell based analyses confirmed that HPF1 is
essential for ADPr of serine residues in histones, PARP1, PARP2 and hundreds of other
proteins (Juan José Bonfiglio et al., 2017; Hendriks et al., 2021). Interaction of HPF1 with
PARP1 in vitro depends on the presence of DNA and NAD®, and binding is only activated
upon HD unfolding of PARP1/2, thus providing a mechanism to regulate binding of the much
less abundant HPF1 with PARP1 and restrict it to DNA damage detection (Suskiewicz et al.,

2020).

Solving of the crystal co-structure and CryoEM structures of HPF1 with PARP2 revealed a
first insight into the structural basis for the HPF1-mediated serine switch (Bilokapic et al.,
2020; Suskiewicz et al., 2020). These data were confirmed by NMR and crystallography for

PARP1 (Sun et al., 2021; Suskiewicz et al., 2020). Two highly conserved aspartate residues in
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the C-terminal region of HPF1 were found to be critical for interaction with PARP1 and
PARP2 and consequently for PARP1/2 serine-ADP ribosylation activity (Suskiewicz et al.,
2020). These residues contact His826 in PARP1 (His381 in PARP2). Additionally, the
extreme C-terminal residues of PARP1/2 (L1013/W1014) latch onto HPF1 from the back and

are critical for stable interaction and activity of the complex (Suskiewicz et al., 2020).

Structural analysis of the HPF1-PARP2 complex also revealed that the HPF1-mediated amino
acid preference switch of PARP1/2 can be explained by the provision of a second catalytic
glutamate residue by HPF1 (Suskiewicz et al., 2020). PARP1 and PARP2 by themselves only
contain a single catalytic glutamate residue (E988 and E545, respectively), allowing for
efficient targeting of aspartate or glutamate residues, but not for serine deprotonation. The
interaction of HPF1 and PARP1/2 places E284 of HPF1 near the catalytic glutamate of
PARP1/2 and the NAD" molecule, allowing the formation of a composite active site that is
capable of catalysing efficient serine ADPr (Suskiewicz et al., 2020) (Figure 1.6). Mutational
analysis further showed that it is E284 of HPF1, as opposed to E988Q of PARP1, that is
necessary and sufficient for serine-ADPr (Suskiewicz et al., 2020). The same study also found
that the HPF1-PARP1/2 complex forms a putative peptide-binding cleft with a strong
negative charge provided by HPF1, which was suggested to explain the abundance of serine-
ADPr within Lys-Ser (KS) consensus motifs (Bonfiglio et al., 2017; Leidecker et al.,

2016). Not only does HPF1 switch the amino acid residue preference of PARP1/2, but it also
restricts the length of ADP-ribose chains produced, both on PARP1/2 and on histones (Gibbs-
Seymour et al., 2016; Suskiewicz et al., 2020). The basis for this is that D283 of HPF1 was
shown to occupy H826 of PARP1 (H381 of PARP2), which would otherwise contact the
second phosphate of the ADP fragment of an incoming NAD", thereby preventing the
extension of ADPr chains (Suskiewicz et al., 2020). Despite being about 20-fold less

abundant in cells than PARP1 (Bonfiglio et al., 2017), HPF1 manages to influence PARP1
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catalytic activity efficiently towards initiation on serine residues and histone trans-
modification, rather than elongation, by rapidly cycling between PARP1 molecules (Langelier

etal., 2021).
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Figure 1.6: HPF1 and the PARP1/2 catalytic domain (CAT) form a composite
active site. HPF1 places Glu284 next to the catalytic glutamate of PARP1
(Glu988) and PARP2 (Glu545). The middle panel was made by Marcin
Suskiewicz. The bottom panel was taken from Suskiewicz et al., 2023.
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More recent studies have investigated this ADPr-directing function of HPF1 in cells,
supporting a model in which HPF1 produces a distinct, second wave of serine-linked ADP-
ribosylation on histones preferably consisting of MAR and shorter chains, following a rapid
burst of HPF1-independent PARYylation, leading to a slightly delayed but longer-lived
chromatin signal that promotes recruitment of MAR-binding chromatin remodellers and
repair factors (Longarini et al., 2023; Prokhorova, Agnew, Wondisford, Tellier, et al., 2021,

Smith et al., 2023).

This distinct, HPF1-dependent, serine-linked ADPr code is specifically removed by ARH3,
the only known human enzyme to cleave the O-glycosidic bond between the serine and the
ADPr unit (Fontana et al., 2017). While loss of HPF1 sensitises cells to PARP inhibition, loss
of ARH3 causes resistance (Prokhorova, Agnew, Wondisford, Tellier, et al., 2021),
identifying HPF1 and ARH3 as two opposing regulators of this pathway. Loss of ARH3 alone
leads to a well-tolerated, persistent serine-MAR signal on chromatin throughout the cell cycle,
but concomitant inhibition of PARG leads to persistence of long, serine-linked PARYylation,
which causes cell death (Prokhorova, Agnew, et al., 2021). This also points towards a role of
PARG, which is recruited to sites of DNA damage rapidly in a PAR-dependent manner
(Mortusewicz et al., 2011), in trimming PAR chains from histones, contributing together with

HPF1 towards the generation of a more persistent MAR signal on chromatin.

1.3.2 Importance of ADP-ribose chain length in the DDR

The coordinated efforts of PARP1/2, HPF1, ARH3 and PARG illustrate the tight, temporal,
and spatial regulation of ADP-ribosylation by specific enzymes in response to DNA damage,
and how targeting any of the members of this pathway could be therapeutically exploited. The
discovery of HPF1 has also hugely impacted the current understanding of the type and

diversity of ADP-ribose chains produced in response to DNA damage.
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It has also helped evolve our understanding of the requirements for PARP1 automodification.
PARP1 automodification is required for its rapid dissociation from DNA lesions; loss of
catalytic activity, either through mutation of ART domain residues, or the use of inhibitors,
will lead to prolonged retention (“trapping”) of PARP1 on chromatin. While HPF1 directs
PARP1/2 catalytic activity towards histones, its loss also reduces PARP1 automodification, as
does mutation of critical serine residues (Ser499, Ser507, Ser519) near the PARP1 BRCT
domain, both of which lead to trapping of PARPL1 at the DNA lesion (Gibbs-Seymour et al.,
2016; Prokhorova, Zobel, et al., 2021). HPF1-dependent histone ADPr itself was shown to be
important for PARP1 release from chromatin, independent of PARP1 automodification

(Zentout et al., 2024).

The fact that HPF1 restricts ADPr chain length adds another layer of complexity, posing the
question of “how much” ADP-ribosylation is required for PARP1 dissociation from

chromatin, chromatin relaxation in general, and cellular survival in response to DNA damage.

This is particularly relevant in addressing ADP-ribosylation in therapy: PARP inhibitors are
clinically used against certain cancers, but most of the therapeutic potential of targeting DDR-
linked ADP-ribosylation remains untapped. A better understanding of the cellular
requirements for ADP-ribose chain length, and its consequences for PARP1/2 trapping, can
help identify specific pathways, and could allow a more fine-tuned modulation of this PTM in

therapy.

1.4 PARP inhibitors and therapeutic targeting of ADP-ribosylation

1.4.1 Clinical use of PARP inhibitors

The realisation that PARP1 plays a role in the cellular response to genotoxic stress inspired
the development of small-molecule PARP inhibitors early on. The very first compound to be
identified as an effective PARP inhibitor was benzamide (Shall, 1975), a close analogue to

nicotinamide, both of which compete with NAD" as a PARP1 substrate. However, due to its
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hydrophobic nature and resulting low aqueous solubility, its use for studying the cellular role
of PARP1 was limited. This inspired the specific development of such an inhibitor, laying the
foundation for the first generation of benzamide-derived PARP inhibitors (Purnell & Whish,
1980). Shortly thereafter, the potential of this first PARP inhibitor, 3-aminobenzamide, as an
onco-therapeutic agent was demonstrated when it was shown that it could block DNA repair
processes and caused hypersensitivity to DNA methylating agents in murine leukaemia cells

(Durkacz et al., 1980).

More evidence of PARP inhibitors as promising potentiators of other chemotherapeutic agents
and ionising radiation accumulated over the years (Griffin et al., 1995), but poor solubility,
low potency and selectivity stalled better understanding of their effect on PARP1, and their
potential role in chemotherapy for a long time. This led to the development of second-
generation PARP inhibitors in the 1990s and 2000s with improved potency, their design still
primarily based on interaction with and inhibition at the NAD" binding site, which entered
clinical trials primarily as radio- and chemosensitisers, ultimately still failing due to poor

solubility or side effects such as increased myelotoxicity (Ferraris, 2010; Mateo et al., 2019).

Two seminal studies in 2005 laid the groundwork for the current clinical use of PARP
inhibitors. BRCA1 and BRCA2 are key tumour suppressors involved in HR, and loss-of-
function of either of them is responsible for the majority of hereditary breast and ovarian
cancer (HBOC), with women carrying a mutation in either experiencing a 50-80% lifetime
risk of developing breast cancer, and a 30-50% risk of developing ovarian cancer (Roy et al.,
2011). The studies showed that tumour cells with defects in BRCA1 or BRCA2 are
hypersensitive to treatment with PARP inhibitors, theorised to be due to the development of
unrepaired SSBs into DSBs, which could not be repaired in BRCA1/2 deficient cells (Bryant
et al., 2005a; Farmer et al., 2005). Importantly, cells with intact BRCA1/2 were shown to be

able to repair the lesions, thus providing a way to specifically kill cancer cells with defects in
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HR. This was coined synthetic lethality, referring to the fact that either PARP1 inhibition or
BRCA1/2 loss is tolerated by the cell, but simultaneous loss of functions will lead to cell
death. This proved for the first time that the DNA damage defect causing the cancer could be
exploited by targeting a non-essential protein, and it indicated the potential of PARP
inhibitors as monotherapy for a specific patient population. The latter especially served as a
good incentive for the development of novel PARP inhibitors and a new research direction for

their clinical use.

Olaparib (Lynparza, KuDOS Pharmaceuticals/AstraZeneca), its predecessor having been used
by Farmer et al. in their 2005 study, was the first PARP inhibitor to be approved by the FDA
and the EMA in 2014 as monotherapy against advanced ovarian cancer with germline
mutations in BRCA who had undergone multiple lines of chemotherapy (Kim & Nam, 2022).
Olaparib has since received FDA approval for multiple other indications, notably amongst
them in 2018 for treatment of germline BRCA-mutated metastatic breast cancer, in 2019 for
use as a first-line maintenance treatment against BRCA-mutated metastatic pancreatic
adenocarcinoma and in 2020 for men with BRCA- mutated advanced metastatic prostate

cancer (Kim & Nam, 2022) (Table 1.1).
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Inhibitor Selectivity | FDA Approval Indications References
Advanced gBRCA ovarian
cancer; gBRCA metastatic breast | Kim & Nam,
cancer; (g)BRCA-mutated 2022
Olaparib PARP1 and Yes, first 2014 metastatic pancreatic and
(AstraZeneca) PARP2 prostate cancer; maintenance
therapy against recurrent
epithelial ovarian, fallopian,
peritoneal cancer
Rucaparib PARP1 and g/sBRCA/HR-deficient advanced | Kim & Nam,
(Clovis) PARP2 Yes, first 2016 ovarian cancer; 2022
BRCA-mutated metastatic
prostate cancer
Epithelial ovarian, fallopian and
peritoneal carcinoma,
Niraparib PARPI and | Yes, first 2017 maintenance treatment against Kim & Nam,
(GSK) PARP2 platinum-sensitive ovarian 2022
cancer independent of BRCA or
HR status
BRCA-mutated HER2-negative Kim & Nam,
breast cancer; in combination 2022; Ettl et
Talazoparib PARP1 and Yes, first 2018 with enzalutamide (testosterone al., 2019; Heiss
(Pfizer) PARP2 blocker) against metastatic et al.. 2024:
castration-resistant prostate Sher; ot al ’
cancer with HR gene mutations 2013 ”
Phase III: in combination with Kim & Nam,
temozolomide against 2022; Sarkaria
glioblastoma; mono- or etal., 2024;
combination therapy with Boussios et al.,
Veliparib PARP1 and Phase III carboplatin/paclitaxel against .
(Abbvie) PARP2 BRCA-mutated advanced breast | 2020 Coleman
cancer and ovarian cancer; et 2,11" 2019; )
monotherapy and in combination Daei Sorkhabi
with carboplatin/etoposide against et 'al., 2023;
small cell lung cancer Swisher et al.,
2022
Phase III: hormonal combination
therapy against metastatic Clinical Trial
Saruparib castration-resistant prostate IDs:
(AstraZeneca) PARP1 Phase 111 cancer; in combination with NCT06120491,
camizestrant against advanced
HR-defective breast cancer NCT06380751

Table 1.1: Relevant PARP inhibitors, their selectivity, FDA approval status and disease
indications. gBRCA = germline BRCA mutations, SBRCA = somatic BRCA mutations, HR

= homologous recombination.
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Other PARP inhibitors have followed, with rucaparib (Rubraca, Agouron
Pharmaceuticals/Clovis Oncology), its forerunner used by Bryant et al. in 2005, FDA-
approved for BRCA-mutated ovarian cancer and BRCA-mutated metastatic advanced prostate
cancer (Kim & Nam, 2022). Niraparib (Zejula, Merck/Tesaro) is clinically used against
advanced epithelial ovarian, fallopian and peritoneal carcinoma, and as maintenance treatment
against platinum-sensitive recurrent ovarian cancer (Kim & Nam, 2022). Importantly, for the
latter, use of niraparib is not limited to ovarian cancers with germline BRCA mutations, since
treatment of non-BRCA-mutated patients benefitted from its use (Mirza et al., 2016) (Table
1.1), proving that a wider patient population could benefit from PARP inhibitor treatment.
Further FDA approvals for multiple indications, including breast cancer and castration-
resistant prostate cancer, followed for talazoparib (Talzenna, Pfizer), the to date most potent
PARP inhibitor (Ettl et al., 2019; Heiss et al., 2024; Murai et al., 2014; Shen et al., 2013)
(Table 1.1). Pamiparib (Patruvix), was approved in 2021 in China for treatment of germline-
BRCA mutated recurrent ovarian, fallopian and peritoneal cancer (Markham, 2021). Other
PARRP inhibitors are currently undergoing clinical trials, with veliparib (Abbott/Abbvie) the
most advanced among them, with several ongoing phase 111 clinical trials for treatment
against ovarian, breast and non-small lung cancer (Boussios et al., 2020; Coleman et al., 2019;

Daei Sorkhabi et al., 2023; Swisher et al., 2022) (Table 1.1).

All clinically used PARP inhibitors, as well as veliparib, target the NAD* binding site of both
PARP1 and PARP2, effectively leading to inhibition of both enzymes (Johannes et al., 2021).
Unsurprisingly, despite overall being well tolerated, their use is associated with several
adverse effects. They include myelosuppression and haematological toxicities, chiefly
amongst them anaemia, neutropenia, and thrombocytopenia, as well as gastrointestinal
toxicities such as nausea, constipation and diarrhoea, and general fatigue (Hatch et al., 2021,

LaFargue et al., 2019). It was previously shown that PARP2, but not PARP1, plays an
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essential role in hematopoietic homeostasis and response to irradiation, and that its loss
disrupts erythropoiesis, leading to chronic anaemia in mice (Farres$ et al., 2013; Farrés et al.,
2015), providing an explanation for the haematological toxicities observed as a side effect of

PARP inhibitors.

Further, the fact that the synthetic lethality of PARP inhibitors with BRCA defects is
mediated through PARP1, rather than PARP2 (Bryant et al., 2005; Murai et al., 2012),
inspired the recent development of a selective PARP1 inhibitor, aiming to prevent the
haematological toxicity associated with PARP2 inhibition while maintaining the cytotoxic
effect on HR defective tumours. This would be particularly useful for the potential use of
PARP inhibitors in combination with other therapies, such as antiangiogenic agents, which

was previously shown to increase the risk of adverse events (Wei et al., 2024).

Saruparib (AZD5305, AstraZeneca) has a 500-fold greater selectivity for PARP1 over
PARP2, while retaining its function as a PARP1 trapper and synthetic lethality with BRCAL/2
(Muzzi et al., 2022; Johannes et al., 2021). Apart from good clinical activity, saruparib has
also been shown to have a favourable safety profile and a lower incidence of adverse events,
particularly haematological and gastrointestinal toxicities, compared to approved PARP
inhibitors in an ongoing phase I/11 study (NCT04644068) (Yap et al., 2022). Saruparib has
also entered phase 11 clinical trials for use in prostate and breast cancer (NCT06120491,

NCT06380751) (Table 1.1).

The selectivity of saruparib for PARP1 over PARP2 is achieved by a more extensive network
of intra-ART domain and HD contacts: The structure of saruparib bound to PARPL1 is not
currently publicly available on PDB; it was, however, recently modelled by one study as part
of synthesis of derivatives with further improved selectivity and trapping ability (Ren et al.,
2022). Key residues contacted by the saruparib nicotinamide mimetic core via hydrogen

bonds include S904 and G863, stacking against Y907 of the donor site, as well as a water
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bridge with a water molecule and H862 of the catalytic triad (Figure 1.7, a). This water bridge
with H862 was previously suggested to confer a large part of the selectivity of saruparib for
PARP1 over PARP2, and while olaparib and niraparib share the contacts with S904 and
G863, the H862 contact is not (Figure 1.7, ¢) (Johannes et al., 2021; Ren et al., 2022). Further,
saruparib hydrogen bonds with 1879, which improves selectivity (Ren et al., 2022) and
contacts D766 (Figure 1.7, a), contacts not shared by niraparib and olaparib. A comparison
model (Figure 1.7, ¢) of binding contacts for olaparib, niraparib and the saruparib analogue
shown in Figure 1.7, b shows that saruparib forms a greater network of contacts, and that it
extends further towards residues in the HD (Figure 1.5). The catalytic cleft between the ART
domain and the HD domain was previously shown to differ between PARP1 and PARP2,
with greater space in the PARP1 molecule for PARP inhibitors (Langelier et al., 2023); key
contacts with the PARP1 HD by saruparib likely affect its selectivity for PARP1 over PARP2

as well.

Following clinical approval and success of PARP inhibitors, much focus was put on
improving the current understanding of the molecular mechanism of these compounds. The
past few years especially have seen a surge in new and sometimes contradictory theories,

which will be reviewed in the next section.

52



\
\
ILE 879 |

ILE 878

R S‘Nx . HIS 862

\ S8 .l\ .
. ) .
i ]
1N ;
P HOH 1262
=39
{ GLY 863 i
SER 864

LEU 877

LYS 703

. HOH 130#(2\

~ “ HOH 1262

/ L oLy 888

&

\\
AN
A

Figure 1.7: Analysis of binding modes of different PARP inhibitors. Binding mode of a)
saruparib and b) a saruparib derivative. ¢c) Comparison of binding modes of olaparib (blue),
niraparib (purple) and the saruparib analogue (green) shown in b) in the PARP1 catalytic domain.
Taken from Ren et al., 2022. Reused by permission from Elsevier and Copyright Clearance
Center on behalf of the Journal of Molecular Biology (License Number 5983110772086).
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1.4.2 Molecular mechanism of PARP inhibition

Discrepancies between the effect of PARP inhibition and its genetic disruption were observed
early on. PARP1 KO mice are viable, and several studies found cells to be more sensitive to
PARP inhibitor than to loss of PARP1, in a BRCA-mutated synthetic lethality context and in
combination with DNA-damaging drugs (Bryant et al., 2005; Heacock et al., 2010; Horton et
al., 2005), adding confusion to the long-held theory that it was the loss of ADP-ribosylation,
and the resulting impaired repair of DNA damage, underlying the cytotoxic effects of PARP
inhibitors. To explain this difference, the theory of PARP “trapping” appeared (Helleday,
2011), suggesting that PARP inhibitor-induced loss of ADP-ribosylation would lead to
physical stalling of PARPL1 at the site of damage, in accordance with PARP1 auto-
modification being required for its release from chromatin (Satoh & Lindahl, 1992).
Observations of increased association of PARP1 with DNA following PARP inhibitor
treatment, leading to SSB intermediate structures, seemed to confirm this theory (Kedar et al.,

2012; Strom et al., 2011).

A seminal study managed to demonstrate several things: Loss of PARP1 was shown to render
cells resistant to PARP inhibitor treatment, indicating that their cytotoxic effect is mediated
through PARP1, rather than PARP2 or other targets (Murai et al., 2012). Further, they showed
that PARP inhibitor treatment led to stalling of PARP1 and PARP?2 at sites of damaged
chromatin (Murai et al., 2012). This study was also the first to show that despite complete
catalytic inhibition of PARPL1 at the inhibitor concentration used, different inhibitors varied in
their trapping potency. Niraparib was proven to be the strongest trapper, followed by olaparib,
and veliparib as the weakest trapper, with corresponding cellular toxicities. Based on these
results, this study for the first time implicated that trapping potency, independent of catalytic

inhibition, was the main factor underlying PARP inhibitor cytotoxicity.
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A follow-up study, using the same methodology and cell lines as the previous one, tested
talazoparib in comparison to rucaparib and olaparib, leading to a ranking of PARP inhibitors
by trapping potency as follows: talazoparib >> niraparib = olaparib ~ rucaparib > veliparib
with the PARP1-selective inhibitor saruparib ranking near veliparib according to a recent

study (Figure 1.8) (Murai et al., 2014; A. Thomas et al., 2018; Kanev et al., 2024).

N 0

<= Veliparib — = Rucaparib

Olaparib <= Niraparib I Talazoparib

Figure 1.8: Clinical PARP inhibitors, veliparib, and saruparib, ranked by their trapping
potency of PARPL in cells. Saruparib and veliparib are the weakest trappers, followed by

rucaparib, olaparib and niraparib, with talazoparib being the strongest trapper.
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While the PARP inhibitor-induced loss of ADP-ribosylation was one theory offered as an
explanation for the stalling of PARP1/2 at damage sites, another was the potential for PARP
inhibitors to induce allosteric changes in PARP1 through their binding, thereby affecting its
DNA binding affinity (Murai et al., 2012). The latter could explain the non-linear relationship
between trapping potency and enzymatic inhibition. This was particularly supported by
talazoparib, being the bulkiest compound, and veliparib, being the smallest (Figure 1.8), being

the most and least potent trappers, respectively.

Improving our understanding of how PARP inhibitors affect PARP1, and thereby improve our
understanding of how to best employ them clinically, has become an important area of
research. Investigations into their effect on PARP1 allostery, the resulting trapping potency
and cytotoxicity, PARP1-inhibitor binding affinity, the role of HPF1, and the molecular
nature of “trapping”, have revealed the astounding complexity of this class of drugs and their
mechanism of action. In the following sub-sections | will consider each of these aspects,
aiming to provide an overview of the current field, key studies, their methodology, and the

questions that remain open.

Allosteric Changes

The first study addressing whether allosteric changes are responsible for the differential
trapping potential and cytotoxicity of PARP inhibitors did not confirm this theory (Hopkins et
al., 2015). The authors used competitive time resolved-FRET (TR-FRET), comprising a
complex formed by a fluorescently labelled, digested DNA duplex and PARP1-bound,
labelled antibody, onto which a much higher concentration of an unlabelled, but identical
DNA competitor probe is added, in the presence or absence of inhibitor (Hopkins et al.,
2015). Upon binding of PARP1 to the competitor, the FRET signal diminishes, allowing a

read-out of the dissociation rate.
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These experiments were conducted without the addition of NAD*, which would confuse
interpretation of the relative contributions of catalytic inhibition and allosteric influence of
PARP inhibitors on PARP1-DNA-binding affinity. Addition of inhibitors (olaparib, niraparib,
talazoparib and veliparib) was not found to stabilise the PARP1-DNA complex, however, nor
did it affect PARP1-DNA-binding affinity (Hopkins et al., 2015). To further corroborate that
trapping relies on the loss of PARP1 catalytic activity, rather than changes in affinity for
DNA, the authors used a selective NAMPT inhibitor to deplete cellular NAD*, showing that
after treatment with MMS, PARP1 was trapped on chromatin to a similar extent as with

PARP inhibitors in a chromatin fractionation assay (Hopkins et al., 2015).

However, another seminal study using slightly different methodology and a wider range of
inhibitors found the opposite. Hydrogen/deuterium exchange-mass spectrometry (HXMS)
measures the exchange of protons between exposed protein backbone amides and a deuterated
solvent, the rate of exchange thereby providing information on protein allostery, folding
dynamics and stability of an interaction (Masson et al., 2019). Analysis of a nicked DNA
duplex-PARP1 complex incubated with PARP inhibitors showed their differing effects on
PARP1 folding (Zandarashvili et al., 2020). EB-47, a non-clinical NAD" mimic, greatly
destabilised the HD domain and stabilised interdomain contacts around the HD and WGR
domains. Olaparib and talazoparib had no or minor effects on PARPL1 allostery, respectively,
while niraparib, rucaparib and veliparib showed allosteric effects on HD conformation
opposite to those induced by EB-47 (Zandarashvili et al., 2020). Further, the authors used
fluorescence polarisation assays and surface plasmon resonance to study the effect of PARP
inhibitors on PARP1 DNA-binding affinity and dissociation rates without NAD*. Confirming
the HXMS results, EB-47 increased PARP1 DNA-binding affinity, talazoparib and olaparib
had no significant effect, and rucaparib, niraparib and veliparib decreased the DNA-binding

affinity (Zandarashvili et al., 2020). Based on these findings, the authors proposed a
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classification of PARP inhibitors into three categories: Type | (pro-retention) inhibitors, such
as EB-47 and BAD (M. F. Langelier et al., 2018), lead to destabilisation of the HD and
increase interdomain contacts, resulting in stronger DNA binding. Type Il (no/mild retention)
inhibitors, such as olaparib and talazoparib, cause a mild increase in DNA-binding affinity,
while Type 11 (pro-release) inhibitors, such as niraparib, rucaparib and veliparib, destabilise
the HD in a way opposite to Type | inhibitors, favouring release of PARP1 from DNA. The
authors identified key residues in the HD, WGR and ZnF1 and ZnF3 domains as part of an
allosteric network, mutation of which disrupted the pro-retention effect of Type | PARPI,
supporting the theory of an inhibitor-driven reverse allosteric effect driving the increase in
DNA-binding affinity. Further, development of a bulkier version of Veliparib, the smallest of
the inhibitors, converted it into a Type | inhibitor by inducing contacts with the HD
(Zandarashvili et al., 2020). According to this study, some inhibitors are able to activate a
“reverse” allosteric network, and in a similar, but opposing manner to DNA-dependent

activation of PARPL, causing its dissociation from DNA.

The differences in results between the Hopkins et al (2015) and Zandarashvili et al. (2020)
studies could lie in a multitude of reasons, including the sensitivities of employed
methodologies and the DNA duplex used. Interestingly, in a follow-up study, the authors
investigated the effect of the same inhibitors on PARP2, with surprising results. While the
pro-retention phenotype of EB-47 is retained, only veliparib has a pro-release effect on
PARP2 (M. F. Langelier et al., 2023b). Niraparib, rucaparib, olaparib and talazoparib all had a
pro-retention effect on PARP2 instead. Alignments of PARP1/2 crystal structures with PARP
inhibitors showed that inhibitors had more space in the cleft between the HD and ART
domains in PARP1, whereas in PARP2 most inhibitors contact the N-terminal part of helix F
of the HD domain, which in turn communicates with the WGR domain, causing this reverse

allosteric pro-retention effect (M. F. Langelier et al., 2023b). The same was found for EB-47
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with PARP1, and mutations in key residues in the HD and WGR domains of both PARP1 and
PARP2 could ablate this effect and confer resistance to inhibitors (M. F. Langelier et al.,

2023; Zandarashvili et al., 2020).

However, while these studies provide important insights into the allosteric component of
PARP trapping, they do not offer any information about the contributions of catalytic
inhibition versus allosteric modulation, as is relevant for a more physiological context.
Despite their classification as “pro-release” inhibitors, niraparib, rucaparib and veliparib still
lead to prolonged association of PARP1 with damaged chromatin in a cellular context, as do
all PARP inhibitors to differing degrees, which can likely be ascribed to the presence of
NAD", and the major effect of inhibitor-induced loss of PARP1 automodification in this
scenario. Another study sought to answer this by using single-molecule co-localisation assays,
allowing for high-resolution capture of kinetics of labelled PARP1 molecules binding and
unbinding to immobilised gap ssDNA, in combination with inhibitors and NAD* (Xue et al.,
2022). First, in the absence of NAD", the previously established classifications of inhibitors
were confirmed (Zandarashvili et al., 2020). The pro- or anti-retention effect of all inhibitors
except rucaparib was also abolished by an HD mutant, D766/770A (Xue et al., 2022), further
supporting the notion of steric clashes between inhibitors and the HD driving allosteric
modulation. Addition of NAD" demonstrated that PARP1-DNA retention depended on
competitive inhibition, with higher concentrations of inhibitor leading to greater retention,
with talazoparib and olaparib causing the highest retention, followed by EB-47 and then
veliparib and rucaparib, with no discernible change for niraparib (Xue et al., 2022). This
agrees with other reports of PARP inhibitor dissociation constants (Rudolph et al., 2022), and
the allosteric-change resistant D766/770A mutant showed no difference in retention in
responses to EB-47, olaparib and talazoparib in the presence of NAD™ (Xue et al., 2022). This

indicates that in a physiological setting, despite the allosteric changes induced by PARP
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inhibitors, PARP trapping by inhibitors relies more on efficient competition of PARP

inhibitors with NAD™.

PARP-PARPI binding and inhibitor potency

Studying the potency of small molecule inhibitors involves the determination of the binding
constant (Kp), inhibition constant (K;), and the manner of inhibition (competitive vs
noncompetitive vs uncompetitive). Since PARP1/2 are their own prime substrates, measuring
their activity and effect of inhibitors on it comes with difficulties, as it does not allow for
enzyme versus substrate titrations to determine enzyme activity and inhibitor potency, and
every ADP-ribosylation event leads to a changed enzyme (Rudolph et al., 2022). A recent
study by the Luger group pointed out that the high concentration of PARP1/2 required in most
assays, and the tight binding of inhibitors to PARP1, leads to quenching of inhibitor, and the
measured binding constant will reflect the concentration of leftover active enzyme
(Jarmoskaite et al., 2020; Rudolph et al., 2022). Due to this, previous enzymatic activity
assays, surface plasmon resonance and fluorescence polarisation assays have often reported
PARP inhibitors as being nearly equipotent (Hopkins et al., 2015; Murai et al., 2012; Shen et
al., 2013; Thorsell et al., 2017). A more recent study measured PARP inhibitor binding
affinity using fluorescence polarisation involving a complex of PARP1, PARP inhibitor and
DNA, followed by subsequent addition of NAD". By measuring the rate of DNA release, the
authors could calculate the competition between PARP inhibitor and NAD*, with a stronger
binding affinity of PARP inhibitor leading to slower release. This found talazoparib to be the
most potent by far, followed by rucaparib and olaparib (Rudolph, Roberts, & Luger, 2021a).
Talazoparib as the bulkiest compound was shown to have the most extensive interaction
network within PARP1, potentially explaining its increased affinity and potency (Rudolph et

al., 2022).
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Crucially, all current PARP inhibitors were developed and tested before the discovery of
HPF1. While HPF1 was naturally present in vivo, these tests were performed in vitro, in the
absence of this physiological co-factor. Its tight interaction with the PARP1 catalytic site
affects amino acid specificity and ADP-ribose chain length; it is likely to affect the binding of
some inhibitors. The same study that measured PARP inhibitor binding affinity using
fluorescence polarisation (Rudolph, Roberts, & Luger, 2021a) repeated this in the presence of
HPF1. HPF1 significantly increased the binding of olaparib and niraparib to PARP1 in this
experimental setting, but not for PARP2, and due to the already tight binding of talazoparib
and rucaparib to PARPL, it was not possible to discern any difference in the presence of
HPF1. In a follow-up study, the authors measured the rate of association of different PARPI to
PARP1/PARP1-HPF1 using the same experimental set-up, with varied time points at which
NAD* was added. Measured association rates and binding constants were used to calculate the
dissociation rates for different PARP inhibitors. Comparison of the calculated PARPI
dissociation rates from PARP1/PARP1-HPF1 with the previously published 1Cso values of
different PARPI in a survival assay measuring their efficacy in a BRCA2-mutant cell line
(Johannes et al., 2021), showed the highest correlation for the PARP inhibitor dissociation
rate from the HPF1-PARP1 complex. Tight binding to the PARP1-HPF1 complex by
talazoparib and saruparib, the PARP1-specific inhibitor, were shown to be driven by
extremely slow dissociation rates (Stojanovic et al., 2023), and had the lowest ICso values

(Johannes et al., 2021).

These studies indicate that PARP inhibitor binding to PARP1 is influenced by HPF1, and thus
PARP inhibitor potency. According to these findings, talazoparib is the most potent inhibitor
due to its increased binding affinity, which could in turn explain increased association with

chromatin through tighter binding of PARP1, and less opportunity for PARP1 to associate
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with NAD*. They therefore support a catalytic-inhibition based model of PARP1 trapping, in

which inhibitor binding potency determines NAD* competition.

A potential caveat of these studies and their methodology, however, is their use of the release
of the PARP-HPF1 complex from DNA release as a read-out for PARP inhibitor binding. The
same method was used by other studies to study the effect of inhibitors on PARP1 binding to
DNA, showing that in the absence of NAD?, inhibitors affect PARP1 DNA-binding affinity
(M. F. Langelier et al., 2023; Zandarashvili et al., 2020). This potentially complicates the
interpretation of this data; if PARP inhibitors can affect PARP1 binding to DNA, it might
make it more difficult to reliably calculate PARP inhibitor binding to PARP1 by using its
release from DNA as a proxy. The authors do not mention these other papers in their study, or
that any changes in the fluorescence polarisation upon addition of PARP inhibitors were

observed.

Understanding “trapping” in Vivo

While a lot of focus was directed towards investigating the underlying mechanisms of
PARP1/2 trapping, other studies raised the question of what exactly “trapping” is. Trapping
was traditionally understood as the physical retention of PARP1 on damaged DNA, as
observed in vitro in the absence of NAD" or in response to PARP inhibition, the lack of
automodification and/or allosteric modulation hindering dissociation. This was thought to
translate into a cellular context: inhibition and stalling of PARP1 on a DNA break would lead
to replication fork collapse, and exacerbation of existing damage. However, in vitro studies
cannot fully recapitulate physiological conditions and do not necessarily reflect cellular

processes.

Many studies used chromatin fractionation assays to detect changes in chromatin association

of PARP1 in response to inhibitors (Hopkins et al., 2015; Murai et al., 2012, 2014), and laser
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microirradiation assays with improved temporal resolution followed (Prokhorova, Zobel, et
al., 2021; Zentout et al., 2024), but neither offer any information on whether the continued
association of PARP1 with chromatin is through physical trapping on DNA or a recurrent
cycle of binding and unbinding. To address this, Shao et al. (2020) induced DNA damage in
PARP1 KO cells expressing GFP-tagged PARP1 using a 405nm laser in a single spot,
followed by subsequent photobleaching of the same spot. Fluorescence recovery after
photobleaching (FRAP) was used as a readout for GFP-PARP1 re-association at the bleached
spot; if the PARP1 molecules previously bound to the bleached site were physically trapped
in the presence of PARP inhibitors, fluorescence recovery through unbinding of the old and
replacement by new fluorescent PARP1 should not occur, or be much slower. Despite
prolonged retention with the damaged spot after treatment with PARP inhibitor, fluorescence
recovery was not abrogated, although the exchange kinetic was slowed, to similar degrees in
response to niraparib and talazoparib (Shao et al., 2020a). Loss of XRCC1 also caused
prolonged chromatin retention of PARP1, and slowed the exchange kinetics of PARP1. The
authors therefore suggested that it is the resulting impaired repair of damage that leads to
continuous recruitment of PARPL1 in response to PARP inhibitor treatment and loss of ADP-
ribosylation. Interestingly, PARP1 H862D, a catalytic mutant, did show significant slowing of
exchange kinetics, indicating physical stalling. Moreover, treatment of PARP1 H862A/D with
niraparib, but not talazoparib, accelerated its release from chromatin. The authors did not
show how treatment of PARP1 H862A/D with niraparib or talazoparib affected catalytic
activity, which would have revealed if the catalytic inhibition of niraparib was lost. Similar
experiments done in vitro by Zandarashvili et al (2020) showed that mutation of key contacts
could render PARP1 resistant to the effect of inhibitors, but the results from this study
indicate that they can result in the opposite effect, speeding up release, potentially through a

reverse allosteric mechanism.
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While this study showed that in vivo, trapping does not consist of physical stalling on DNA,
but rather continuous re-binding and exchange of PARP1 molecules at the site of damage, it
only tested two inhibitors and did not provide a way to differentiate between the effect of

catalytic inhibition and any potential allosteric effects.

The to date most comprehensive cellular study aiming to establish the nature of PARP1
trapping, and its underlying basis, used UV laser microirradation, FRAP and mathematical
modelling to unravel this. To be able to distinguish between the contributions of catalytic
inhibition and allosteric modulation to PARP1 chromatin retention, the authors measured
three separate behaviours: PARP1 retention, or gross PARP1 behaviour, was measured by
delayed release of PARP1 from DNA damage. PARPL1 trapping was measured by a decrease
in the exchange rate of PARP1 at damage sites due to prolonged DNA-binding, and PARP1
inhibition was measured by reduced recruitment of ARH3 to the damage site (Kanev et al.,
2024). All PARP inhibitors were shown to increase PARP1 retention at damage sites in a
concentration-dependent manner, with veliparib only leading to a moderate delay in
resolution of PARP1 foci, followed by olaparib and rucaparib, and niraparib and talazoparib
leading to the longest retention, agreeing with previous cellular findings (Murai et al, 2012;
Murai et al., 2014; Pommier et al., 2016). The authors were further able to confirm that PARP
inhibition does not abolish PARP1 turnover at sites of damage, as shown previously (Shao et
al., 2020), even at very high concentrations. However, they did show that some inhibitors
affect the rate of fluorescence recovery, and that this rate of delay was strongly correlated
with overall PARPL1 retention at the damage site; veliparib did not exhibit any trapping
activity, olaparib and rucaparib had intermediate trapping potency, and niraparib and
talazoparib had the strongest trapping effect (Kanev et al., 2024). This agrees with previously
published trapping potentials (Murai et al., 2012; Murai et al., 2014; Pommier et al., 2016). A

previous study using FRAP also found that a catalytically dead PARP1mutant, PARP1
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E988K, still retained dynamic exchange at DNA lesions (Juhasz et al., 2020), indicating that
loss of catalytic activity alone does not lead to physical trapping, but rather that it depends on

certain allosteric changes induced by some inhibitors.

Assuming catalytic inhibition has the same contribution to the overall PARP1 retention for all
inhibitors, at an appropriate concentration, it is therefore differential PARP1 trapping, i.e. the
increased binding of PARP1 to DNA in the presence of some inhibitors, that underlies the
differences in overall PARP1 retention at damage sites. Prolonged PARP1 retention is
therefore reliably induced through catalytic suppression by all inhibitors, but catalytic
suppression alone does not trap PARP1, as is the case for veliparib. The authors reason that
“trapping”, or increased unproductive binding-unbinding cycles of PARP1 to damaged DNA
are a result of allosteric changes induced by some inhibitors. To test this model, using
measurement of either PARP1 retention, or PARP1 trapping (as measured by FRAP), and
mathematical modelling, the authors aimed to predict one or the other for previously untested
inhibitors. PARPL1 trapping induced by A-966492, a novel PARP inhibitor, could be used
successfully to predict its effect on PARPL1 retention. Interestingly, retention of PARP1 by
saruparib, the novel PARP1-specific inhibitor, was the lowest of all inhibitors tested, and
predicted to speed up PARP1 turnover. This was indeed the case when testing it, indicating
that saruparib has a true “pro-release” effect on PARP1 in vivo, reducing its DNA binding

affinity.

1.4.3 Future Directions for Therapeutic Targeting of ADP-ribosylation

As outlined in the previous section, many studies have been conducted on the molecular
mechanisms governing PARP inhibitors, their results varied and often contradictory. When
looking at the consensus of many studies, there does appear to be an underlying allosteric

effect of some inhibitors that drives increased association of PARP1 with DNA.
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The contribution of allostery and PARPI-PARP binding affinity are also difficult to
disentangle: Despite extremely tight binding of saruparib to PARP1, it had “anti”-trapping
potential in vivo, indicating that allosteric effects might be more influential on cellular
physiology than inhibitor binding potency. However, talazoparib binding to PARP1 is also
very strong, and correlates to its extremely high trapping potential. Comparison of these
studies shows that the exact mechanism by which different PARPi affect PARP1/2, is still not
fully understood. Further, the fact that HPF1 was shown to affect binding of some PARPI to

PARP1 will likely inform future drug design to consider HPF1.

The increased interest in understanding the differences in PARP inhibitor efficacies coincides
with the rising issue of resistance against PARP inhibitors and the discovery of the distinct
HPF1-dependent ADPr code. Dysregulation of ADP-ribosylation is both a cause and
consequence of a variety of diseases, and this opens the field to investigations about new
indications for PARP inhibitor use, novel biomarkers and new targets for therapeutic

intervention.

Overcoming PARP inhibitor resistance

Only roughly half of all patients with BRCA-deficient tumours respond to treatment, and
despite initial response to treatment with PARP inhibitors, many patients develop resistance to
these agents after a few months (X. Li & Zou, 2024; Mohyuddin et al., 2020). Restoration of
HR capacity in BRCA-deficient tumours is one of the major ways for PARPI resistance to
arise, allowing cells to repair DSBs and thereby no longer suffer from the synthetic lethality
induced by PARPI (Rose et al., 2020). This is often caused by the acquisition of BRCA
reversion mutations in tumours, either intragenic or epigenetic, or by copy number gain of
BRCA or upregulation of the functional allele, after long-term treatment with PARPi and the
resulting restoration of BRCAL/2 function (Norquist et al., 2011; Edwards et al., 2008; Pettitt

et al., 2020; Mweempwa & Wilson, 2019). HR-restoring mutations in PARPI-resistant
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tumours were also identified in other proteins involved in HR and pathway choice: for
instance, loss of 53BP1, a determining factor of NHEJ pathway choice, promotes resection of
DSBs and promotes recruitment of RAD51 in BRCAL-deficient cells (Bouwman et al., 2010;
Dias et al., 2021). Similarly, secondary mutations were also identified in PALB2 and RAD51
paralogs in PARP inhibitor resistant tumours (Domchek, 2017; Kondrashova et al., 2017).
The high genomic instability in HR-deficient cells might be an underlying driver for the

occurrence of these reversion mutations (Dias et al., 2021).

With BRCAL1/2, as well as PARP1, also involved in protection of stalled replication forks and
replication-associated ssDNA gaps (Hanzlikova et al., 2018; Hashimoto et al., 2010;
Panzarino et al., 2021; Schlacher et al., 2011, 2012), common pathways of PARP inhibitor
resistance constitute improved function of these pathways. Use of PARP inhibitors is known
to cause an accumulation of gaps, nicks, and SSBs (Lord & Ashworth, 2012), and PARP1
was recently implicated to play an important role in Okazaki fragment processing during
lagging-strand synthesis; accumulation of gaps was shown to be suppressed in a PARP
inhibitor resistant BRCA-deficient cancer cell line (Cong et al., 2021), and loss of DNA
Ligase I11, which is involved in filling the gaps of the lagging strand, was shown to re-
sensitise resistant tumour cells to PARP inhibitor treatment (Dias et al., 2021). In the absence
of BRCA1/2, MRE11 resects reversed forks and ssDNA gaps (Lemacon et al., 2017;
Schlacher et al., 2011, 2012): loss of PTIP was shown to underlie resistance of BRCA2-
deficient cells to PARP inhibitor by inhibiting recruitment of the MRE11 nuclease to stalled
replication forks, preventing excessive degradation of nascent DNA strands (Chaudhuri et al.,
2016). This suggests that degradation of reversed forks, and subsequent generation of gaps in
BRCA-deficient cells are a key factor underlying PARP inhibitor sensitivity, and presents an
opportunity for use of combination therapies targeting replication forks, to further sensitise

cells to PARP inhibitors.

67



Another mechanism of PARP inhibitor resistance is upregulation of drug efflux pumps;
increased expression of members of certain transporter families, such as the ABCB1, is a
well-established source of resistance against several chemotherapeutic agents (Dias et al.,
2021). In these cases, resistance might be circumvented by using PARPI that are poor targets
for ABCBJ1, such as veliparib and niraparib, or concurrent use with ABCBL1 inhibitors, such

as tariquidar (Dias et al., 2021).

Loss of PARG, the enzyme responsible for cleaving the majority of ADP-ribose chains in
response to PARP1 activation, was also found to be the driver of PARPI resistance in some
cancers, by boosting the number of ADPr chains present despite inhibitor treatment (Gogola
et al., 2018). Use of small-molecule inhibitors against PARG concomitantly with PARPI in
these cases could provide a mechanism against resistant tumours, and fast-track designation
for a PARG inhibitor, IDE161, was granted by the FDA in 2023, and it is currently in a phase

I clinical trial (NCT05787587, Abed et al., 2023).

Similarly, one study identified reduced expression of PARP1 as a potential driver of
resistance against PARP inhibitors in ovarian cancer cell lines and presented a PARP1
radiotracer as a potential option to survey PARP1 expression in patient tumour tissues
(Makvandi et al., 2018). In one olaparib-resistant ovarian cancer patient, a mutation was
identified in PARPL1 itself, R591C (Pettitt et al., 2018). As discussed in section 1.2.1, R591 is
part of the Zn1-WGR-HD interdomain network that leads to allosteric activation of PARP1
upon DNA binding; this mutant, while recruited effectively to sites of DNA damage,
dissociates rapidly from damage sites, and was shown to be resistant to trapping by
talazoparib (Pettitt et al., 2018). Other PARP1 mutations shown to cause resistance to PARPI
in a CRISPR screen were situated in DNA-binding regions, such as M43del, and F44l, in
Znl, N329Q in Zn3, as well as in the catalytic domain with HD742F located in the HD, and

Y848del (Pettitt et al., 2018).
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Findings of resistance-causing PARP1 mutations give further incentive to screen patients for
potential alterations in PARP1, and for an improved understanding of the contacts different
PARP inhibitors rely on for their function, both catalytic and allosteric, for the potential to

better fine-tune which inhibitor should be chosen for treatment.

Dysreqgulation of ADP-ribosylation in disease

Given the importance of PARP1/-2-mediated ADP-ribosylation as a signalling factor for a
variety of mechanisms, it is unsurprising that its dysregulation is involved in the pathogenesis
of several diseases. This can be distinguished into the physiological role of PARP1 in
pathogenesis as part of its role in the DDR, as well as the dysregulation of the ADPr pathway

as the causation of disease, both of which potentially serve as therapeutic targets.

PARP1 was shown to be activated in brains of patients who died of ischaemic stroke or brain
trauma (Love et al., 1999). Over-activation of PARPL, as is the case following production of
reactive oxygen species (ROS) and resulting DNA damage, leads to excessive ADP-
ribosylation, which can deplete cellular NAD*. PARP1 knockout mice were shown to be
resistant to different types of ischaemia-reperfusion injury (Eliasson et al., 1997), suggesting
that PARP1 inhibition could serve as a therapeutic target in such conditions. Recently, a
blood-brain-barrier permeable PARP inhibitor, AZD9574, was developed, which could in the

future be re-purposed for these indications (Staniszewska et al., 2024).

Recently, a biallelic mutation in PARP1 was for the first time linked to a neurodegenerative
disease, in a patient suffering from childhood-onset neurodegeneration with progressive

cerebellar ataxia and oculomotor apraxia. The nonsense mutation resulted in a truncation of
PARP1, leaving only the first 127 amino acids encoding the first DNA-binding zinc finger,

and part of the second (Hailstone et al., 2023). Patient-derived cells showed a significant loss
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of ADPr, consistent with loss of PARP1, and an increased sensitivity to SSB-inducing

genotoxins and reduced SSB repair (Hailstone et al., 2023).

Loss of both ARH3 and PARG has been shown to cause increased sensitivity to DNA damage
(Cortes et al., 2004; Mashimo et al., 2013; Shirai et al., 2013). Loss-of-function of PARG in
Drosophila, which is functionally equivalent to both human ARH3 and PARG (Fontana et al.,
2023), leads to developmental lethality in flies, while the surviving fraction grown at a
permissive temperature suffers from progressive neurodegeneration in adulthood, exemplified
by neuronal accumulation of PAR, reduced locomotion and a shortened lifespan (Hanai et al.,
2004). Similarly, knock-out of PARG in mice leads to early embryonic lethality, and the
toxicity caused by PARG deletion in mouse trophoblast-derived stem cells could be rescued
by growing the cells in media containing PARP inhibitors, thereby counteracting the

excessive accumulation of PAR (Koh et al., 2004).

Recently, loss of cellular activity of ARH3 was found in patients with a progressive
autosomal recessive neurodegenerative disease termed CONDSIAS, occurring in several
families. CONDSIAS is characterised by paediatric-onset of infection/stress-induced
neurodegeneration leading to impaired or declining cognitive development, muscle atrophy,
seizures, gait ataxia and childhood death in severe cases (Beijer et al., 2021; Danhauser et al.,
2018; Ghosh et al., 2018). Toxicity and hydrogen peroxide sensitivity in ARH3-deficient
patient-derived fibroblasts could be rescued by transfection with functional ARH3, or by
treating cells with PARP inhibitor (Danhauser et al., 2018). Having identified two different
disease-associated ARH3 mutations, one of which causes loss of nuclear localisation, it seems
that it is the stress-induced accumulation of nuclear PAR that causes the neurodegenerative
phenotype (Beijer et al., 2021). Similarly, a truncation in the TARG1 gene was found to be
responsible for severe and progressive neurodegeneration inherited recessively in a family

(Sharifi et al., 2013). Excessive ADP-ribosylation on both serines and glutamates/aspartates
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was shown to be cytotoxic, confirming these findings (Groslambert et al., 2023; Prokhorova,

Agnew, Wondisford, Tellier, et al., 2021).

1.5 Aims

PARP1/2-mediated ADP-ribosylation is a major therapeutic target, not only in cancer, but
potentially also for many other diseases. In recent years, huge strides have been made in
improving our understanding of the DDR-specific ADP-ribosylation code, as well as our
understanding of PARP1 trapping. HPF1, counteracted by ARH3 and PARG, directs PARP1
activity towards a DDR-specific, serine-linked, shorter ADPr code, the specific results of
which are yet to be determined. This opens the possibility of targeting other members of this

pathway in different diseases.

Interestingly, PAR chains were long thought to be required for PARP1 dissociation from
chromatin, and for chromatin relaxation overall, but the newly discovered HPF1-dependent
ADPTr code challenges this paradigm; frequent initiation on serine residues, but not
elongation, appears to be favourable for PARPL1 release from lesions and downstream repair
(Juan José Bonfiglio et al., 2017; M. F. Langelier et al., 2021; Prokhorova, Zobel, et al., 2021;
Rudolph, Roberts, Muthurajan, et al., 2021; Smith et al., 2023). Loss of HPF1 leads to
prolonged retention of PARP1 on damaged chromatin, while allowing for ADPr chain
extension (M. F. Langelier et al., 2021; Prokhorova, Zobel, et al., 2021; Suskiewicz et al.,
2020). This poses the question of “how much” ADP-ribosylation is required for efficient
release of PARP1 from DNA damage, and how this is dynamically regulated by ARH3 and

PARG.

71



It is well established that PARP1 trapping is a major driver of cytotoxicity, whether through
inhibition or mutation of catalytic residues. A recent study showed that mice that
heterozygously express a catalytic inactive mutant of PARP1, E988A, suffered from early
embryonic lethality and genomic instability, highlighting the difference between loss of
PARP1 and loss of ADP-ribosylation (Shao et al., 2023). This indicates that less than
physiological levels of ADP-ribosylation, as well as trapped PARP1, are not tolerated well by
cells. Similarly, excessive levels of ADP-ribosylation are also toxic for cells (Prokhorova,

Agnew, Wondisford, Tellier, et al., 2021; Yu et al., 2006).

The better understand this DDR-specific ADPr code, and the determinants of PARP inhibitor

sensitivity, the following work can be broken down into three major aims:

1: Discern the roles of mono vs poly-ADP-ribosylation for PARP1 behaviour and trapping at

DNA damage sites, DNA repair, and cellular survival.
2. Investigate the sensitivity of PARP1 mutants to different PARP inhibitors.

3: Investigate the relationship and dynamic between PARP1 and PARP2 at the DNA damage

site using various PARP mutants and PARP inhibitors.
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2. Materials and Methods

2.1 Cell Biology

2.1.1. Cell lines

Cellular experiments were undertaken in human embryonic kidney (HEK293T), osteosarcoma
(U20S), and modified U20S Flp-In T-REXx cells (U20S Flp-In). HEK293T (CRL-3216,
ATCC) and U20S (HTB-96, ATCC), were acquired from ATCC, while U20S Flp-In cells

were a generous gift from Fumiko Esashi at the University of Oxford.

U20S and HEK?293T cells were grown in DMEM (31966-021, Gibco or D6429, Sigma
Aldrich) and supplemented with 10% FBS (F9665, Sigma-Aldrich), and
Penicillin/Streptomycin (100U/mL, Gibco) at 37 °C with 5% CO». U20S Flp-In cells, before
integration of the desired plasmid into the genome, were grown in DMEM (31966-021, Gibco
or D6429, Sigma Aldrich) supplemented with 10% FBS, 4 pg/mL Blasticidin (ant-bl-1,
Invivogen) and 50 pg/mL Zeocin (R25001, Thermo Fisher). Following recombination of the
target gene into the U20S Flp-In genome, Zeocin was replaced by 200 pg/mL Hygromycin
(ant-hg-2, Invivogen). Cells were split on average twice a week, at roughly 1:10, and were not
kept past 20 passages. Media was aspirated, followed by a wash with 1x room temperature
PBS and TrypLE Express (12604013, Gibco) was added. Following 5-10 minutes of
incubation at 37 °C, cells were resuspended in appropriate media, and spun down at 145 X ¢
for 5 minutes (U20S) or at 100 x g for 3 minutes (HEK293T) to dispose of remaining trypsin,

and resuspended in fresh media.

2.1.2. DNA damage and cell lysis

When treated with hydrogen peroxide (H202), media in 6 cm dishes was aspirated and cells
washed with 1X DPBS containing calcium and magnesium (14040133, Gibco), followed by

incubation with 2 mM H20: in 3 mL DPBS for 10 minutes at 37 °C. Following incubation,
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cells were washed once more with 1X DPBS, placed on ice and lysis buffer was added to the

dishes.

Cells were lysed in lysis buffer (100mM NaCl, 50mM Tris-HCI pH 8.0, 1 % TritonX-100),
which was supplemented with 1X protease inhibitor (P2714-1BTL, Sigma Aldrich), 1X
phosphatase inhibitor (4906837001, Sigma Aldrich), 250 units/mL benzonase (E1014-25KU,
Sigma Aldrich), PARP inhibitor olaparib (HY-10162, MedChemExpress), PARG inhibitor
PDDO00017273 (SML1781, Sigma Aldrich) immediately before lysis. For U20S cells, 1 mM
of each inhibitor was used, while for HEK293T cells 2 mM were used. This was done to
maintain physiological levels of ADP-ribosylation during the lysis process. If cells were
treated with another PARP inhibitor prior to lysis, 1 mM of the corresponding inhibitor was

added into the lysis buffer as well.

The cell suspension was collected in Eppendorf tubes, which were left at 4 °C to rotate for 30
minutes at 20 rounds per minute in a table-top rotator. The lysate was subsequently separated
into soluble and insoluble fractions by centrifugation for 15 minutes at 21,130 x g and 4 °C.
Spectroscopy using the Bradford assay was used to measure the protein concentration of the
soluble fraction, and whole cell lysates were mixed with 4X LDS (NP0008, NuPAGE) buffer
with TCEP (646547, Sigma) at a 3:1 ratio, the concentration normalised to the sample with
the lowest protein concentration. Samples were then heated for 5 minutes at 95 °C and spun
down for 1 minute at 21,130 x g. The residual whole cell lysates were then stored at -20 °C

for potential future use.

2.1.4 Transfections

Cells were transfected using Mirus TransIT-LT1 (MIR 2305, Cambridge Bioscience). Cells
were seeded aiming for confluency of around 60-80% on the day of transfection, with varying
transfection reagent volumes depending on the cell culture dishes used according to the

manufacturers’ instructions.
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For 6 cm dishes, 2.5 pg DNA was mixed with 500 pL Opti-MEM (31985070, Gibco), and 7.5
ML transfection reagent was added. While the mixture was incubated at room temperature for
15-30 minutes, the media in the dish was replaced with 4 mL of fresh media. Finally, the
transfection mixture was added to the cells with a pipette in a dropwise fashion, the dish

gently rocked, and the cells incubated for another 24 - 48 hours.

2.1.5 Recombination in U20S Flp-In cells

Following the generation of a U20S Flp-In PARP1 knock-out clone using CRISPR-Cas9 by
Florian Zobel, the strain was complemented with wild-type and mutant PARP1 in a Flp-In
compatible vector, pDEST-YFP. For each wild-type and mutant PARP1 variant, as well as the
empty pDEST-YFP vector, 24 hours prior to transfection, 80,000 U20S Flp-In cells were
seeded in a well of a 6-well plate, cultured in DMEM with 10% FBS, 4 pg/mL Blasticidin and
50 pg/mL Zeocin. 900 ng of pDEST-YFP carrying the desired PARP1 variant was mixed
with 900 ng of pOG44, the vector encoding Flp-In recombinase required for genomic
integration of the gene of interest and combined with 100 pL Opti-MEM. After adding 3 puL
Mirus TransIT-LT1 to the mixture, it was incubated at room temperature for 15-30 minutes,
during which the media in the wells was replaced with 2 mL fresh media. Subsequently, the
transfection mixture was added to the wells in a dropwise fashion. In addition to the empty-
vector control, one well was also left un-transfected to control for the efficacy of the
antibiotics. Following 24 hours incubation of the cells with the transfection mixture, cells
were trypsinised and transferred to a 15 cm dish, re-suspended in DMEM with 10% FBS
without antibiotics, to allow for formation of separate colonies. Another 24 hours later, the
media was replaced with DMEM containing 10% FBS, 4 pg/mL Blasticidin and 200 pg/mL
Hygromycin, the latter selecting for successfully integrated PARP1 variant or empty pDEST
YFP. Media was refreshed every 2-3 days for the next two weeks, and as expected, un-

transfected cells started to die 3 — 4 days after treatment with Hygromycin.
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2.1.6 Clonogenic assays

For each condition, U20S or U20S Flp-In cells were seeded in three technical repeats in
either 6 well or 12 well plates, with 2000 or 1000 cells per well, respectively. Increasing
concentrations of drugs, as indicated in the Results section, were dissolved in DMSO and
added to the media in a ratio of 1:1,000, and DMSO in the same volume was added to the
control wells. To induce expression of the desired gene, U20S Flp-In cells were treated with
Doxycycline at the concentration indicated in the Results section. After 10 days, the media in
the wells was removed and the wells were washed once with 1X DPBS and subsequently
submerged in a 0.5% crystal violet (115940, Sigma Aldrich) in 25% methanol solution and
left at room temperature for 30 minutes. Afterwards, the crystal violet solution was aspirated
to be re-used, and plates were washed to remove excess solution. The plates were left to be
dried overnight. The plates were then scanned with the wells against a white background to
better visualise the stained colonies and the images analysed in ImageJ/Fiji with the
ColonyArea plugin (Guzman et al., 2014). Survival was calculated in percent after
normalisation, comparing the total well area occupied by colonies for each condition against
the DMSO-treated control of the respective cell line. Each experiment was performed in

triplicates.

2.1.7 Microirradiation assays

Cells were seeded and imaged in 8-well glass bottom dishes, with 10mm growth area per well
(80807, ibidi). To sensitise cells prior to imaging, the media was replaced with fresh media
containing 0.15 pg/mL Hoechst 33342 (H3570, Life Technologies) for 1 hour at 37 °C.
Following sensitisation with Hoechst, media in the wells was replaced with 250 puL of CO»-
independent, phenol-red free Leibovitz’s L-15 media (Life Technologies) supplemented with
10% FBS, 100 U/mL Pen/Strep solution (15140122, Gibco), containing the either DMSO or a

drug at the indicated concentration. Live-imaging was done on the Olympos IX-83 inverted
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microscope equipped with a Yokogawa SoRa spinning disk, with a 60x/1.5 numerical
aperture oil-immersion objective, and a Prime 95B scientific complementary metal-oxide
semiconductor camera. The chamber surrounding the objective was pre-warmed to 37 °C
prior to adding the dish, but due to the media used, no CO, was added to the chamber. The
fluorescence of YFP and mCherry tags were excited with lasers at 488 nm and 561 nm,
respectively, and fluorescence was detected with band-pass filters adapted to the fluorophore
emission spectra. Laser microirradiation and resulting DNA damage induction was carried out
with a 405nm laser, along a 15-um line through the nucleus for 250 milliseconds using a
single-point scanning head (Olympus cellFRAP) coupled to the epifluorescence backboard of
the microscope. To ensure consistency between experiments, laser power was measured at
405 nm prior to imaging and set to 110 pW at the sample level. For the 12-minute time
course, images were captured every 5 seconds, and for the 30 minute time course, images
were captured every 30 seconds. Protein recruitment was quantified manually using
Fiji/lmageJ, measuring the mean intensity within the damaged region (Id), the mean nuclear
fluorescence (In), and the mean background signal outside of the cell (Ibg). Protein

accumulation at sites of damage (Ad) was calculated as:

Iq—Iyp
Ad == £
In—Ipg

The above equation results in the mean intensity recruitment, or total recruitment, at a given
time point. To better represent recruitment and release dynamics, the fluorescence intensity
within the micro-irradiated area was subsequently subtracted from the intensity prior to
damage induction and then normalised to the maximum intensity (normalised recruitment).
The dissipation time used to quantify PARP1 release speed was measured as the time required
to dissipate half of the maximum recruitment intensity reached, and calculated using R

(Zentout et al., 2024).
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2.1.8. Western Blotting

After boiling, samples in 1x NuPage LDS buffer (Invitrogen) with TCEP were resolved on
NuPage Novex 4-12% Bis-Tris gels (Invitrogen) and transferred onto nitrocellulose
membranes (Bio-Rad) using the Trans-Blot Turbo Transfer System (Bio-Rad). The
membranes were blocked in PBS buffer with 0.1% Tween 20 (PBS-T) and 5% non-fat dried
milk for 1 hour at room temperature and incubated overnight with primary antibodies
(antibodies and respective concentrations are specified in 2.3.1 Antibodies) at 4 °C overnight.
The following day, after washing the membranes thrice for 10 minutes in PBS-T, membranes
were incubated with peroxidase-conjugated secondary anti-mouse (Agilent, P0447, 1:2000) or
anti-rabbit (Agilent, P0399, 1:2000) antibody for 1 hour at room temperature. After another
30 minutes wash step, membranes were developed using ECL (Pierce, 32106, Thermo Fisher

Scientific), and analysed by exposing them to films.

2.1.9 Immunostaining and microscopy

U20S Flp-In PARP1 KO cells complemented with YFP PARP1 WT or YFP PARP1 E988Q
were seeded on a 24-well glass bottom plate and treated with 0.1 pg/mL Doxycycline and
either 1 uM olaparib or 5 nM saruparib (HY-132167, MedChemExpress) for 4 days.
Doxycycline-induced YFP fluorescence was detected at the microscope without requiring
immunostaining. Cells were washed with PBS, and fixed with 20 mM Pipes-KOH, pH 6.8,
0.2% Triton X-100, 1 mM MgCl», and 4% paraformaldehyde (PFA, Sigma) supplemented
with 1 pM olaparib and 1 pM PARGi for 20 minutes, washed with PBS, followed by
permeabilization with 0.5% Triton X-100 in PBS supplemented with olaparib and PARGi for
5 minutes and blocked with 5% BSA in PBS-T for 30 minutes. Incubation with primary
antibodies (antibodies and respective concentrations are specified in 2.3.1 Antibodies) was
done for 1 hour at room temperature, followed by a PBS wash step, and a 1-hour incubation

with Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody (Thermo Fisher

78



Scientific, A11034, 1:500). This was followed by another PBS wash step, before cells were
stained with 1 pg/mL Hoechst 33342 for 30 minutes. For imaging, the EVOS M7000
fluorescent microscope was used, with the 20X/0.75 N.A UPlanSApo objectives under non-
saturating conditions. Image quantification was performed using CellProfiler (McQuin et al.,
2018). Nuclei identification was done using two-class Otsu thresholding and identified nuclei
objects were then used as a mask across all image channels. RPA32 pS4/8 and YH2AX were
identified using three-class Otsu thresholding and nuclei containing more than 10 foci of each

antibody were counted for each image.

2.2 Cloning

2.2.1 Gateway Cloning

To allow expression in mammalian cells, the gene of interest was cloned into a Flp-In
compatible pDEST-YFP-tagged vector. Gateway cloning from the donor to the destination
vector was performed using the Gateway LR Clonase 1l Enzyme mix (11791-020,
Invitrogen). Gateway cloning from the destination vector to the donor vector was achieved
using the BP Clonase Il Enzyme mix (11789-020, Invitrogen). Reactions were left at room
temperature between 1 — 18 hours, and the reaction was stopped by incubation with 1 pL of
Proteinase K at 37 °C. This was followed by transformation of 5 pL of the reaction mixture
with 50 pL of DH5a E.coli, incubation on ice for 30 minutes, a 45 second heat shock at 42°C,
and another incubation on ice for 2 minutes. The bacteria were mixed with 150 pL of S.0.C
media (15544034, Life Technologies) and incubated at 37 °C and 1000 rounds per minute in a
table-top shaker. The cell suspension was then plated either on an Ampicillin plate
(containing 100 pg/mL Ampicillin) or a Kanamycin plate (containing 30 pg-mL Kanamycin),

and the plate left over-night in a 37 °C incubator.
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2.2.2. Site-directed mutagenesis PCR

Site-directed mutagenesis was carried out using the NEB Q5® High-Fidelity 2X Master Mix,
or the Q5® High-Fidelity DNA Polymerase and the accompanying kit (M0492S and M0491S,

New England Biolabs).

The NEBaseChanger® tool (https://nebasechanger.neb.com) was used for primer design, and

the resulting suggested annealing temperatures were adhered to. The suggested protocol for a
25 pL reaction was followed, as well as the suggested PCR conditions with adjusted
annealing temperatures and extension times. Transformation of the PCR protocol then follows
the same protocol as described in section 2.2.1, with 5 pL of the PCR reaction and 50 pL of

DH5a E.coli.

2.2.3. Plasmid propagation

Depending on whether a MiniPrep or a MaxiPrep was made, the following steps apply. For
MiniPreps, between one and three colonies were picked from the plate and grown in 5 mL LB
media containing either 100 pg/mL Ampicillin or 30 pg/mL Kanamycin and incubated for 15-
18 hours at 37 °C at 200 rounds per minute in an incubator shaker. Afterwards, 3-4 mL of the
suspension was spun down for 3 minutes at 4,500 x g at room temperature, and the
supernatant discarded. The QIAprep Spin Miniprep Kit (27104, Qiagen) was used to extract

the plasmid DNA, and its protocol followed.

For MaxiPreps, the 1 mL of a starter culture was added to 200 mL LB media containing 100
pg/mL Ampicillin or 30 pg/mL Kanamycin and incubated for 15-18 hours at 37 °C at 200
rounds per minute in an incubator shaker. The cell suspension was spun down for 10 minutes
at 37 °C at 4,500 x g and the supernatant discarded. The PureLink HiPure Plasmid Maxiprep

Kit (K210006, Invitrogen) was used to prepare a maxiprep from the cell pellet.
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2.2.4. Sequencing

All sequencing was performed by Sanger Sequencing, by submitting samples and primers at

the desired volume and concentrations to Source Bioscience.

2.2.5 Statistical Analysis

GraphPad Prism 10 was used for statistical analysis and data visualisation.

For survival assays, the bars represent the mean and the error bars represent the standard

deviation. Cell survival was normalised to the untreated condition of each cell line (where
survival of the untreated cell line = 100%). Each experiment was performed in triplicates.
Statistical analysis was performed using an unpaired, two-tailed Student’s t-test, assuming

unequal variance.

For micro-irradiation experiments, the time-lapse curves represent the mean + standard error
of the mean of n amount of cells per condition, whereby n is stated as a range from minimum
to maximum amount of cells in the figure legend. Statistical analysis of multiple conditions
was performed using one-way ANOVA, which allows testing how a response is affected by a
single factor (drug treatment), and allows comparison of the means of multiple groups. The
box limits of the box plots correspond to the 25th and 75th percentiles and the bold line

indicates the median value; the whiskers extend to minimum and maximum values.

Statistical significance is denoted by * p < 0.05, ** p < 0.01, *** p <0.001, **** p < 0.0001.
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2.3. Materials

2.3.1. Antibodies

Below (Table 2.1) is shown a list of primary antibodies used. Secondary antibodies against

rabbit and mouse (P0399 and P0447, Agilent) primary antibodies were used at a dilution of 1:

2,000 in 5% milk in PBS-T, and prepared fresh each time.

Target ID Manufacturer Dilution Species

ARH3 HPA027104 Sigma Aldrich 1: 1,000 Rabbit

FLAG AB8592 Sigma Aldrich 1: 5,000 Mouse

GFP ab290 Abcam 1: 5,000 Rabbit

Histone H3 07-690 Merck Millipore 1: 50,000 Rabbit
HPF1 NBP1-93973 Novus Biologicals 1: 1,000 Rabbit
Mono-ADPr 647 Ivan Matic 1: 1,5000 Rabbit
Mono/poly-ADPr 83732S Cell Signalling 1: 1,000 Rabbit
Pan-ADPr MABE1016 Sigma Aldrich 1: 1,500 Rabbit
PARP1 ab32138 Abcam 1: 5,000 Rabbit
PARP2 ALX-804- Enzo Life Sciences 1: 500 Mouse

639-L.001

Poly-ADPr MABE1031 Merck Millipore 1: 1,000 Rabbit
PRPA pS4/8 A300-245A Bethyl 1:1000 Rabbit
YH2AX ab2893 Abcam 1:1000 Rabbit
Polyclonal anti-rabbit, A-11034 Thermo Fisher 1:1000 Goat

Alexa Fluor 488- Scientific
conjugated

Polyclonal anti-mouse, P0447 Agilent 1:2000 Goat

HRP-conjugated
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Polyclonal anti-rabbit, P0399 Agilent 1:2000 Swine
HRP-conjugated
Table 2.1 List of antibodies used in this work.
2.3.2 Chemicals
Reagent Name Manufacturer ID
Saruparib (AZD5305) MedChemExpress HY-132167
Olaparib MedChemExpress HY-10162
Niraparib MedChemExpress HY-10619
Rucaparib MedChemExpress HY-10617A
Veliparib Enzo Life Sciences ALX-270-444M005
Talazoparib MedChemExpress HY-16106
Doxycycline Sigma Aldrich D9891-1G
PDD00017273 Sigma Aldrich SML1781
Hydrogen peroxide (H202) Sigma Aldrich H1009

Table 2.2: List of commercial drugs and reagents used in this work.

2.3.3. Buffer solutions and media

The compositions of buffer solutions and different growth media are outlined below.

1X PBS-T (10L)

e 1L 10X PBS (D1408-500ML, Sigma Aldrich)

e TWEEN 20 viscous liquid (P1379, Sigma Aldrich), 10 mL (0.1%)

e 9L milliQ water
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Triton X-100 lysis buffer (1 L)

e NaCl (S9888-25KG, Honeywell), 100 mM (5,844 mq)
e 1M Tris-HCI pH 8.0 (51238, Lonza), 50 mM (50 mL)
e Triton X-100 (X100-500ML, Sigma Aldrich), 1% (10mL)

e 940 mL milliQ water

HEK?293T cell lysis buffer (56 mL)

e Triton X-100 lysis buffer (4.3 mL)

e 10X phosphatase inhibitor (4906837001, Sigma Aldrich) in Triton X-100 lysis buffer
solution, 1X (0.5 mL)

e 25X protease inhibitor (P2714-1BTL, Sigma Aldrich) in Triton X-100 lysis buffer
solution, 1X (0.2 mL)

e 250,000 units/mL benzonase (E1014-25KU, Sigma Aldrich), 250 units/mL (5 pL)

e 10 mM Olaparib (HY-10619, MedChemExpress), 2 ug/mL (0.5 uL)

e 10 mM PARG inhibitor PD00017273 (SML1781, Sigma Aldrich), 2 pg/mL (0.5 pL)

U20S cell lysis buffer (5 mL)

e Triton X-100 lysis buffer (4.3 mL)

e 10X phosphatase inhibitor (4906837001, Sigma Aldrich) in Triton X-100 lysis buffer
solution, 1X (0.5 mL)

e 25X protease inhibitor (P2714-1BTL, Sigma Aldrich) in Triton X-100 lysis buffer
solution, 1X (0.2 mL)

e 250,000 units/mL benzonase (E1014-25KU, Sigma Aldrich), 250 units/mL (5 puL)

e 10 mM Olaparib (04402, LKT Labs), 1 pg/mL (0.5 pL)

e 10 mM PARG inhibitor (PD00017273, Selleck Chemicals), 1 pg/mL (0.5 pL)
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1X MOPS Buffer (10 L)

e 20X NuPAGE MOPS SDS Running Buffer (B000102, Invitrogen), 1X (500 mL)

e MilliQ water, 9.5 mL

HEK?293T and U20S growth media (550 mL)

e DMEM (D6429, Sigma Aldrich or 31966-021, Gibco), 1X (500 mL)
e FBS (F9665-500ML, Merck Millipore), 10% (50 mL)

e 10,000 Units/mL Penicillin-Streptomycin (15140122, Gibco), 1% (5mL)

U20S Flp-In growth media (550 mL):

e DMEM (D6429, Sigma Aldrich or 31966-021, Gibco), 1X (500 mL)
e FBS (F9665-500ML, Merck Millipore), 10% (50 mL)
e Zeocin (R25001, Thermo Fisher), 50 pg/mL (275 pL)

e Blasticidin (ant-bl-1, Invivogen), 4 pg/mL (220 pL)

Complemented U20S Flp-In growth media (550 mL):

e DMEM (D6429, Sigma Aldrich or 31966-021, Gibco), 1X (500 mL)
e FBS (F9665-500ML, Merck Millipore), 10% (50 mL)
e Hygromycin (ant-hg-2, Invivogen), 200 pg/mL (1,100 pL)

e Blasticidin (ant-bl-1, Invivogen), 4 pg/mL (220 pL)

Imaging media for U20S and U20S Flp-In (50 mL)

e Phenol red-free Leibovitz’s L-15 medium (21083027, Gibco), 1X (45 mL)
e FBS (F9665-500ML, Merck Millipore), 10% (4.5 mL)

e 10,000 Units/mL Penicillin-Streptomycin (15140122, Gibco), 1% (0.45 mL
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2.3.4 Expression Vectors

pDONR221 (12536017, Thermo Fisher) was used for the generation of mutants and the
transfer of gene inserts between compatible mammalian expression vectors through BP and
LR clonase reactions. The vector maps of pDEST-YFP, pDEST-FLAG CMV, and pmCherry
C1, which we kindly received from Dr Sébastien Huet’s lab along with pmCherry PARP1
(Smith et al., 2023), are shown in Figure 2.1. PARP1 and HPF1, both having only one
isoform, were cloned into the pDEST-YFP or pDEST-FLAG vectors, which were used to
transiently over-express the construct, or were integrated into U20S Flp-In T-REX cells to
allow Doxycycline-inducible expression. The PARP1 cDNA used contains a natural variation,
V762A. For integration into the FRT site, FIp-In recombinase encoded in the pOG44 plasmid

(\V6005-20, Thermo Fisher) was used.
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3. Results

3.1 HPF1 controls PARP1-mediated ADP-ribose chain length and the PARP

inhibitor response

HPF1 was previously shown to be important for the cellular response to PARP inhibitors.
Loss of HPF1 not only alters the target residues from serines to glutamates and aspartates and
alters the type of ADP-ribose chains produced, but sensitises cells to treatment with PARP
inhibitors (Gibbs-Seymour et al., 2016; M. F. Langelier et al., 2021; Palazzo et al., 2018;
Prokhorova, Zobel, et al., 2021; Rudolph, Roberts, Muthurajan, et al., 2021; Smith et al.,
2023). PARP inhibitors were developed before the discovery of HPF1, and as such, the
understanding of how HPF1-dependent ADP-ribosylation regulates the PARP inhibitor
response is in its infancy. Having emerged as a potential novel biomarker over the past few
years, a better understanding of how HPF1 affects PARP1/2-mediated ADP-ribosylation, and

affects the PARP inhibitor response, is crucial.

3.1.1 Over-expression of HPF1 provides resistance to PARP inhibition

To better understand how HPF1 levels correspond to ADP-ribosylation and PARP inhibitor
sensitivity, | performed a talazoparib titration in HEK 293TWT and HPF1 KO cells to assess
the corresponding ADP-ribosylation levels in the absence of external DNA damage as part of
the Prokhorova et al. (2021) study (Figure 3.1, a). A subset of HEK293T HPF1 KO cells were
additionally transfected with FLAG HPF1, raising the amount of HPF1 to supra-physiological
levels. PARP1 and histones are the major targets of DNA-damage dependent PARP1 activity
(D’Amours et al., 1999; Langelier et al., 2012; Leidecker et al., 2016; Smith et al., 2023); The
ADPr signal around 97 kDa is lost in 293T WT cells in response to treatment with increasing
concentrations of talazoparib (Figure 3.1, a, lanes 1-6), and it is well established that the
ADP-ribosylation signal between 97 kDa and 191 kDa reflects PARP1 (113 kDa)

automodification (Prokhorova, Zobel et al., 2021), and loss of PARP1 abolishes this signal, as
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shown in Figure 3.1, b, Figure 3.4, Figure 3.6, b, and Appendix Figure A.4. When looking at
HPF1 KO cells, it is clear that even before the addition of talazoparib, PARP1
automodification is substantially reduced, and that histone ADP-ribosylation is lacking
entirely. Core histones have a molecular weight of between 10-15 kDa, and the ADP-
ribosylation signal around these molecular weight bands is lost upon loss of HPF1 (Figure
3.1, a, lanes 7-12) (Prokhorova, Zobel et al., 2021; Leidecker et al., 2016; Smith et al., 2023).
Both antibodies used, pan-ADPr (MABE1016, Sigma-Aldrich) and mono/poly-ADPr (83732,

Cell Signalling Technology) recognise mono and poly-ADPr.

The pan-ADPr antibody specifically consists of a macrodomain with preference for mono-
ADPr as well as chains, and as can be seen by how the ADPr signal in the same condition
varies between the antibodies, the pan antibody appears to have stronger recognition of mono-
ADPr. This loss of ADP-ribosylation in HPF1 KO cells (Figure 3.1, a, lanes 7-12) observed
with both antibodies is rescued efficiently by over-expression of HPF1, which not only
restores the original ADP-ribosylation levels of HEK293T WT cells, but also causes an
increase in the modification of histones (Figure 3.1, a, lanes 13 — 18). It also tends to increase
more specifically modification with mono-ADP-ribose (MAR), as reflected by the increase in
crisp lines on histones; meanwhile despite over-expression of HPF1, the smears representing
long chains of poly-ADP-ribose (PAR) found in lysates from HEK 293T WT cells are
lacking. This agrees with the notion that the presence of HPF1 at supra-physiological levels
would further impede ADP-ribose chain extension, more so than the presence of endogenous
HPF1, which is roughly 20 times less abundant than PARP1, and is more likely to restrict
chain extension only at the initial step (Langelier et al., 2021; Suskiewicz et al., 2020).
Despite the lower relative levels of PARylation in HPF1-over-expressing cells, cellular
resistance to talazoparib is increased: PARP1/2 automodification and histone ADP-

ribosylation persist at higher levels of talazoparib than HEK293T WT cells. This suggests
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that, by directing a switch from longer PAR chains to shorter chains and single ADPr units,
and increased modification of histones, HPF1 can promote PARP inhibitor resistance. The
same was observed in an identical experiment for olaparib (Prokhorova et al., 2021). Without
DNA damage, however, the affinity of inactive PARP1/2 for HPF1 is relatively low

(Suskiewicz et al., 2020).

To understand how the presence of HPF1 affects the PARP inhibitor response under DNA-
damage conditions, | simultaneously treated 293T WT and HEK293T PARP1 KO cells with 2
mM hydrogen peroxide (H202), and 1 uM olaparib (Figure 3.1, b). Treatment of HEK293T
WT cells with 1 uM olaparib is sufficient to abolish the H>.O2-independent and dependent
increase in PARP1 automodification. Any DNA-damage dependent ADP-ribosylation is lost
in HEK293T PARP1 KO cells, and this is not rescued by over-expression of PARP1 WT
alone (lane 7, Figure 3.1, b). Meanwhile, simultaneous over-expression of HPF1 and PARP1
WT rescues PARP1 automodification, and over-expression of HPF1 and PARP1 AHD, a
constitutively active PARP1 mutant (Dawicki-McKenna et al., 2015), effectively restores
histone ADP-ribosylation as well. Importantly, loss of the HD was previously shown to not
significantly impact olaparib binding to the ART (Dawicki-McKenna et al., 2015). Together,
these results show that HPF1 promotes PARP inhibitor resistance, and that it does so despite
it suppressing the production of long PAR chains by PARP1/2. This indicates that rather than
PARylation alone being important for PARP1 release from sites of DNA damage, and for
modification of target proteins, short chains and MARYylation seem to play a significant, if not

essential role.
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Figure 3.1: HPFL1 is responsible and required for maintaining PARP1 auto-modification
despite PARP inhibitor treatment. a) Loss of ADP-ribosylation in HEK293T WT and HPF1 KO
cells induced by increasing concentrations of the PARP inhibitor talazoparib for 12 hours is rescued
by over-expression of FLAG-HPF1 WT. b) Simultaneous over-expression of FLAG-HPF1 with
either YFP-PARP1 WT or PARP1 AHD rescues ADP-ribosylation despite the presence of 1 uM
olaparib in hydrogen peroxide-treated cells. Figures adapted from Prokhorova, Zobel et al., 2021.
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3.1.2 HPF1 catalytic activity is required for PARP inhibitor resistance

HPF1 is able to direct the ADP-ribosylation activity of PARP1 and PARP2 towards serine
residues by providing an additional catalytic glutamate residue, E284 (Suskiewicz et al.,
2020). At the same time, by forming the composite active site, HPF1 restricts the length of
ADP-ribose chains generated by PARP1/2 (Suskiewicz et al., 2020). With the use of the
HPF1 E284A mutant it is possible to distinguish between the importance of ADP-ribose chain
length, and the targeting of serine residues. HPF1 E284A binds PARP1 with high affinity, but
lacks the catalytic glutamate residue required for ADP-ribosylation of serine residues

(Langelier et al., 2021).

To better study the cellular effect of this mutation, and with its potential toxicity in mind, the
U20S Flp-In™ T-REx™-background was chosen for generation of stable cell lines to allow
better control over expression, both temporally and in terms of the desired expression level of
the protein of interest. The genomic FRT site allows for integration of a gene of interest using
FIp recombinase from an appropriate vector, and the integrated tetracycline response element
ensures expression of the integrated gene only occurs upon treatment with
Tetracycline/Doxycycline (Yao et al., 1998; Thermo Fisher Scientific/FIp-In System). HPF1
was previously knocked out by Florian Zobel in the U20S-FIp-In cell line, to ensure the
presence of endogenous HPF1 would not interfere, and integration of the desired constructs
was achieved as outlined in Section 2.1.5 of Materials and Methods. The U20S Flp-In HPF1
KO cells were complemented with YFP empty vector, YFP HPF1 WT, YFP HPF1 E284A
and YFP HPF1 D286A, which has weakened interaction with PARP1/2 (Suskiewicz et al.,
2020). Based on previous reports, wild-type HPF1 stimulates the ADP-ribosylation activity of
PARP1/2, while simultaneously restricting the length of ADP-ribose chains produced, leading
to more frequent initiation of ADP-ribosylation, but less elongation of ADPr chains

(Langelier et al., 2021; Prokhorova et al., 2021). Meanwhile, loss of catalytic activity of HPF1
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E284A should retain its restriction of ADPr chain elongation, while no longer stimulating
initiation of ADP-ribosylation on serines, either on PARP1 or other targets (Rudolph,
Roberts, Muthurajan, et al., 2021). Cells expressing HPF1 D286A, a mutant that has weaker
interaction with PARP1/2 (Sun et al., 2021; Suskiewicz et al., 2020), should behave similarly
to HPF1 KO cells, with PARylation mostly targeted to glutamates and aspartates. The
behaviour of these cells is schematically represented in Figure 3.2, a. In Figure 3.2, b, the
ADP-ribosylation pattern of these cells expressing different HPF1 variants in response to two
different concentrations of doxycycline, but without induction of DNA damage, are shown.
Loss of HPF1 leads to a complete loss of the ADP-ribosylation signal on PARP1, which is
rescued by expression of YFP HPF1 WT (Figure 3.2, b). As shown in the GFP and HPF1
blots, expression is only induced following treatment with doxycycline, with 0.5 pg/mL
sufficient for induction of expression. Meanwhile, in cells expressing YFP HPF1 E284A,
despite being equal to expression levels of YFP HPF1 WT, the PARP1 automodification
signal resembles that of HPF1 KO cells. Expression of HPF1 D286A leads to PARP1
automodification levels between those cells expressing HPF1 WT and those expressing HPF1
E284A, consistent with an HPF1 mutant which has lowered interaction with PARP1/2, but

retains catalytic activity (Sun et al., 2021; Suskiewicz et al., 2020).

This blot shows that the cell lines work as intended, but it does not show how these cells
behave in response to DNA damage. Therefore, | treated a subset of these cells with 0.5
pg/mL doxycycline to induce expression, followed by H20, treatment to induce DNA
damage. In U20S Flp-In WT cells, treatment with H2O- leads to a strong increase in
automodification of PARP1/2 and ADP-ribosylation of histones and other targets (Figure 3.2,
c). This is successfully reduced by treatment with two different PARP inhibitors, olaparib and
saruparib. Loss of HPF1 reduces the automodification pre-damage, and there is no discernible

increase in ADP-ribosylation in response to DNA damage. PARP1 automodification is

94



rescued by YFP-HPF1 WT expression, both pre- and post-damage. No MARylation of
histones can be observed in this condition, but this might be due to lower expression levels of
HPF1 compared to U20S Flp-In WT cells (Figure 3.2, ¢, HPF1 blot). Meanwhile, expression
of HPF1 E284A leads to similar levels of PARP1 automodification as in cells expressing
HPF1 WT pre-DNA damage, but this is reduced upon H>O; treatment compared to HPF1
WT-expressing cells. Similarly, ADP-ribosylation of other targets is largely lost, which agrees
with simultaneous chain restriction and reduced initiation of ADP-ribosylation of this HPF1

mutant.
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Figure 3.2: Loss of HPF1 catalytic activity reduces PARP1 auto-modification with PAR chains.
a) Schematic representation of U20S Flp-In HPF1 KO cells. b) U20S Flp-In HPF1 KO cells
substituted with the indicated HPF1 variants are treated with varying concentrations of doxycycline to
induce expression. ¢) U20S Flp-In HPF1 KO cells were treated with doxycycline to induce expression
of either YFP HPF1 WT or YFP HPF1 E284A and a subset were treated with hydrogen peroxide to
induce damage, and treated with either 1 uM olaparib or 5 nM saruparib.

96



Having confirmed that these cell lines work as intended, I next wanted to test their sensitivity
to PARP inhibitor treatment. | therefore treated these cells with 0.5 pg/mL Doxycycline to
induce expression, and performed an olaparib titration for 10 days. The olaparib
concentrations ranged from 0.005 to 0.5 uM. These concentrations are relatively low, as 1 uM
olaparib was not sufficient to entirely abolish the H2O-induced ADP-ribosylation signal in
these cells (Figure 3.2, b). U20S Flp-In WT, and U20S Flp-In HPF1 KO cells expressing
YFP HPF1 WT behave similarly and are not sensitive to treatment with these concentrations
of olaparib (Figure 3.3, a, b). U20S Flp-In HPF1 KO cells, and U20S Flp-In HPF1 KO cells
expressing either YFP-EV or YFP HPF1 D286A all behave similarly as well, showing a
slight, but not significant trend towards reduced survival in response to 0.5 uM olaparib.
Meanwhile, at the same concentration of olaparib, survival of cells expressing YFP HPF1
E284A is significantly reduced. This clearly illustrates that expression of this mutant, which
restricts chain elongation without simultaneously stimulating initiation of ADP-ribosylation
of serine residues like wild-type HPF1, is more far more toxic to cells in the context of PARP
inhibition than loss of HPF1 altogether. This mutant does not only have clear consequences
for PARP1 automodification, but also for the modification of other targets, such as histones
(Figure 3.2, a, b), and could affect PARP1/2 release from sites of DNA damage, as well as the
recruitment of chromatin remodellers and DNA repair factors that depend on the HPF1-

mediated DNA damage signal.
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Figure 3.3: Catalytically inactive HPF1 sensitises cells more to PARP inhibitor than loss of HPFL.
a) Expression of complemented YFP EV, YFP HPF1 WT, E284A and D286A mutants in U20S Flp-In
HPF1 KO cells was induced with 0.5 pg/mL doxycycline, and cells were treated with an increasing
range of olaparib as indicated. b) Quantification of the experiment performed in a). * indicates a p value
of < 0.05. (unpaired, two-tailed Student’s t-test, assuming unequal variance). Bars represent the mean,
and error bars represent the standard deviation. Experiment was performed in triplicates. Cell survival

was normalised to the untreated condition of each cell line.
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3.2 PARP1 release from sites of DNA damage depends on ADP-ribose chain

length

As discussed in the previous sections, the discovery of HPF1 has changed our understanding
of the type of ADP-ribose chains produced by PARP1/2, and required for the DNA damage
response (DDR). As the only PARPs in the family, except for Tankyrases 1 and 2, capable of
poly-ADP-ribosylation (PARylation), PARylation by PARP1/2 was assumed to be critical for
the pathway. However, the requirement for HPF1 during the DDR, which restricts chain
extension during initiation of ADP-ribosylation, has raised the question of the type of ADP-
ribosylation required for efficient PARP1 removal from sites of DNA damage. This is
particularly relevant for the question of how different ADP-ribose lengths of PARP1
automodification affect its behaviour at sites of DNA damage; the potential to trap PARP1 at
DNA lesions is the major determinant of the toxicity of different PARP inhibitors (Murai et
al., 2012, 2014; A. Thomas et al., 2018). To better understand how different ADP-ribose
chain lengths determine PARPL1 trapping, | mutated different residues in the ART domain of
PARP1 required for NAD" binding or elongation (Table 3.1) and tested their behaviour, both

in terms of their catalytic activity and at sites of DNA damage.
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Residue/domain Role in PARP1 Mutation Mutation Output References
Member of the catalytic
triad E988Q mutation
reduces catalytic
Forms a hydrogen bond activity resulting in
with the 2’-OH of the only mono-ADPr. Marsischky et
E998 adenosine ribose or E988Q/A al., 1995; Shao
nicotinamide ribose of E988A mutation is et al., 2023;
terminal PAR unit (nearly) Alemasova &
catalytically Lavrik, 2019
Primes incoming 2’-OH for inactive
nucleophilic attack,
important for elongation
H862A reduces
Member of the catalytic MARylation
triad (initiation) activity
Shao et al.,
H862 Forms a hydrogen bond H862A E988Q/H862A 2020; Shao et
with the 2’-OH of adenine- completely al., 2023
ribose of the donor NAD" abolishes catalytic
activity
Part of the acceptor site M890R mutant has
strong mono-ADPr
Adenine base of acceptor activity but no Steffen et al.,
ADP rests against M890 poly-ADPr activity. | 2013; Rolli et
M890 M&90R/A M890A mutant al., 1997; Frigon
Corresponding residue in behaves very & Pascal, 2023
MAR-only PARP3 replaced similarly to WT
by arginine PARP1
Helical domain, auto- Removal of HD
inhibitory. Required for leads to a
DNA-binding dependent constitutively Dawicki-
allosteric activation of active protein McKenna et al.,
HD PARP1 through Zn-WGR- AHD 2015;
HD network. Required for Removal of HD Zandarashvili et
reverse allosteric effect of abolishes reverse al., 2020
some PARP inhibitors on allosteric effect of
DNA binding affinity. some PARP
inhibitors
Part of the acceptor site
Conserved in poly-ARTD K903 A mutation Carter-
K903 sub-class K903A reduces catalytic | O’Connell et al.,
Interacts with the o- activity resulting in | 2015; Ruf et al.,
phosphate of the acceptor only mono-ADPr. 1998

ADP

Table 3.1: Summary of PARP1 catalytic domain residues, their role and the effect of

their mutation on catalytic activity. Different residues in the PARP1 ART domain involved

in ADPr initiation or elongation were targeted, with the role of the residues and the effect of
the mutation outlined.
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3.2.1 Different PARP1 catalytic mutants differ in the ADP-ribose chains they produce

The catalytic residues chosen for mutation, as well as the effect of the mutation, are
summarised in Table 3.1. Following mutagenesis and validation of the plasmids by
sequencing, U20S PARP1 KO cells were transfected with YFP-PARP1 WT and various
YFP-PARP1 mutants, and their catalytic output with and without DNA damage was analysed
using antibodies that recognise different forms of ADP-ribosylation. While WT PARPL1 is
auto-modified slightly before induction of DNA damage, treatment with hydrogen peroxide
(H202) potently stimulates both PARP1 automodification as well as modification of histones
(Figure 3.4). PARP1 E988 is part of the catalytic H-Y-E triad (i.e. the donor site), where it
hydrogen bonds to the 2°-OH of the donor adenosine ribose and the nicotinamide ribose of the
terminal ADP ribose of a PAR chain (i.e. the acceptor). While this residue is not strictly
required for initiation, as amino acids can initiate the nucleophilic attack without a base, it is
essential for the elongation reaction (Alemasova & Lavrik, 2019). As a result, the E988Q
mutation renders PARP1 unable to produce PAR chains, but retains its ability to initiate ADPr
and MARYylate itself and other targets in response to DNA damage (Marsischky et al., 1995)
(Table 3.1, Figure 3.4). The PARP1 E988A mutant was previously shown to have severely
reduced initiation in addition to its reduced elongation, effectively acting as a nearly
catalytically dead protein (Marsischky et al., 1995). This was confirmed in this assay (Figure
3.4). H862, which is also part of the catalytic triad of PARP1, binds the 2’ hydroxyl of the
NAD* adenine ribose, and substitution of this residue with alanine (H862A) was previously
shown significantly reduce catalytic activity under physiological NAD™ conditions in vitro
(Shao et al., 2020). H862 is part of the donor site, but is not involved in acceptor binding
(Table 3.1). Unsurprisingly, in this assay and other repeats, PARP1 H862A accordingly
shows reduced MARYylation activity, but retains strong PARylation activity. Moreover, its
catalytic activity does not appear tied to the induction of DNA damage by H2O», as is the case

with PARP1 WT. Simultaneous introduction of E988Q and H862A mutations (EQHA),
101



renders PARP1 completely catalytically inactive, both under basal conditions and in response
to DNA damage (Figure 3.4). This is likely due to impaired binding of the donor molecule,
severely restricting initiation of ADPr (Table 3.1). Seeking to use different mono-ADPr
mutants, | decided to use the PARP1 M890A/R mutants, which is part of the catalytic
acceptor site, and rests against the adenine base of the terminal ADPr unit (Alemasova &
Lavrik, 2019). The M890V mutation was previously shown to reduce catalytic output due
cause clashing between the valine and either the Y896 side chain or the N1-atom of ADP,
thereby likely disrupting elongation (Rolli et al., 1997; Alemasova & Lavrik, 2019) (Table
3.1). PARP1 M890A/R had previously been indicated in an in vitro assay by our lab to be
mutants capable of producing MAR (Appendix Figure A.1). However, as can be seen in
Figure 3.4, only the M890R mutant solely produces mono-ADPr, while M890A retains some
PARylation activity. This could be because arginine causes clashing similar to valine, while
the smaller alanine does not. M890R further appears to be highly active, with MARylation
levels comparable to that of YFP-PARP1 WT, and much greater than that of the canonical
MARylation mutant PARP1 E988Q. PARP1 M890R can thus serve as a separation-of-
function mutant that allows distinction between the importance of the frequency of initiation
compared to elongation of ADP-ribosylation. Interestingly, PARP1 M890A appears to lose
some PARYylation activity following H>O treatment, while its MARylation activity is
increased. K903, like M890, is part of the acceptor site of PARP1, where it interacts with the
a-phosphate of the acceptor ADP ribose and is thereby involved in the elongation reaction
(Table 3.1). Substitution with an alanine was previously shown to transform PARP1 into a
MARYylation mutant in another study (Ruf et al., 1998; Carter-O’Connell et al., 2014) (Table
3.1) and in our lab’s previous in vitro assay (Appendix Figure A.1). This was confirmed in
this assay, with PARP1 K903A only showing MARYylation activity in response to DNA

damage (Figure 3.4).

102



kDa

191 —

97 —

64 —|

51 —

39 —

28 —

19/14 |
6 —

191

97

64

51

39

28

19/14
6

Expression levels of both YFP-PARP1 E988Q and PARP1 K903A are low in this particular

assay; increased film exposure does show that low levels of ADP-ribosylation remain, and

other iterations of this experiment show that low levels of ADP-ribosylation are not a result of

low expression, but rather the mutation, as can be seen in Figure 3.14.
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Figure 3.4: Comparison of catalytic activity of different PARP1 mutants. ADP-ribosylation

activity of different transiently expressed catalytic PARP1 mutants was tested by western blot with
and without DNA damage in U20S PARP1 KO cells with the indicated antibodies. Catalytic
activity of each mutant was tested in at least two different experiments. Histone H3 was used as a

loading control. Hydrogen peroxide was used at 2 mM.
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3.2.2 ADP-ribose chain length corresponds to PARP1 trapping at sites of DNA damage

Following initial testing of catalytic activity of these PARP1 mutants by western blot, |
decided to test their recruitment and release behaviour at sites of DNA damage. | transfected
U20S PARP1 KO cells with the same set of YFP-PARP1 mutants, and induced damage with
a 405 nm laser following sensitisation with 0.15 pg/mL Hoechst for 1 hour. YFP-PARP1 WT,
as expected, arrives promptly at the damage site, peaking around 15 seconds following DNA
damage induction, and leaves the damage site soon after, with on average only 25% of the
fluorescence intensity signal remaining 160 seconds post DNA damage induction. The release
behaviour of all the different PARP1 mutants tested, at the 160s post-irradiation point, differs
significantly from PARP1 WT (Figure 3.5, ¢). YFP-PARP1 E988Q, only capable of
MARYylation, peaks 60 seconds after DNA damage induction, with 87% of the total
fluorescence intensity remaining at the micro-irradiated site 160 seconds post damage
induction. Interestingly, YFP-PARP1 E988A behaves similarly to PARP1 E988Q, despite the
complete lack of catalytic activity. Again, the MARylation mutant YFP-PARP1 K903A
behaves very similarly to both PARP1 E988Q and PARP1 E988A. Meanwhile, YFP-PARP1
E988Q/H862A, lacking any catalytic activity, peaks the latest at the damage site, after nearly
two minutes, and with more than 93% still present at the site of damage site after 160 seconds,
is the most trapped of the mutants tested. YFP-PARP1 H862A, which presented as quite
catalytically active in the western blot assay with and without stimulation by DNA damage,
and was capable of both MARylation and PARYylation (Figure 3.4), peaks 30 seconds after
irradiation, with 57% of the peak fluorescence intensity left at the damage site after 160
seconds. Interestingly, despite PARylation levels comparable to PARP1 WT (Figure 3.4), its
release is considerably slower than that of PARP1 WT. Its MARylation activity appears much
lower than that of WT PARPL, indicating that MARYylation activity and the resulting
automodification with mono-ADPr, could be a factor underlying this difference in release

speed.
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The behaviour of PARP1 M890A supports this; despite having considerably lower
PARylation activity than PARP1 WT, while differing significantly (Figure 3.5, c), is closest
to PARPL in its behaviour at DNA lesions, peaking after 25 seconds at the damage site, and
roughly 43% left of the original fluorescence intensity after 160 seconds. YFP-PARP1
MB890A showed even greater MARylation activity following H.O; treatment than YFP-
PARP1 WT (Figure 3.4). YFP-PARP1 M890R, which is solely capable of MARylation, but
highly active, demonstrates greater MAR-automodification than YFP-PARP1 WT (Figure
3.4), and exhibits remarkably similar behaviour to YFP-PARP1 H862A, which shows much
weaker MARYylation activity, yet greater PARylation activity. The behaviour of these mutants
supports the notion that a high level of initiation of ADP-ribosylation is sufficient for the swift
release of PARP1 from damage sites; either because a high frequency of MARylation is
sufficient, or because PARP1-generated MARylation could be further extended by either

PARP2 or TNKS1/2.
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Figure 3.5: Recruitment and release of different PARP1 mutants is linked to their catalytic
activity. a) Representative confocal images of U20S PARP1 KO cells transiently expressing the
indicated YFP PARP1 variants. b) Quantification of fluorescence intensity, representing YFP-
PARP1, at the site of laser-microirradiation, normalised to the maximum fluorescence reached per
condition. Data are shown as mean + standard error of the mean. The scale bar represents 10 uM. c)
Residual PARP1 accumulation at the site of laser micro-irradiation, taken from the normalised
recruitment data 160 seconds post damage induction. The box limits correspond to the 25th and 75th
percentiles and the bold line indicates the median value; the whiskers extend to minimum and
maximum values. *p <0.05; **p <0.01; ***p <0.001 (one-way ANOVA). Data were collected from

10-17 cells per condition.
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3.2.3 Testing U20S Flp-In T-REx PARP1 KO cells stably expressing YFP-PARP1 mutants

It is well established that loss of PARP1 catalytic activity leads to poor cellular outcomes,
especially in the context of homologous repair defects (Bryant et al., 2005b; Farmer et al.,
2005; Shao et al., 2023). However, the discovery of HPF1, and the resulting modification of
ADP-ribose chains in the DDR, has led to questions regarding the type of chains required for
a healthy DDR response. Similar to the HPF1 E284A mutant, | had the potential toxicity of
long-term expression PARP1 catalytic mutants in mind, and therefore chose again to integrate
them into the U20S Flp-In™ T-REx™-background, which allows inducible expression
(Figure 3.6, a). PARP1 was previously knocked out by Florian Zobel in these cell lines, to
ensure the presence of endogenous, catalytically active PARP1 would not distort any results
derived from PARP1 mutant-expressing cells. Integration of the desired constructs was
achieved as outlined in Section 2.1.5 of Materials and Methods. Two catalytic mutants,
PARP1 E988Q, and PARP1 E988Q/H862A, were chosen to investigate the effect of ADP-
ribose chain length on cellular survival. To ensure the cell lines work as intended, U20S Flp-
In PARP1 KO cells complemented either with pDEST-YFP empty vector, YFP-PARP1 WT,
YFP-PARP1 E988Q or YFP-PARP1 E988Q/H862A were left untreated, or treated with 0.1
pg/mL Doxycycline for two days to induce expression of the integrated PARP1 variants. A
subset of Doxycycline-treated cells were further exposed to 2 mM H20; for 10 minutes before
harvesting. Unmodified U20S Flp-In WT cells were used as a control. Treatment of
complemented cells with the indicated concentration of Doxycycline is sufficient to induce
expression of all YFP-PARP1 variants at a comparable level to WT cells, and YFP in the
empty-vector control cell line (Figure 3.6, b). Treatment of U20S Flp-In PARP1 KO cells
expressing YFP- PARP1 WT with both Doxycycline and H>O> causes an increase in

automodification and histone ADP-ribosylation comparable to that of U20S Flp-In WT cells.

108



It must be noted that the cells complemented with YFP-PARP1 WT demonstrate low levels of
expression even without the addition of Doxycycline; since my focus in this project was to
understand the toxicity of PARP1 catalytic mutants, and low-grade expression of wild-type
PARP1 did not interfere with this, I continued using this cell line. Expression of YFP-PARP1
E988Q is induced upon treatment with Doxycycline, and further treatment with H>O2 shows a
modest increase in both PARP1 automodification and histone ADP-ribosylation in agreement
with its MARylation activity. YFP-PARP1 E988Q/H862A is induced at similar levels to the
other YFP-PARP1 variants, but completely lacks catalytic activity, even after DNA damage
induction. Interestingly, the ADPr-band around the 64 kDa mark appears greatly diminished
in the YFP-PARP1 E988Q expressing cells, and completely abolished in the YFP-PARP1
E988Q/H862A expressing cell line, while it appears robustly in response to treatment with
H202in U20S Flp-In PARP1 KO and YFP-EV complemented cell lines. The molecular
weight of this modification could correspond to PARP2 automodification. As can be seen in
Appendix Figure A.4, there remains an ADPr signal slightly below 64 kDa in two different
U20S PARP1 KO clones, which is completely lost, upon simultaneous loss of PARP2 in

U20S PARP1/PARP2 KO cells.

This experiment demonstrates that these cell lines behave as expected, and can be used to

reliably induce expression of the desired PARP1 variants.
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Figure 3.6: Treatment of U20S Flp-In PARP1 KO cells with Doxycycline induces expression
of complemented YFP EV, YFP-PARP1 WT, YFP-PARP1 E988Q and YFP-PARP1 E988Q.
a) Schematic representation of the cell lines. b) Western blot showing that the catalytic output of the
cell lines is as expected in response to doxycycline and hydrogen peroxide treatment. Cell extracts

were examined with the indicated antibodies. Histone H3 serves as a loading control.
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3.2.4 Expression of a mono-ADP-ribosylation PARP1 mutant is toxic to cells

Having established that the complemented U20S Flp-In PARP1 KO cell lines behave as
intended, | sought to test the impact these catalytic mutations have on cellular survival.
Recently, mice expressing PARP1 E988A heterozygously were shown to suffer from genomic
instability and embryonic lethality (Shao et al., 2023); indicating that even in otherwise
healthy tissue devoid of DNA repair defects, inactive PARPL1 is toxic. Cells were seeded in
triplicates for every condition, and left either untreated or supplemented with 0.1 pg/mL
Doxycycline for 10 days. Untreated, all cell lines behave as PARP1 KOs, displaying robust
growth. Upon addition of Doxycycline, expression of the desired PARP1 variant, or YFP
empty vector is induced. As can be seen in Figure 3.7, there is no significant change in
survival after re-introduction of YFP-PARP1 WT, while expression of YFP-PARP1 E988Q
drastically reduces survival to roughly 17% of its untreated population. Expression of YFP-

PARP1 E988Q/H862A completely abolishes survival, leaving virtually no surviving colonies.

These experiments show that use of these endogenous PARP1 KO cell lines complemented
with PARP1 catalytic mutants is advantageous over experiments using PARP inhibition to

study the effect of catalytic loss, since it is all-encompassing.
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Figure 3.7: Impairment and loss of catalytic activity leads to reduced cellular survival. a)
Survival of U20S Flp-In PARP1 KO cells expressing PARP1 E988Q or PARP1 E988Q/H862A
is much lower than that of YFP PARP1 WT-expressing cells or cells lacking PARP1. Cells were
cultured for 10 days in media containing either DMSO or 0.1 pg/mL Doxycycline. b)
Quantification of the experiment performed in a). Cell survival was normalised to the untreated
condition of each cell line. * indicates a p value of < 0.05, ** a p value of <0.01, and *** a p
value of < 0.001 (unpaired, two-tailed Student’s t-test, assuming unequal variance). Bars

represent the mean, and error bars represent the standard deviation. Experiment was performed in
triplicates.
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3.3 Some PARP1 mutants are resistant to a novel PARP1-selective PARP

inhibitor

The first aim of this project was to study how the catalytic activity of various PARP1 mutants
would affect its behaviour at sites of DNA damage, and specifically how ADP-ribose chain
length would influence cellular survival. Secondly, | was interested to see how different
PARP inhibitors would affect the trapping of these PARP1 mutants. This revealed that certain
catalytic PARP1 mutations not only render PARP1 resistant to some PARP inhibitors, but
induce a reversing effect of the inhibitor on the behaviour of the protein, which will be

outlined in detail in the following sections.

3.3.1 The toxicity of PARP1 E988Q is rescued by treatment with saruparib

After having observed that expression of both PARP1 E988Q and PARP1 E988Q/H862A is
toxic to cells, | wanted to confirm that the lower toxicity of PARP1 E988Q compared to
PARP1 E988Q/H862A could be attributed to the fact that it is capable of MARylation. To do
so, | repeated the survival assay discussed in section 3.2.4, but in addition to the 10-day
treatment with Doxycycline, | treated a subset of cells with two different concentrations of
both olaparib, and saruparib, reasoning that treatment with a PARP inhibitor would abolish
any residual catalytic activity, and make PARP1 E988Q expression resemble PARP1
E988Q/H862A more closely in its effect on cellular survival. | chose to use the novel PARP1-
selective saruparib (AZD5305) as a control to ensure that any observed effect could be
attributed to the loss of catalytic activity of PARP1, rather than the added loss of catalytic
activity of PARP2, as would be the case with olaparib treatment. As previously observed
(Figure 3.7), rescuing PARP1 expression in U20S Flp-In PARP1 KO cells with YFP-PARP1
WT has no significant effect on survival, while treatment of YFP-PARP1 WT expressing cells
with olaparib has a detrimental effect on survival (Figure 3.8). Again, Doxycycline-dependent
induction of expression in both U20S Flp-In PARP1 KO YFP-PARP1 E988Q and YFP-
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PARP1 E988Q/H862A cells leads to a drastic reduction in cellular survival, more so upon
expression of the catalytically dead E988Q/H862A mutant. Treatment of both cell lines with
olaparib did not have an additive effect on survival. However, treatment of PARP1 E988Q
expressing cells with either 0.5 nM or 5 nM saruparib significantly increased survival. There
was a slight trend towards increased survival with E988Q/H862A expressing cells upon
saruparib treatment as well, but a negative trend was observed for YFP-PARP1 WT
expressing cells (Figure 3.8, b). The experiment was repeated thrice, and the surprising pro-

survival effect of saruparib on PARP1-E988Q expressing cells was observed each time.

114



a) Olaparib Saruparib
0.1 uM 1uM 0.5nM 5nM

+ 0.1 ug/ml Doxycycline

<Y . , RS Af -f.'

YFP PARP1TWT peied p Az A [k PR
Q o . %
b 4 4 < N
o
oc A e
E e Ak Y
< | YFPPARP1E988Q = N SR e T
= :
(Ya)
o
o
= YFP PARP1

E988Q/H862A

*
b) .

150

1004 = YFP PARP1WT

YFP PARP1 E988Q
B2 YFP PARP1 E988Q/HB62A

50+

Surviving fraction, %

RN
NN
oo
DN

O 5+
S Q@ ﬁ;\‘?@ Q@g\ o
© & &
0\@9 & R
d\fb o "b\o co'b

Figure 3.8: Saruparib rescues the toxicity induced by expression of PARP1 E988Q. a) Survival of
U20S FlIp-In PARP1 KO cells expressing YFP PARP1 E988Q is significantly improved by treatment
with saruparib. Cells were treated with 0.1 pg/mL Doxycycline to induce expression of PARP1
variants, followed by treatment with olaparib or saruparib at the indicated concentrations for 10 days.
b) Quantification of the experiment performed in a). Cell survival was normalised to the untreated
condition of each cell line. * indicates a p value of < 0.05, ** a p value of <0.01, and *** a p value of
< 0.001 (unpaired, two-tailed Student’s t-test, assuming unequal variance). Bars represent the mean,
and error bars represent the standard deviation. Experiment was performed in triplicates. This

experiment was repeated at least three times.
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3.3.2 The toxicity of PARP1 E9880Q is due to increased replication stress and DNA damage,

and can be rescued with saruparib

Next, | wanted to test why expression of catalytically impaired PARP1 mutants was toxic for
cells. Trapped PARP1 is known to cause an increase in replication stress, and can ultimately
lead to the generation of DSBs (see Introduction, section 1.2 and 1.4). Previously,
heterozygous expression of PARP1 E988A was shown to cause embryonic lethality in mice,
increased trapping at the site of DNA damage and impaired single-stranded break repair (Shao
et al., 2023). | treated U20S Flp-In PARP1 KO YFP-PARP1 WT and YFP-PARP1 E988Q
expressing cells with 0.1 pg/mL Doxycycline, and added either 1 uM olaparib or 5 nM
saruparib to the media. As expected, treatment with Doxycycline induces expression of YFP-
PARP1 WT and YFP-PARP1 E988Q (Figure 3.9). Simultaneously, expression of YFP-
PARP1 E988Q, but not that of YFP-PARP1 WT, leads to a significant increase in the levels
of both phosphorylated RPA, and YH2AX. The antibody used recognises RPA32 modified at
serines 4/8, which is induced upon replication stress by DNA PKcs and ATM, and regulates
replication arrest, origin firing, recombination and mitotic catastrophe (Ashley et al., 2014; S.
Liu et al., 2012). yYH2AX is an established marker of DSBs (Valdiglesias et al., 2013). This
agrees with the role of catalytically active PARP1 at replication forks and the prevention of
DSBs. Treatment with olaparib of both YFP-PARP1 WT and the E988Q mutant tended to
slightly, but not significantly, increase YH2AX and pRPA signals. Meanwhile, treatment of
YFP-PARP1 E988Q with saruparib (AZD5305) significantly decreased the amount of both
stress signals (Figure 3.9). This was not the case in the YFP-PARP1 WT condition, where
treatment with saruparib had little effect, but trended towards increased expression of YH2AX
and pRPA. This finding suggests that the cellular toxicity observed upon expression of
catalytically impaired PARP1 can be linked to replication stress, which, if unresolved, results
in increased levels of DNA damage. It also shows that treatment of PARP1 E988Q, but not

PARP1 WT, with PARP1-selective saruparib, decreases both stress signals significantly.
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Figure 3.9: Increased replication stress and DNA damage upon expression of PARP1 E988Q can be
rescued by treatment with the PARP1-specific inhibitor, saruparib. Representative immunofluorescence
images of cells treated with the indicated drugs. Expression of both YFP-PARP1 WT and E988Q was induced
using 0.1 pg/mL Doxycycline, followed by treatment with 1 uM olaparib and 5 nM saruparib, and examined
for the presence of a) pRPA, and b) YH2AX was tested and quantified. * indicates a p value of < 0.05, **ap
value of <0.01, and *** a p value of < 0.001 (unpaired, two-tailed Student’s t-test, assuming unequal variance).
The graphs below indicate the percentage of the total cells which show positive staining for pRPA or YH2AX

and the error bars represent the standard deviation. The scale bars represent 10 uM.
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3.3.3 Saruparib promotes the release of some catalytic PARP1 mutants from sites of DNA

damage

Since increased replication stress is a marker of trapped PARPL, | next intended to investigate
how treatment of PARP1 E988Q, as well as other PARP1 catalytic mutants, with saruparib
affected their behaviour at sites of DNA damage. To this end, I first treated U20S Flp-In
PARP1 KO cells with 0.1 pg/mL Doxycycline 24 hours before imaging to induce expression
of either YFP-PARP1 WT or YFP-PARP1 E988Q. One hour before imaging, cells were
sensitised with 0.15 pg/mL Hoechst, and following this, treated with either DMSO, 1 uM
olaparib or 5 nM saruparib. DNA damage was induced with a 405 nm laser and images were
captured every 5 seconds, for a period of 10 minutes. This protocol was followed for all the

experiments described in the following sections, except where stated differently.

As seen in Figure 3.10, a, treatment of YFP-PARP1 WT with olaparib, as expected, leads to
prolonged retention at the damage site. In this experiment, near the end of capture, after 560
seconds, 25% of the maximum amount remains at the damage site in untreated cells (Figure
3.10, a). Treatment with olaparib raises this to 58%. Saruparib, which by all previous reports
is not as potent a trapper as olaparib, (Kanev et al., 2024; Langelier et al., 2023; Stojanovic et
al., 2023), also increases retention of PARP1 at sites of DNA damage, with 38% remaining
after 560 seconds, not to the same extent as olaparib (Figure 3.10, a). Meanwhile, after 560
seconds, almost 61% of YFP-PARP1 E988Q remains at the site of damage in untreated
conditions, compared to 25% of PARP1 WT (Figure 3.10, b), agreeing with data from
transiently transfected PARP1 E988Q (Figure 3.5). Treatment with olaparib leads to further
trapping of PARP1 E988Q), likely due to the loss of the remaining MARYylation, with 80% of
the maximum amount of protein left after 560 seconds. However, treatment with saruparib has
the opposite effect; it significantly promoted the release of PARP1 E988Q, with only 40%

remaining after 560 seconds, 21% less than in untreated cells (Figure 3.10, b). This suggests

118



that the reduced toxicity of PARP1 E988Q-expressing cells treated with saruparib (Figures

3.8, 3.9) is due to reduced trapping of this mutant at sites of DNA damage.

| therefore intended to better understand several things: First, | wanted to exclude that other
PARP inhibitors, which are considered “pro-release” have the same effect on PARP1 E988Q.
Secondly, and inversely, | wanted to ensure that it is not this mutant specifically that reacts
differently to some PARP inhibitors. Thirdly, I also wanted to see whether the fact that this

inhibitor only targets PARP1, but not PARP2, contributes to its effect on PARP1 E988Q.
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Figure 3.10: Saruparib increases the release of PARP1 E988Q from sites of DNA damage.

Representative confocal images of U20S Flp-In PARP1 KO cells expressing a) YFP-PARP1 WT or b) YFP-
PARP1 E988Q. The scale bars represent 10 uM. Quantification of fluorescence intensity representing YFP
PARP1 WT or YFP PARP1 E988Q at the site of DNA damage are shown below the representative images of
either, normalised to the maximum fluorescence reached per condition, with the data shown as mean + standard
error of the mean. Expression was induced with 0.1 pg/mL Doxycycline, and 1 uM olaparib or 5 nM saruparib
were used. Data were collected from 12-21 cells per condition. Below is shown the residual PARP1 WT and
E988Q accumulation at the site of laser micro-irradiation, taken from the normalised recruitment data 560
seconds post damage induction. The box limits correspond to the 25th and 75th percentiles and the bold line
indicates the median value; the whiskers extend to minimum and maximum values. ns = not significant,

*p<0.05; **p<0.01; ***p <0.001 (one-way ANOVA). Data were collected from 10-17 cells per condition.
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3.3.4 Other PARP inhibitors do not have the same “pro-release” effect on PARP1 E9880

As extensively discussed in the Introduction in section 1.4, PARP inhibitors have previously
been shown to influence the DNA binding affinity of PARP1 in different ways, leading to
their classification as “pro-retention” type I (EB-47, BAD), non-allosteric or mild pro-
retention type Il (talazoparib and olaparib) or “pro-release” type III (niraparib, rucaparib,
veliparib) inhibitors (Zandarashvili et al., 2020). This classification was based on in vitro
experiments, in the absence of NAD™, and therefore do not represent the effect of PARP
inhibitors in a physiological setting; despite their classification as “pro-release”, veliparib,
niraparib and rucaparib prolong retention of PARP1, or “trap” it, at the damage site. I
therefore wanted to test the effect of other clinically used inhibitors on the PARP1 E988Q

mutant.

Following the same steps as described previously, I used U20S Flp-In PARP1 KO cells
expressing YFP-PARP1 WT or YFP-PARP1 E988Q following treatment with 0.1 pg/mL
Doxycycline. As shown in Figure 3.11, a, the trapping of PARP1 WT very closely aligns with
the previously published in vivo trapping potentials of current PARP inhibitors (Introduction,
section 1.4, Figure 1.7) (Kanev et al., 2024; Murai et al., 2012, 2014; A. Thomas et al., 2018).
At the end of capture, 14% of the total amount of PARP1 WT is still present at the micro-
irradiation site in untreated conditions, which is raised to merely 20% in response to treatment
with veliparib. The second weakest trapper in this assay is saruparib, which traps 35% of the
total PARP1 measured at the lesion. Reports on the trapping ability of saruparib vary, with
some showing that it can be considered to have no allosteric effect (Langelier et al., 2023),
and others indicating that it is strongly “pro-release” (Kanev et al., 2024). Next are olaparib
and rucaparib, which in this assay trap PARP1 WT to an almost identical degree, as treatment
with either leaves roughly 65% of PARP1 at the site of damage after 10 minutes. This agrees

with previous reports of their trapping ability in vivo (Kanev et al., 2024; Murai et al., 2012,
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2014; Pommier et al., 2016). The strongest trappers in this assay are niraparib and talazoparib,
causing 77% and 85% of PARP1 to remain at the damage site after 10 minutes, respectively.
This supports other cellular studies which found niraparib to be the second most potent
trapper after talazoparib, despite its previous classification as a pro-release type Il inhibitor in
vitro (Kanev et al., 2024; Murai et al., 2012, 2014; Zandarashvili et al., 2020). Treatment with
PARRP inhibitors can also be seen to cause a general delay in recruitment to the damage site.
The amount of PARP1 WT recruited to the micro-irradiated site peaks after roughly 20
seconds, and the delay induced by different PARP inhibitors is roughly proportional to their

trapping ability (Figure 3.11, a).

Similarly, arrival of PARP1 E988Q at the damage site is slower than that of PARP1 WT, only
peaking after a minute (Figure 3.11, b). As before, treatment with saruparib significantly
speeds up the release of PARP1 E988Q from the damage site, with only 23% of the original
amount remaining at the damage site after 10 minutes, compared to roughly 60% without
inhibitor. Interestingly, in this experiment, treatment with both olaparib and veliparib appears
to slightly promote release from sites of DNA damage as well. For olaparib, this is a
surprising result, since in all other instances of PARP1 E988Q treatment with olaparib, it has
a slight trapping effect. | therefore repeated the exact same experiment with only olaparib,
veliparib and saruparib to validate these findings; the results are shown in Appendix Figure
A.2. The trapping of PARP1 WT follows the previously observed pattern: it is most trapped
by olaparib, followed by saruparib, and least trapped by veliparib (Appendix Figure A.2).
YFP-PARP1 E988Q, as usual, is further trapped by olaparib, and its release promoted by
saruparib (Appendix, Figure A.2). In this repeat, there also appears to be a slight pro-release
trend by treatment with veliparib, but this is very minor (Appendix Figure A.2). It is therefore
possible that veliparib, to a smaller degree than saruparib, has a mild pro-release effect on

PARP1 E988Q. Returning to the original experiment (Figure 3.11, b), treatment with
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rucaparib does not appear to affect PARP1 E988Q at sites of DNA damage. This could be a
result of PARP1 E988Q being resistant to it, either through less efficient binding or catalytic
inhibition, but further experiments, including assays for catalytic activity, would be required
to confirm this. YFP-PARP1 E988Q is further trapped at the damage site by niraparib and
talazoparib to a similar degree, raising its retention at the end of capture from roughly 60% to

75% and 70%, respectively.

To compare the extent to which catalytic inhibition was ensured at the given concentration of
PARP inhibitor, a titration of all the inhibitors in U20S WT cells was performed (Figure 3.11,
). When comparing ADP-ribosylation levels in the western blot with trapping in the micro-
irradiation experiment (Figure 3.11, a, b), it is clear that catalytic inhibition does not
correspond to trapping potency of a PARP inhibitor; catalytic inhibition of PARP1 at 5 nM
talazoparib is not as efficient as 1 uM of olaparib, rucaparib or niraparib, and more closely
resembles the catalytic activity of PARP1 in response to 1 uM veliparib. Veliparib and
talazoparib are the furthest apart in their trapping ability, however, and despite very efficient

catalytic inhibition at 5 nM, saruparib is the second weakest trapper.

This experiment found that apart from potentially veliparib, there are no other PARP inhibitor
candidates that have this effect on PARP1 E988Q, suggesting that it is the inhibitor, saruparib,
which has this specific pro-release effect on PARP1 E988Q), rather than an unusual response

by the mutant to certain PARP inhibitors.
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Figure 3.11: Other PARP inhibitors do not have the same pro-release effect on PARP1 E988Q.
Normalised recruitment and release dynamics of a) YFP-PARP1 WT and b) YFP-PARP1 E988Q in
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response to the indicated inhibitors is shown. Expression was induced by treatment with 0.1 pg/mL
Doxycycline 24 hours before imaging. U20S Flp-In PARP1 KO cells were treated with 1 M olaparib,
1 uM veliparib, 1 uM niraparib, 1 uM rucaparib, 5 nM talazoparib or 5 nM saruparib. Data are shown as
mean + standard error of the mean. Data were collected from 10-17 cells per condition. ¢) Western blot
showing ADPr in WT cells treated with a titration of the different PARP inhibitors used in a) and b) in
U20S WT cells shows the loss of catalytic activity at the indicated concentration. Blots were examined
with the indicted antibodies. Histone H3 was used as a loading control. The western blot presented in
Figure c) was performed by Michael Simmons.
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3.3.5 Identification of additional PARP1 mutants that are released from sites of DNA damage

by saruparib

Having found that saruparib, and to a lesser degree, veliparib, promotes the release of PARP1
E988Q, a MARylation mutant, | wanted to test whether other mutants respond similarly to
treatment with this inhibitor. Having already tested different PARP1 mutants for their
catalytic activity (Figure 3.4), | decided to expose this set of mutants to treatment with
saruparib. | reasoned that this could tell me whether this pro-release response is dependent on
the E988 residue, or, if treatment of other heavily catalytically impaired mutants with this
inhibitor had a similar effect, this might be a shared response of catalytic PARP1 mutants to

saruparib.

To do so, | treated U20S PARP1 KO cells transiently expressing YFP-PARP1 wild-type and
mutants with either olaparib or saruparib, or, saruparib alone, if the mutant had been tested
previously with both (see Appendix Figure A.3). Importantly, the previously observed pro-
release effect of saruparib persists in transiently expressed YFP PARP1 E988Q in a different
cell line, confirming that this is not an artefact of the U20S Flp-In PARP1 KO YFP-PARP1
E988Q-expressing cell line. PARP1 E988A, which has no catalytic activity at all (Figure 3.4),
but behaves similarly to PARP1 E988Q in terms of its recruitment and release dynamics
(Figure 3.5), is significantly de-trapped by treatment with saruparib, from 87% remaining at
the damage site 160 seconds post-irradiation to 65% in response to saruparib (Figure 3.12, a,
b). The release of PARP1 E988Q/H862A, another completely catalytically dead mutant which
exhibits the most trapped phenotype of the catalytic mutants tested (Figure 3.5), shows a very
slight increase in release upon treatment with saruparib, but the trend is not significant (Figure
3.12, a, b). PARP1 H862A, which has very low MARYylation, but strong PARylation activity,
which is independent of DNA damage (Figure 3.4), is slightly more trapped than PARP1 WT,

and is not affected at all by treatment with saruparib, with roughly 60% fluorescence intensity
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remaining after 10 minutes with and without inhibitor, compared to 25% of PARP1 WT
without inhibitor, and 56% with saruparib after 160 seconds (Figure 3.12, a, b). Interestingly,
it was previously reported that treatment of niraparib causes PARP1 H862A to display
increased release from sites of DNA damage (Shao et al., 2020). | therefore also treated
PARP1 H862A with niraparib, but found it to cause trapping rather than release (Figure 3.12,
a). PARP1 M890R, which is a hyperactive MARYylation mutant, is only slightly more trapped
at sites of DNA damage than PARP1 H862A, and much less so than the other MARYylation
mutants PARP1 E988Q and PARP1 K903A (Figure 3.5). It responds to olaparib by being
trapped, while saruparib seems to have a very modest, non-significant de-trapping effect
(Figure 3.12). This might rather reflect lack of a response to saruparib, and the difference
merely variation in the experimental condition. Future testing of this mutant, and all the
others, via western blot in a catalytic activity assay, would clarify whether this mutant
responds to treatment with saruparib. Retention at the damage site of PARP1 M890A is
prolonged in response to treatment with both saruparib and olaparib, following the same
pattern as PARP1 WT (Figure 3.12, a, b). Finally, PARP1 K903A, which behaves similarly to
PARP1 E988Q and PARP1 E988A at sites of DNA damage (Figure 3.5), does not appear to
respond to olaparib treatment at all, but its release is much faster in response to saruparib,
with a significantly decreased fluorescence intensity at the damage site 160 seconds post

irradiation from 88% to 58%.

Three of the tested mutants, PARP1 E988Q, PARP1 E988A and PARP1 K903A, were shown
to be unambiguously de-trapped by saruparib. This indicates that it is not the site, E988,
specifically which is important for the response to saruparib, but weak, or absent, catalytic

activity, which reveals this pro-release effect of saruparib.
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Figure 3.12: Identification of additional PARP1 mutants that are released from DNA damage
sites by saruparib. PARP1 E988A and PARP1 K903A are also released by saruparib. Recruitment
to sites of DNA damage of the indicated transiently expressed PARP1 variants is shown. U20S
PARP1 KO cells were treated with either 1 uM olaparib, 1 uM niraparib, or 5 nM saruparib.
Expression was induced with 0.1 ug Doxycycline, and 1 M olaparib or 5 nM saruparib were used.
a) Recruitment was normalised to the maximum fluorescence reached per condition, with the data
shown as mean =+ standard error of the mean. b) Residual PARP1 WT and mutant accumulation at
the site of laser micro-irradiation, taken from the normalised recruitment data 160 seconds post
damage induction. The box limits correspond to the 25th and 75th percentiles and the bold line
indicates the median value; the whiskers extend to minimum and maximum values. ns = not
significant, *p <0.05; **p <0.01; ***p <0.001 (one-way ANOVA). Data were collected from 8-17

cells per condition.
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3.3.6 Catalytic impairment of PARP1 reveals the pro-release allosteric effect of saruparib

To better understand how the catalytic mutants behave at sites of micro-irradiation over a
longer period of time, and to see whether a pro-release effect of saruparib on PARP1
E988Q/H862A would be revealed more clearly, | treated U20S Flp-In PARP1 KO cells
expressing YFP-PARP1 WT, YFP-PARP1 E988Q and YFP-PARP1 E988Q/H862A with
olaparib and saruparib, and prolonged capture to 30 minutes, acquiring images every 30
seconds. As seen before, after 10 minutes, the usual endpoint of capture, 10% of YFP-PARP1
WT, roughly 60% of YFP-PARP1 E988Q, and 80% of YFP-PARP1 E988Q/H862A remains
at the site of damage (Figure 3.13, a), similar to what was observed previously (Figure 3.5).
After 30 minutes, 2% of YFP-PARP1 WT is present at the damage site, 31% of YFP-PARP1
E988Q, and 43% of PARP1 E988Q/H862A (Figure 3.13, a). While treatment of YFP-PARP1
WT with olaparib and saruparib leads to trapping, with 36% left and 20% left at the damage
site after 10 minutes, at the end of capture this is reduced to 8% and 4%, respectively (Figure
3.13, b). This confirms olaparib as a stronger trapper than saruparib, but could also point
towards the role of PARP2 in PARP1 release, since olaparib also inhibits PARP2. In olaparib-
treated cells, the contribution of PARP1 vs PARP2 inhibition is more difficult to decipher,
since inhibition is likely to be incomplete, and residual ADP-ribosylation by either can drive
chromatin relaxation and DNA repair factor recruitment. However, even in YFP-PARP1
E988Q/H862A expressing cells, where there is no PARP1-mediated ADPr-ribosylation at all,
the majority of PARPL1 has left the damage site after 30 minutes (Figure 3.13, a). This
removal from sites of DNA damage could possibly be attributed to the presence of PARP2,
which is able to modify histones and surrounding proteins, promoting the recruitment of DNA
repair proteins and chromatin remodellers, as well as the eventual repair of the break site even

in the absence of (PARP1- or PARP2-mediated) ADP-ribosylation.
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For YFP-PARP1 E988Q, its behaviour after 30 minutes closely resembles the pattern
observed after 10 minutes; treatment with olaparib further prolongs retention, trapping
roughly 50% at the damage site compared to 31% without olaparib (Figure 3.13, c).
Treatment with saruparib continues to de-trap PARP1 E988Q, leaving approximately 10% at
the site of damage, comparable to un-inhibited PARP1 WT (Figure 3.13, c¢), further
explaining why treatment with saruparib rescues the toxicity of PARP1 E988Q so drastically.
Next, I looked at the dissipation time of PARP1 WT and PARP1 E988Q, which is defined as
the time required for half of the maximum recruitment intensity to dissipate (t12) (Zentout et
al., 2024). Measurement of t1» for PARP1 E988Q/H862A was not possible, since its release is
so slow that during the period of capture, more than half of its maximal recruitment intensity
remained. Following measurement of ti» from the normalised recruitment, it can be seen that
PARP1 E988Q dissipates significantly faster in response to saruparib treatment, with a ty, of
236 seconds, close to the ti2 of untreated PARP1 WT, compared to the t1/2 (880 seconds) of
untreated PARP1 E988Q (Figure 3.13, €). PARP1 E988Q/H862A could not be analysed for
its half-life, because in no condition does it approach 50% in the timeframe of capture. When
studying the response of PARP1 E988Q/H862A to inhibitor treatment, it appears that both
olaparib and saruparib slightly promote release from sites of DNA damage (Figure 3.13, d).
For saruparib, this is not surprising, as this trend was already observed after 10 minutes
(Figure 3.12), while this was not previously observed for olaparib. The pro-release effect for
saruparib is stronger than for olaparib, however, and seems to confirm that PARP1
E988Q/H862A too, is affected in this way by this inhibitor. This corroborates the idea that it

is lack, or impairment of, catalytic activity that regulates the pro-release response to saruparib.
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Figure 3.13: Loss of catalytic activity reveals the pro-release effect of saruparib. Expression of the
indicated PARP1 variants was induced with doxycycline in U20S Flp-In PARP1 KO cells. a)
Recruitment to sites of laser micro-irradiation of YFP-PARP1 WT, YFP-PARP1 E988Q and YFP-PARP1
E988Q/H862A without inhibitors is shown. Recruitment to laser micro-irradiation sites of YFP-PARP1
WT (b), YFP-PARP1 E988Q (c) and YFP-PARP1 E988Q/H862A (d) with and without inhibitors (1 uM
olaparib, 5 nM saruparib). Recruitment was normalised to the maximum fluorescence reached per
condition with the data shown as mean + standard error of the mean. Data were collected from 10-18 cells
per condition. e) Dissipation time of PARP1 WT and PARP1 E988Q from the site of laser micro-
irradiation, corresponding to the time required to dissipate 50% of the maximum PARP1 signal. The box
limits correspond to the 25th and 75th percentiles and the bold line indicates the median value; the
whiskers extend to minimum and maximum values. ns = not significant, *p <0.05; **p <0.01;

**%p <0.001 (unpaired, two-tailed Student’s t-test).
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3.3.7 The pro-release response of certain PARP1 mutants to saruparib is not based on a lack

of catalytic inhibition

In the previous sections, the effect of saruparib on various mutants was mainly tested under
the microscope, which informs about the live recruitment and release dynamics of PARP1,
but not its effect on the catalytic activity per se. | therefore decided to compare the catalytic
activity of PARP1 WT and the PARP1 mutants with the strongest pro-release response,
PARP1 E988Q and PARP1 K903A (Figure 3.12), to saruparib both in un-treated and

inhibitor-treated conditions.

| transfected U20S PARP1 KO cells with YFP-PARP1 WT, YFP-PARP1 E988Q, or YFP-
PARP1 K903A. To induce DNA damage, | treated cells with 2 mM H20. 10 minutes prior to
harvest, and treated a subset of the H2O2-treated cells with either 1 uM olaparib or 5 nM
saruparib for an hour prior to and during the H202 treatment to ensure thorough inhibition. For
the western blot, antibodies against both mono or poly-ADP-ribose were used to better
compare the ADP-ribosylation activity of different mutants. Due to the sensitive nature of the
experiment, and to ensure that any results were not artefacts or due to any potential mistakes,
this experiment was repeated thrice, with the same results confirmed each time. As can be
seen in Figure 3.14, H>O» treatment greatly increases the mono-ADP-ribosylation activity of
wild-type PARP1, both in terms of its automodification and its modification of histones. Poly-
ADP-ribosylation activity of PARP1 WT also increases upon DNA damage induction.
Olaparib treatment greatly reduces both MARylation and PARYylation activity of PARP1 WT,
to lower than pre-damage levels. Similarly, saruparib can be seen to effectively inhibit PARP1
catalytic activity, not quite as strongly as olaparib, but with less remaining automodification
than in basal, un-damaged conditions. The MARYylation activity of PARP1 E988Q increases
after DNA damage induction, and both PARP1 and histones are modified with mono-ADP-

ribose (Figure 3.14). This is completely abolished in response to olaparib treatment. While
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PARP1 E988Q automodification is also completely abolished in response to saruparib, a
small amount of histone ADP-ribosylation remains. The basal activity of YFP-PARP1 K903A
is lower than that of PARP1 E988Q, but upon DNA damage, its automodification and histone
ADP-ribosylation with MAR are stimulated effectively. PARP1 automodification is almost
entirely lost upon treatment with olaparib, and completely lost in response to saruparib, while
a small amount of histone MARylation remains in both conditions. This shows that both
PARP1 E988Q and PARP1 K903A, despite the differing effects of olaparib and saruparib on
their release dynamics at sites of DNA damage, are effectively catalytically inhibited by both
inhibitors. The reverse effect of saruparib on the PARP1 E988Q and K903A mutants is

therefore not due to a lack of catalytic inhibition by saruparib.

Nevertheless, in this experiment, it appears that at the chosen concentration of 5 nM,
saruparib is slightly less effective at inhibiting the catalytic activity of PARP1 WT and
PARP1 E988Q than olaparib at 1 uM. Meanwhile, in the experiment shown in Figure 3.11, c,
neither 1 uM olaparib nor 5 nM saruparib are sufficient to completely abolish catalytic
activity. Therefore, in order to ensure that differing levels of catalytic inhibition are not the
underlying cause of the differences in trapping between olaparib and saruparib, | induced
expression of YFP-PARP1 WT and YFP-PARP1 E988Q in U20S Flp-In PARP1 KO cells
using 0.1 pg/mL Doxycycline, and treated them with increasing concentrations of both
olaparib or saruparib. For olaparib, I chose two concentration points below the usual 1 pM, at
0.01 uM and 0.1 uM, and one above, at 5 uM. Even 0.01 uM olaparib is sufficient to induce
trapping of PARP1 WT (Figure 3.15, a), and increasing concentrations of olaparib lead to a
general upwards trend of PARP1 retention at the site of DNA damage. PARP1 E988Q is
trapped similarly by 0.01 uM and 0.1 uM of olaparib, and slightly more by both 1 uM and 5

UM olaparib. Even the lowest concentration of olaparib, 0.01 uM, which was previously
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shown to have considerable catalytic activity of endogenous PARP1 remaining (Figure 3.11,

c), does not promote release of PARP1 E988Q.
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Figure 3.14: Saruparib effectively reduces catalytic activity of PARP1 WT and catalytic mutants.
Western blot showing that the catalytic activity of transiently transfected YFP-PARP1 WT, YFP-
PARP1 E988Q and YFP-PARP1 K903A in U20S PARP1 KO cells in response to hydrogen peroxide
treatment (2 mM), is reduced to a similar extent by treatment with 1 uM olaparib or 5 nM saruparib.
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Blots were examined with the indicted antibodies. Histone H3 was used as a loading control.
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3.3.8 The PARP1 helical domain is crucial for requlating the PARP inhibitor response

The auto-inhibitory domain, or helical domain (HD), of PARPL1 is known to play a crucial
role in regulating PARPL1 catalytic activity and the PARP1 inhibitor response. In its inactive
state, the HD is folded over the catalytic site, preventing access of NAD* and thereby ADP-
ribosylation. Upon binding to DNA by its N-terminal DNA binding domains, an allosteric
pathway is activated that leads to local unfolding of the HD, allowing for catalytic activity.
Loss of the HD (AHD) leads to a constitutively active protein that requires no activation
through DNA binding (Dawicki-McKenna et al., 2015). Similarly, some PARP inhibitors
have been shown to contact the HD in return, causing reverse allosteric effects that can
negatively affect DNA binding affinity (Zandarashvili et al., 2020). Mutations in the HD have
also been identified which render PARP1 resistant to PARP inhibitors; D766/770A in
PARP1, situated in helix F of the HD, leads to resistance against EB-47 (Zandarashvili et al.,
2020). However, it was also shown that PARP inhibitor binding to PARP1 was not affected
by loss of the HD (Dawicki-McKenna et al., 2015; Zandarashvili et al., 2020); removal of the
HD might therefore reveal any allosteric effects inhibitors exert on the HD-WGR-Zn

pathway, while maintaining catalytic inhibition of the enzyme.

With this in mind, | wanted to test how loss of the HD would affect the response of PARP1
WT and E988Q to inhibitors. | transfected U20S PARP1 KO cells with YFP-PARP1 WT,
YFP-PARP1 WT AHD, YFP-PARP1 E988Q and YFP-PARP1 AHD E988Q, and tested their
behaviour at sites of DNA damage in response to olaparib and saruparib. When comparing
release dynamics of YFP-PARP1 WT and YFP-PARP1 AHD, there is little difference
between the two, with YFP-PARP1 AHD releasing faster initially, but with roughly 20% of
either remaining at the damage site after 10 minutes (Figure 3.16, a). However, loss of the HD
in the PARP1 E988Q mutant significantly increases the speed of its release from the micro-

irradiation site (Figure 3.16, b). This suggests that the hyperactivity of the AHD mutant does
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not equate to faster release from sites of DNA damage. Instead, it indicates that excessive
ADP-ribosylation could counteract PARPL1 release from sites of DNA damage. Treatment of
PARP1 WT AHD with olaparib and saruparib leads to a slightly longer retention at the
damage site, with roughly 35% and 30% remaining at the damage site at the end of capture,
respectively (Figure 3.16, a). While the trapping effect is not as strong as for PARP1 WT, this
indicates that at least some of the catalytic inhibition is retained in the absence of the HD.
YFP-PARP1 AHD E988Q is removed from sites of DNA damage much faster than YFP-
PARP1 E988Q (Figure 3.16, b), which agrees with previous data from PARP1 M890R, a
highly active MARylation mutant (Figure 3.4 and 3.5), and shows that large amounts of
mono-ADP-ribosylation are sufficient for removal of PARP1 from sites of DNA damage. As
with PARP1 WT, loss of the HD for PARP1 E988Q confers resistance to both olaparib and
saruparib, abolishing the pro-release effect of saruparib (Figure 3.16, b). If anything, saruparib
slightly traps this mutant, indicating that loss of the HD abolishes the pro-release effect of
saruparib on this mutant. (Figure 3.16, b). This could have two potential reasons: one, that the
increased catalytic activity of this mutant has rescued this phenotype, as only very
catalytically impaired PARP1 mutants exhibit this pro-release response to saruparib, and two,
that the pro-release effect of saruparib depends on contact with the HD, thereby influencing

the HD-WGR-Zn axis, and in turn the DNA binding affinity of the protein.
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3.3.9 The effect of endogenous PARP1 on the pro-release effect of saruparib on PARP1

E988Q

It was previously shown that the release of PARP1 from sites of DNA damage does not
depend entirely on its automodification; modification of histones by PARP1 has a
considerable influence on the mobilisation of PARP1 from DNA lesions (Zentout et al.,
2024). Release of PARP1 E988K, which similarly to PARP1 E988A functions as a
catalytically dead PARP1 mutant, is increased in the presence of co-transfected, or
endogenous wild-type PARP1 (Zentout et al., 2024). This difference was shown not to be due
to trans-modification of PARP1 E988K, which has been observed to occur in vitro
(Eustermann et al., 2015), but rather due to ADP-ribosylation of histones, which also
increased the cellular resistance to olaparib (Zentout et al., 2024). In accordance with findings
that PARP1 undergoes unproductive cycles of association and disassociation at DNA lesions
in the presence of PARP inhibitors (Kanev et al., 2024; Shao et al., 2020), ADP-ribosylated
histones at the site of damage were therefore suggested to contribute to the timely release of
PARP1 both through the recruitment of repair factors and by acting as a shield to prevent

PARP1 re-association with the lesion through electrostatic repulsion (Zentout et at., 2024).

Therefore, 1 wanted to test how the presence of endogenous PARP1 would affect the
behaviour of PARP1 E988Q at the damage site in the presence and absence of saruparib. To
this end, I transfected both U20S WT cells and U20S PARP1 KO cells with either YFP-
PARP1 WT or YFP-PARP1 E988Q, and tested their recruitment and release dynamics in the
presence and absence of olaparib or saruparib. For YFP-PARP1 WT, the presence of
endogenous PARP1 slows down its release in all conditions, while maintaining the trapping
effects of olaparib and saruparib (Figure 3.17, a, d). Meanwhile, the presence of endogenous
PARP1 speeds up the release of YFP-PARP1 E988Q from sites of DNA damage, in

agreement with previous findings (Zentout et al., 2024) (Figure 3.17, b). The effect of
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treatment with olaparib remains the same, trapping PARP1 E988Q further, to a greater degree
in the WT background than in the PARP1 KO background. However, the pro-release effect of
saruparib on PARP1 E988Q is not maintained in the WT background; while not as potent as
olaparib, it leads to further trapping of the mutant at the site of the lesion (Figure 3.17, b, d).
The presence of endogenous PARP1 could influence the observed release dynamics of over-
expressed PARPL in at least two main ways: Firstly, there is an overall greater amount of
PARP1 in the nucleus; competition with endogenous PARP1 at DNA lesions could affect the
recruitment and release dynamics of the over-expressed PARPL. This is corroborated by the
fact that the total recruitment of both transfected YFP-PARP1 WT and E988Q to the damage
site is lower in the presence of endogenous PARP1 (Figure 3.17, ). Secondly, endogenous
PARP1 modifies surrounding histones and other proteins, changing the chromatin
environment surrounding the break and signalling to repair proteins. Similar to the behaviour
at sites of DNA damage of PARP1 WT AHD (Figure 3.16, a), the opposing effect that
endogenous PARP1 has on YFP-PARP1 WT and YFP-PARP1 E988Q suggests that there
might be a tightly regulated, “correct” amount of ADP-ribosylation that prevents PARP1
trapping. Interestingly, it was further noticeable that treatment of both YFP PARP1 WT and
PARP1 E988Q with olaparib, but not with saruparib, in a WT background significantly
delayed the recruitment of PARPL1 to the micro-irradiated site, as measured by the time of
peak recruitment (Figure 3.17, ). Over-representation of catalytically active wild-type
PARP1 could prevent both access and removal from sites of DNA damage, through
competition at lesions and an excessively ADP-ribosylated chromatin microenvironment.
Once catalytic activity is inhibited through either olaparib or saruparib treatment, YFP-
PARP1 WT trapping is even greater than in PARP1 KO cells, and could be due to greatly
slowed exchange of PARP1 molecules at the damage site, both through loss of catalytic
activity and the presence of additional PARP1. Meanwhile, release of PARP1 E988Q is

increased in the presence of endogenous PARP1; this could be due to improved signalling at
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the damage site through modified histones, which in turn can promote the recruitment of
repair and remodelling factors, such as XRCC1 and ALCL, in turn abolishing the need for
PARP1 re-association with repaired lesions (Juhasz et al., 2020; Shao et al., 2020; Smith et
al., 2023; Zentout et al., 2024). On the other hand, olaparib-trapped endogenous PARP1 at the
could prevent access of YFP-tagged PARP1 WT and PARP1 E988Q to the site of damage,
explaining the delayed recruitment in these conditions. Treatment with saruparib does not
significantly delay recruitment of YFP-PARP1 WT or YFP-PARP1 E988Q ina WT

background (Figure 3.17, e), indicative of its lesser trapping ability.

Meanwhile, treatment of YFP-PARP1 E988Q-expressing U20S WT cells with saruparib
could increase trapping, instead of promoting its release, by preventing its dissociation and

exchange at lesions due to the over-representation of endogenous PARP1.
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Figure 3.17: Presence of endogenous PARP1 abrogates the pro-release of saruparib on PARP1
E988Q. Normalised recruitment of a) YFP-PARP1 WT and b) YFP-PARP1 E988Q to sites of laser
micro-irradiation in U20S PARP1 KO or U20S WT cells. ¢) Total recruitment of YFP-PARP1 WT and
YFP-PARP1 E988Q to sites of laser micro-irradiation. Cells were left un-treated, or treated with 1 uM
olaparib or 5 nM saruparib. Recruitment was normalised to the maximum fluorescence reached per
condition for a) and b) with the data shown as mean + standard error of the mean. Data were collected
from 9-15 cells per condition. d) Residual PARP1 WT and mutant accumulation at the site of laser
micro-irradiation, taken from the normalised recruitment data 400 seconds post damage induction. e)
Peak recruitment (tmax) of YFP PARP1 WT and YFP PARP1 E988Q to the site of laser microirradiation.
The box limits correspond to the 25th and 75th percentiles and the bold line indicates the median value;
the whiskers extend to minimum and maximum values. n.s. = not significant, *p <0.05; **p <0.01;
**%p <0.001 (one-way ANOVA).
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3.4. Investigating the behaviour and relationship of PARP1 and PARP?2 at sites

of DNA damage

While loss of either PARP1 or PARP2 is tolerated by the cell, loss of both is embryonically
lethal (Ménissier de Murcia et al., 2003b). PARP1 arrives first at the DNA damage site and
PARP2, which lacks the many DNA binding domains of PARPL, is reported to arrive slightly
after PARP2 (Mortusewicz et al., 2007). Further, there have been reports of PARP2 relying to
some degree on the catalytic activity of PARPL1 for its recruitment to sites of DNA damage;
first, it was shown that the catalytic activity of PARP2 could not only be stimulated by DNA,
but also by PAR in vitro (Chen et al., 2018), and loss of PARP1 or its catalytic activity, either
through mutation or PARP inhibitor treatment, was shown to cause reduced recruitment of
PARP2 to sites of DNA damage (Chen et al., 2018; Lin et al., 2022; Mortusewicz et al.,
2007). The extent to which the loss of PARP1 catalytic activity affects PARP2 recruitment is
unclear, however; the study published by Chen et al. (2018) found that expression of
catalytically dead PARP1 E988A, or loss of PARP1, completely abrogated PARP2
recruitment to sites of DNA damage, while it was reported to merely be slightly impaired by

other studies (Mortusewicz et al., 2007; Lin et al., 2022).

The availability of a PARP1-selective inhibitor provides an excellent opportunity to study
how PARP2 recruitment is affected by the catalytic activity of PARP1; since all other PARP
inhibitors also target PARP2, they cannot be used to study how loss of catalytic activity of
PARP1 alone affects PARP2 without simultaneously inhibiting PARP2. Further, the
MARylation mutant PARP1 E988Q can also provide information on the reliance of PARP2
on pre-existing PAR chains for its recruitment to DNA lesions. Moreover, the pro-release
effect of saruparib on PARP1 E988Q, which was shown not to be linked to any inhibitor-
induced increase in its catalytic activity (Figure 3.14), can be used to study how occupancy at
the damage site alone can affect the turnover of PARP2.
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In turn, the presence or absence of PARP2 can provide information on how PARP2
contributes to the release dynamics of PARPL. To investigate the relationship dynamics
between PARP1 and PARP2, | used U20S PARP1/PARP2 KO cells, which I transfected with
either mCherry-PARP1 WT/E988Q or YFP-PARP2 WT alone, or together. | tested these cells
by western blot to ensure they lacked both PARP1 and PARP2 (Figure A.4). When looking at
either PARP1 or PARP2 alone, I co-transfected Histone H2B tagged with a photoactivatable
fluorophore, to indicate the damage site and when the laser micro-irradiation occurs. This is
particularly important to accurately determine the recruitment dynamics for PARP2, which
arrives later than PARP1 at the damage site, and not as abundantly, which can make detection

more difficult.

| split the results of this experiment into two sections: one, to assess the effect of presence or
absence of PARP2 on PARP1, and two, how the presence and catalytic activity of PARP1

affects the total and relative recruitment and retention of PARP2.

3.4.1 The effect of PARP2 on PARP1 recruitment and release from sites of DNA damage

Forty-eight hours after transfection, | treated cells with 0.15 pg/mL Hoechst for an hour to
sensitise them to DNA damage and added 1 puM olaparib or 5 nM saruparib to a subset of the
cells. As shown in Figure 3.18, the general recruitment behaviours of PARP1 WT and PARP1
E988Q un-treated and in response to olaparib and saruparib are preserved with or without
PARP2. At the end of capture, 13% of the total PARP1 recruited remains at the lesion in the
absence of PARP2, with 10% left in the presence of YFP-PARP2 WT (Figure 3.18, a). This
difference is negligible, but the presence of PARP2 does appear to promote the release of
PARP1 earlier on; after 2 minutes, 64% of PARP1 WT remains at the site of damage without
PARP2, while only 46% of PARP1 WT remains in the presence of YFP-PARP2 WT. This
trend can also be observed in response to saruparib: it is decreased from 30% of PARP1

remaining at the damage site after 10 minutes to 22% in the presence of YFP-PARP2 WT.
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The trend persists even with olaparib treatment, the presence of YFP-PARP2 reducing the
remaining PARP1 WT from 60% to 38% at the end of capture. The presence of YFP-PARP2
also has a slight, but apparently weaker, de-trapping effect on mCherry-PARP1 E988Q in
some conditions (Figure 3.18, b); 75% of the maximum amount of recruited PARP1 E988Q
after 10 minutes is reduced to 65% in the presence of YFP-PARP2 WT, and saruparib-treated
PARP1 E988Q is further decreased from 42% to 33% by YFP-PARP2. For olaparib-treated
PARP1 E988Q this effect is not so apparent. This could generally stem from the strong
trapping of olaparib-treated PARP1 E988Q, and the relatively strong trapping of PARP2 in
this condition, as shown in Figure 3.20, d, and discussed in the following section. Importantly,
the fact that saruparib de-traps mCherry-PARP1 E988Q validates that this effect is not an
artefact of the YFP-PARP1 E988Q construct used in previous experiments, or the cell line,

but rather an effect linked to the nature of the mutant.

This could be explained by PARP2 ADP-ribosylating the surrounding chromatin; as discussed
in section 3.3.9, the release of PARP1 from sites of DNA damage is not entirely reliant on its
auto-modification, but also the modification of histones (Smith et al., 2023; Zentout et al.,
2024). The presence of catalytically active PARP2 could therefore allow modification of
histones, creating an “ADP-ribose shield” on chromatin that prevents PARP1 re-association
with the damage site, and recruit chromatin remodellers and repair factors that would occupy
the break site (Zentout et al., 2024), as explained in section 3.3.9. However, the fact that the
release of PARP1 WT is further sped up in the presence of YFP-PARP2 despite olaparib
treatment would indicate that this effect does not depend on PARP2 catalytic activity, since it
is also inhibited by olaparib. It could be that the presence of both mCherry-PARP1 WT and
YFP-PARP2 leads to incomplete inhibition of either, which could be reflected by the lesser
retention of PARP1 in this condition. To ensure that it is PARP2 catalytic activity that causes

this pro-release effect on PARP1, it would be interesting to observe PARP1 dynamics in the
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presence of wild-type and catalytically inactive PARP2, such as PARP2 E545A (Riccio et al.,

2016b).
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Figure 3.18: Recruitment and release dynamics of PARP1 WT and E988Q are
differently affected by the presence of PARP2. Recruitment of mCherry-PARP1 WT or
E988Q to sites of laser-microirradiation in U20S PARP1/PARP2 KO cells, with or without
co-transfected YFP-PARP2 WT. Olaparib was used at 1 pM, and saruparib at 5 nM.
Recruitment was normalised to the maximum fluorescence reached per condition. Data are
shown as mean + standard error of the mean. Data were collected from 8-15 cells per

condition.
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3.4.2 The effect of PARP1 on PARP2 recruitment and release from DNA damage site

Following previous reports of PARP2 reliance on PARPL1 for its recruitment to sites of DNA
damage, | made sure to measure the total amount of PARP2 recruited in all conditions, in
addition to the normalised recruitment, which better allows comparison of release dynamics
between conditions. First, when comparing total recruitment of PARP2 to DNA lesions in the
presence or absence of PARPL, it appears that there is no great difference between the
PARP1/PARP2 KO condition, and when mCherry-PARP1 WT is co-transfected (Figure 3.19,
a). However, recruitment appears to be much lower in the presence of PARP1 E988Q.
Interestingly, this could indicate that PARP2 does not rely on PARP1 catalytic activity to be
recruited to sites of DNA damage, but that the occupation of sites of DNA damage by trapped
PARP1 E988Q could hinder its recruitment. This difference was not due to corresponding
differences in the total amount of mCherry-PARP1 WT and PARP1 E988Q recruited to sites
of damage (Appendix, Figure A.5). Comparing recruitment of PARP2 in PARP1/PARP2 KO
cells lacking co-transfected PARP1 (Figure 3.19, b) shows that treatment with olaparib or
saruparib does not have any effect on the amount arriving at the damage site, which makes
sense in the absence of any PARP1 that can be inhibited or trapped. When looking at total
PARP2 recruitment in the presence of wild-type PARP1 (Figure 3.19, ¢), it appears that
treatment with saruparib has no effect on either the amount or the behaviour at the damage
site, confirming on the one hand that it is not targeted by saruparib. On the other hand, it
would suggest that mild trapping of PARP1 is not sufficient to affect PARP2 recruitment.
Meanwhile, it seems that olaparib increases the total amount of PARP2 recruited to sites of
DNA damage in all conditions (Figure 3.19, b, c, d). Particularly in the presence of mCherry-
PARP1 E988Q), its recruitment seems very delayed, and increases with time (Figure 3.19, c,

d).
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This effect appears to be dependent on olaparib, rather than loss of catalytic activity of
PARP1, as in the case of PARP1 E988Q without inhibitor, which causes lower total PARP2
recruitment, or saruparib treatment, which equally inhibits catalytic activity of PARP1.
Interestingly, a previous study found that some PARP inhibitors, such as niraparib and
talazoparib, and to a lesser extent, olaparib, enhanced the formation of PARP2 foci,
independently of whether or not PARP1 was present (Lin et al., 2022). The same study
investigated the exchange rate of PARP2 at the site of damage using FRAP, and found that
these inhibitors caused physical stalling of PARP2 at the damage site (Lin et al., 2022). This
agrees with in vitro findings that the allostery of PARP2 is affected differently by PARP
inhibitors than PARP1; PARP1 “pro-release” inhibitors such as rucaparib and niraparib were
found to be “pro-retention” in PARP2, increasing its DNA binding affinity (Langelier et al.,
2023). The increase in YFP PARP2 at the damage site over time therefore likely reflects true
“trapping” of PARP2 at the site of DNA damage by olaparib. Treatment of PARP1 E988Q
with saruparib seems to slightly increase the total amount of PARP2 recruited in the first

minute after DNA damage induction (Figure 3.19, d).
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Figure 3.19: Total recruitment of YFP-PARP2 is affected by the presence or absence of PARP1
WT or PARP1 E988Q. Total measured amounts of transiently expressed YFP-PARP2 recruitment over
time, with or without mCherry-PARP1 WT or E988Q in U20S PARP1/PARP2 KO cells are shown.
Olaparib was used at 1 uM, and saruparib at 5 nM. Data are shown as mean =+ standard error of the

mean. Data were collected from 11-15 cells per condition.
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To better understand the release and recruitment dynamics of PARP2 at DNA lesions, | also
looked at normalised recruitment, which measures the amount of protein relative to the
maximum amount over time. This shows that in the absence of PARP1 and any inhibitor,
PARP2 is recruited to the damage site quickly, peaking after roughly 30 seconds, compared to
20 seconds for PARP1 WT, and is released thereafter, with roughly 30% remaining at the end
of capture (Figure 3.20, a). This is the same for saruparib treatment, confirming that PARP2 is
not targeted by this PARP1-selective inhibitor. In response to olaparib treatment, PARP2
recruitment is delayed, peaking only after 2 minutes, and it is trapped at the damage site, with

85% of the original amount remaining after 10 minutes.

When comparing the behaviour of PARP2 in the presence or absence of PARP1 WT or
PARP1 E988Q, it becomes apparent that expression of the mono-mutant PARP1 E988Q not
only diminishes total recruitment of PARP2 (Figure 3.19, a), but it also prolongs its retention
of PARP2 at the damage site (Figure 3.20, b). In the presence of PARP1 E988Q, over 80% of
the peak amount remains after 10 minutes. Presence of PARP1 WT does not lead to
prolonged trapping of PARP2 at the end of capture, but it does moderately slow its release
earlier on, with only 63% of PARP2 remaining at the damage site after two minutes without
PARP1, and 81% remaining in the presence of mCherry-PARP1 WT. Both the increased
trapping of PARP2 in the presence of PARP1 E988Q, and the slower release in the presence
of PARP1 WT, could hint at competition for occupancy at the damage site, and reflect
continued attempts at binding and un-binding of the break in the presence of PARP1. It could
also reflect PARP2 being recruited by continued PAR signalling by PARP1 (Lin et al., 2022;
Chen et al., 2018). However, PARP2 is also trapped in the presence of PARP1 E988Q,
despite its own catalytic activity not being impaired, and despite the fact that PARP1 E988Q
is unable to generate PAR chains that might continue to recruit PARP2. Interestingly,

treatment of mCherry-PARP1 WT with saruparib has no effect on the release dynamics of
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PARP2, despite its catalytic inhibition (Figure 3.20, c). PARP1 WT trapping by saruparib is
not strong, however, and saruparib has been reported to increase the exchange of PARP1
molecules at sites of DNA damage despite catalytic inhibition (Kanev et al., 2024), which
could potentially increase the opportunity for PARP2 to bind and un-bind as well. When
looking at the dynamics of PARP2 in the presence of PARP1 E988Q (Figure 3.20, d), it
appears that treatment with olaparib does not only increase the total amount recruited over
time, (Figure 3.19, d), but that it also greatly delays recruitment, with PARP2 only peaking
towards the end of capture. Meanwhile, treatment of PARP1 E988Q with saruparib not only
slightly increases total recruitment of PARP2 (Figure 2, d), it also leads to faster release of
PARP2; compared to peak occupancy after 50 seconds, only 44% remain after 10 minutes,
compared to 80% of PARP2 in the presence of PARP1 E988Q without saruparib (Figure 3.20,

d).

Interestingly, when considering the ADP-ribosylation signal around 64 kDa in Figure 3.6, it
appears that it is greatly reduced in cells expressing PARPL1 catalytic mutants, but not in cells
lacking PARP1 altogether. While siRNA-mediated knock-down of PARP2 would be required
to unambiguously determine this band as PARP2 automodification, its identity as such is
supported by the fact that a similar ADP-ribosylation signal is apparent around 64 kDa in two
different PARP1 KO clones, which is lost upon knock-out of PARP2 (Appendix, Figure A.4).
As described above, PARP2 recruitment was not impaired by loss of PARP1 (Figure 3.19, a),
but by expression of PARP1 E988Q. It could therefore be that loss of PARP2
automodification in these conditions stems from reduced recruitment of PARP2 to sites of
DNA damage, and a resulting lack of activation by binding to DNA breaks, partially due to
their occupation by catalytically inactive PARPL. This difference in potential PARP2
automodification in cells which lack PARP1 and those which express catalytically impaired

PARP1 would further support the notion that PARP2 recruitment to damage sites is more
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regulated by competition at the damage site, than by PARP1-mediated ADP-ribosylation.
Further repeats of this experiments, as well as siRNA-mediated knock-down of PARP2,

would help confirm or dispute this theory.
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Figure 3.20: Recruitment and release dynamics of PARP2 are affected by the presence or
absence of PARP1 WT or E988Q. Recruitment and release dynamic of YFP-PARP2 at the damage
site over time are shown, with or without mCherry-PARP1 WT or E988Q in U20S PARP1/PARP2
KO cells. Olaparib was used at 1 pM, and saruparib at 5 nM. Recruitment was normalised to the
maximum fluorescence reached per condition. Data are shown as mean + standard error of the mean.

Data were collected from 11-15 cells per condition.
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4. Discussion and Future Plans

The results presented in this work support a novel way of thinking about the type, and
amount, of ADP-ribosylation produced and required in the DNA damage response, and for the
efficient removal of PARP1 from sites of DNA damage. As part of this, | was able to create a
complementation system that allows controlled expression of YFP-tagged PARP1, and YFP-
tagged HPF1 mutants, with preserved function and with expression levels comparable to that
of endogenous protein using the U20S Flp-In T-REX cell line. This allowed me to perform
structure function analyses of PARP1 mutants in these cells, without constant need for
transient transfections, or the potential detrimental effect of stable expression of some
mutants. Further, in this work | unexpectedly identified catalytically impaired PARP1 mutants
which are released from sites of DNA damage by a novel PARP1-specific inhibitor, rather
than being trapped. Finally, the findings in this work could provide an improved

understanding of the interplay between PARP1 and PARP2 at the damage site.

I will discuss the implications of these findings, as well as potential future work, in this

section.

4.1 The “right” amount of ADP-ribosylation

An effect of ADP-ribose chain length on cellular survival was found relatively soon after the
identification of ADP-ribosylation: long-chained PAR (> 60 ADPr units) in response to
severe genotoxic stress was linked to cell death, whereas shorter chains (< 16 ADPr units)
were found to be well tolerated (Andrabi et al., 2006; Yu et al., 2006). Similarly, different
proteins were also reported to interact with specific lengths of PAR chains, hinting at a

distinct code recognised, and translated, by a plethora of ADPr readers (Fahrer et al., 2007)

The more recent discovery of HPF1 has drastically changed the understanding of PARP1/2-

mediated ADP-ribosylation in the DNA damage response, and has added context to these
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early findings, shifting the previous paradigm of PARylation on glutamates and aspartates to
shorter chains, and MARYylation, mainly on serine residues (Abplanalp et al., 2017; Juan José
Bonfiglio et al., 2017; Gibbs-Seymour et al., 2016; Larsen et al., 2018; Leidecker et al., 2016;
Palazzo et al., 2018). According to current knowledge, HPF1 is recruited rapidly to sites of
DNA damage through the interaction with PARP1/2, where it re-directs catalytic activity of
PARP1/2 towards serines by providing the necessary second catalytic glutamate, E284, while
simultaneously restricting chain extension, and promoting ADP-ribosylation of histones
(Gibbs-Seymour et al., 2016; Sun et al., 2021; Suskiewicz et al., 2020). Meanwhile, a balance
between mono- and poly-ADP-ribosylation appears necessary: HPF1 is far less abundant in
the nucleus than PARP1, its presence roughly 20-fold less than PARP1 (Juan José Bonfiglio
etal., 2017), and it is thought to cycle between PARP1/2 molecules, rapidly binding and
unbinding to the DNA damage activated PARPs, enabling frequent initiation on serine
residues with MAR, and subsequent extension of chains in its absence (Hendriks et al., 2021;
M. F. Langelier et al., 2021). Agreeing with a shift in ratio between PARP1:HPF1 towards
more HPF1 at later time points after DNA damage induction (Smith et al., 2023), a recent
study found that MARYylation persists longer at sites of DNA damage, following an initial,
rapid burst of PARylation (Longarini et al., 2023). This separation of ADP-ribosylation in
response to DNA damage was therefore suggested to serve as an early emergency signal via a
transient PARylation signal, and a slightly later, more sustained MAR signal, which is
dependent on HPF1, and the efficient digestion of PAR chains by PARG, which could attract
specific DNA repair factors and chromatin remodellers, without the cellular toxicity
associated with prolonged PARYylation (Fontana et al., 2017a; Longarini et al., 2023;

Prokhorova, Agnew, Wondisford, Baets, et al., 2021).

The important role for HPF1 is highlighted by the sensitivity of HPF1 KO cells to treatment

with PARP inhibitors (Gibbs-Seymour et al., 2016; Prokhorova, Zobel, et al., 2021), and
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HPF1 was previously shown to provide resistance to PARP inhibitors by promoting PARP1
automodification (Prokhorova, Zobel, et al., 2021) and chromatin ADP-ribosylation (Zentout
et al., 2024). In this work, 1 show that HPF1 can overcome the loss of PARP1
automodification and histone ADP-ribosylation in the presence of PARP inhibitor, without
causing a spike in PARylation, but rather by promoting MARYylation (Figure 3.1). Meanwhile,
loss of HPF1, leads to a significant reduction in PARP1 automodification, and complete loss
of histone ADP-ribosylation (Figure 3.1). This suggests that it is HPF1-dependent
MARYylation, and shorter chains, that play an important role in the DNA damage response,

rather than PARYylation alone.

The potential toxicity of excessive ADPr restriction has not been as extensively studied as
excessive PARylation, however. To address this, | used U20S Flp-In HPF1 KO cells
complemented with HPF1 E284A, a catalytic mutant, which binds tightly to PARP1
(Rudolph, Roberts, Muthurajan, et al., 2021), but does not allow ADP-ribosylation of serine
residues, or extension of ADP-ribose chains by PARP1/2 (Suskiewicz et al., 2020). This
mutant, as expected, caused a loss of histone ADP-ribosylation, and a reduced PARylation
PARP1 automodification signal (Figure 3.2, c). Further, cells expressing this mutant were
highly sensitive to PARP inhibitor treatment, even more so than cells lacking HPF1 entirely
(Figure 3.3). HPF1 E284A, likely as a result of its tight binding to PARP1, was also shown to
be recruited to sites of DNA damage at greater levels than wild-type HPF1 (Smith et al.,
2023); its prolonged presence at damage sites, where it can continuously associate with
PARP1/2, would not only suppress initiation on serine residues, but also PAR elongation,
both on PARP1/2 and histones. This could in turn affect PARP1/2 release from damage sites;
although further studies of PARP1 behaviour at sites of DNA damage in the presence of this
mutant are required to clarify how this mutant affects PARP1 recruitment and release

dynamics. The use of HPF1 E284A in combination with PARP1 automodification mutants,
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would further inform about the contribution of PARylation on PARP1 itself, and that of

histones, to the release of PARP1 from sites of DNA damage.

The question of the ideal amount, and type, of ADP-ribosylation is very complex; | hoped to
better understand the roles of mono vs poly-ADP-ribosylation particularly for the release of
PARP1 from break sites by using different catalytic PARP1 mutants. This further supported
the notion that MARYylation, if present at high levels, is sufficient for efficient PARP1
dynamics: PARP1 H862A, a mutant which possesses strong PARylation activity, similar to
PARP1 WT, but much lower MARYylation activity (Figure 3.4) is more trapped at sites of
damage than PARP1 WT (Figure 3.5). PARP1 M890R, which completely lacks any
PARylation activity, but has stronger MARylation activity than PARP1 WT (Figure 3.4),
strongly resembles the behaviour of PARP1 H862A at the damage site (Figure 3.5). The
behaviour of both mutants suggests that MARYylation plays an important role in allowing
efficient PARP1 release from sites of DNA damage. The PARP1 M890R mutant in particular
could in the future serve as an important separation of function mutant — helping to
distinguish between the requirement for PARylation not only in the release of PARP1 from
damage sites, but also in the recruitment of specific DNA repair factors that require PAR for
their recruitment. Expression of another, less active MARylation mutant, PARP1 E988Q, was
not tolerated well by cells, however; while not as toxic as complete loss of catalytic activity, it
was significantly trapped at sites of DNA damage sites, and induced replication stress and

DNA damage (Figure 3.9).

It thus appears that the requirements for ADP-ribosylation in the DDR are tightly regulated;
neither too much, nor too little, is tolerated well by cells. Further evidence for this comes from
the presence of “excess” PARPI in the nucleus: while the presence of endogenous PARP1
significantly sped up the release of PARP1 E988Q from damage sites (Figure 3.17, b),

agreeing with previous findings (Zentout et al., 2024), it led to slower release of PARP1 WT
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(Figure 3.17, a). In section 3.3.9, | already mentioned that the presence of endogenous, or
excess, PARP1 could likely influence the dynamics of over-expressed PARPL in two ways:
one, by increasing the PARP1:HPF1 ratio at breaks this would promote the formation of PAR
chains (Smith et al., 2023; Zentout et al., 2024), and two, by providing competition for the
occupancy at the break site, and potentially affecting PARP1 exchange at the damage site
(Shao et al., 2020). Total recruitment of both YFP PARP1 WT and YFP PARP1 E988Q was
reduced in the presence of endogenous PARP1 (Figure 3.17, ¢). This points towards
competition at the damage site with endogenous PARP1. However, despite the similar effects
endogenous PARP1 had on the amount of YFP PARP1 WT and E988Q that was recruited, it
had opposing effects on their release dynamics; YFP PARP1 E988Q was released faster, and
was less trapped at the site of DNA damage at the end of capture; while YFP PARP1 WT was
released more slowly, and was slightly more trapped (Figure 3.17, a, b). Importantly, Zentout
et al. (2024) previously showed that the improved release of PARP1 E988K in the presence of
endogenous PARP1 did not depend on increased auto-modification of PARP1 E988K through
trans-ADP-ribosylation, but rather depended on histone modification by endogenous PARP1.
After an initial, HPF1-independent burst of PARYylation at the site of damage, the ratio of
PARP1:HPF1 changes in favour of HPF1, which promotes the generation of a longer-lived
MAR shield on histones (Smith et al., 2023). It was this ADPr/MAR shield that was proposed
to promote the release of PARP1 E988K in the presence of endogenous PARP1 (Zentout et
al., 2024), by preventing the re-association of PARP1 E988K, which otherwise engages in
unproductive binding and unbinding cycles with the damaged DNA (Shao et al., 2020). If
endogenous PARP1 promotes release of catalytically impaired PARP1 mutants by providing
additional ADP-ribosylation of histones, it could be possible that in the presence of YFP
PARP1 WT, which is catalytically active itself, there might be even further modification of
histones, and with an altered PARP1:HPF1 ratio, promote the formation of PAR, which does

not form the same ADPr/MAR shield on histones. Rather than forming an ADPr/MAR shield
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that prevents re-association, this in turn could create a chromatin micro-environment that
becomes less permissive for dynamic PARP1 movement, and PARP1 WT release from sites
of damage. If this were the case; it would support the notion that “excess” ADP-ribosylation
can be detrimental (Prokhorova, Agnew, et al., 2021). Further assays to detect levels of
histone ADP-ribosylation, for instance by looking at the modification of histones over time in
the presence of endogenous PARP1 and over-expressed wild-type or catalytically impaired
PARP1 under these conditions, and the effect of this on downstream repair factors and

chromatin remodelling factors could be performed in the future to expand on this.

More evidence for the requirement of tightly regulated ADP-ribosylation comes from the
recruitment and release dynamics of PARP1 AHD. PARP1 AHD, a constitutively active
PARP1 mutant (Dawicki-McKenna et al., 2015), despite its greater catalytic activity (Figure
3.1, b), is released from sites of DNA damage slightly faster than PARP1 WT, but ultimately

resembles PARP1 WT in its retention at the break site after 10 minutes (Figure 3.16).

Taken together, these results suggest a novel paradigm on ADP-ribosylation in the DNA
damage response; perhaps more than PARylation, MARYylation appears to play a key role.
Further, it will be important to test the effect of PARP1 mutants that differ in their catalytic
activity and the types of ADP-ribose they produce, such as PARP1 M890R, or PARP1
H862A, on cells. To this end, I have constituted U20S Flp-In PARP1 KO cells with YFP-
tagged PARP1 M890R, M890A, K903A, and H862A. Initial testing of the clones for
expression was successful, and they could be used to test their effect on survival, sensitivity to
different PARP inhibitors, or their exchange rate at DNA damage sites, through FRAP

analysis.

Better understanding of the type of ADP-ribose chains that are beneficial, or detrimental, for
cellular survival, particularly in the context of simultaneous PARP inhibitor use, could be

valuable for clinical application. This could additionally be useful for targeting of the main
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enzymes modifying ADP-ribosylation in the DDR, HPF1, ARH3, and PARG, thereby

altering, but not necessarily eliminating PARP1/2-mediated ADP-ribosylation.

4.2 The pro-release effect of saruparib on PARP1 catalytic mutants

Having had the importance of ADP-ribose chain length in PARP1 release as the initial main
research objective, the result of one of my experiments led me to investigate the PARP

inhibitor response of PARP1 catalytic mutants.

While expression of PARP1 E988Q, a MARylation mutant, was toxic to cells, it was not as
toxic as expression of PARP1 E988Q/H862A, a completely catalytically inactive mutant
(Figure 3.7). | treated these cells either with olaparib, a PARP1/2 inhibitor, or saruparib, a
novel PARP1-specific inhibitor, to potentially distinguish whether PARP1-mediated
MARYylation is responsible for the greater survival of PARP1 E988Q expressing cells, or
whether the catalytic activity of PARP2 contributes to this; either by modifying surrounding
chromatin, or by extending PARP1-mediated MAR. Surprisingly, treatment of PARP1
E988Q-expressing cells significantly improved their survival; but not that of PARP1-WT-
expressing cells (Figure 3.8). In agreement with saruparib significantly decreasing the
expression of replication stress and DNA damage markers that was up-regulated in PARP1
E988Q-expressing cells (Figure 3.9), saruparib promotes its release from sites of DNA
damage, revealing this inhibitor to have a pro-release effect on this PARP1 catalytic mutant
(Figure 3.10). Of the other PARP1 catalytic mutants | tested, it is notable that the mutants
with the lowest catalytic activity, PARP1 E988A, PARP1 E988Q/H862A, and PARP1
K903A, also responded to saruparib with increased release from DNA damage sites; not so,
however, more catalytically active PARP1 mutants (Figure 3.12). Independent of the
mechanism of how saruparib causes this release, these experiments demonstrate the toxicity
of trapped PARP1.: the improved survival, and decreased expression of stress signals of

PARP1 E988Q-expressing cells treated with saruparib highlights the detrimental effect of
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PARP1 trapping on cellular survival; the increased release of PARP1 E988Q from sites of
DNA damage alone significantly improves the survival of these cells, without an
accompanying increase in catalytic activity, which might further promote chromatin

relaxation and recruitment of repair factors.

The literature available on PARP inhibitors and their mechanism of action has grown
considerably in the past few years. Their differing PARP1 trapping ability, and thus differing
cytotoxicity, has been attributed by different reports to differences in how PARP inhibitors
affect PARP1-DNA-binding affinity by inducing allosteric changes in the protein (M. F.
Langelier et al., 2023a; Zandarashvili et al., 2020) and in how strongly different PARP
inhibitors bind PARP1 (Rudolph, Roberts, & Luger, 2021), as well as the influence of HPF1
on PARP1-inhibitor binding (Stojanovic et al., 2023). These studies were all performed in
vitro, and their findings do not translate to trapping in vivo; inhibitors that were found to be
“pro-release”, i.e. to decrease the DNA binding affinity of PARP1, such as veliparib,
niraparib and rucaparib, importantly, were classified as such in the absence of NAD* (Xue et
al., 2022; Zandarashvili et al., 2020). In a cellular context, these inhibitors also prolong
PARP1 retention at the site of DNA damage, and not in the hierarchy predicted by in vitro
studies, but rather in the order: talazoparib >> niraparib =~ olaparib ~ rucaparib > veliparib
(Murai et al., 2012, 2014; Pommier et al., 2016) (Figure 3.11, a). Crucially, the in vitro studies
performed that found the allosteric effects of different inhibitors on PARP1 were all
performed in the absence of HPF1 (Zandarashvili et al., 2020; Xue et al., 2022), which was
previously shown to affect binding of PARP inhibitors to PARP1 (Rudolph, Roberts, &
Luger, 2021). It is therefore conceivable that in a physiological setting, HPF1 contributes
significantly to how effectively different PARP inhibitors inhibit PARP1, and therefore affect
trapping at the site of damage. Further off-target effects of PARP inhibitors in vivo can also

not be ruled out; PARP inhibitors differ in their magnitude of selectivity for PARP1 over
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PARP2, as well as in their selectivity for PARP1/2 over other PARPs (Antolin et al., 2020;
Langelier et al., 2023; Thorsell et al., 2017). For instance, talazoparib, the most potent PARP
inhibitor and trapper in vivo, and rucaparib, are less selective for PARP1/2 than other
inhibitors (Thorsell et al., 2017), with talazoparib previously shown to inhibit tankyrases 1/2,
which have been implicated to play a role in DNA repair (Dregalla et al., 2010), at clinically
relevant concentrations (Ryan et al., 2021). The poly-pharmacological profile of different
PARP inhibitors also includes various different kinases (Antolin et al., 2020; Antolin &
Mestres, 2014). Off-target effects on other proteins of different PARP inhibitors could
therefore in turn affect the behaviour of PARP1 at the site of damage. Finally, the chromatin
environment provides a very different surrounding for PARP1; in vitro studies often use linear
or circular DNA constructs that contain gaps, SSBs or simulate a DSB, whereas the dynamic
modifications on histones and the surrounding break site in vivo, especially by PARP1 itself
and over time, can in turn affect the behaviour of PARP1, which does not operate

independently in this context.

Finally, out of the two components that govern PARP inhibitor efficacy, catalytic suppression
and allosteric modulation, catalytic suppression appears to be the more dominant in a
physiological context, when NAD+ is present. In this context, PARP1 retention at the site of
damage can therefore largely be understood as caused by the loss of ADP-ribosylation, and a
resulting loss of electrostatic repulsion from DNA (Satoh & Lindahl, 1992). The study of how
PARP inhibitors might affect PARP1 allostery, and thereby DNA binding affinity, in vivo, is
therefore challenging. However, the findings of recent studies that PARP1 “trapping” is not
physical stalling at the site of damage, but rather reflects a continuous cycle of association and
disassociation with the break site (Juhasz et al., 2020; Shao et al., 2020), might have provided
a method of doing precisely that. A very recent study measured both overall retention of

PARP1 at the site of DNA damage, as well as its recovery/exchange at the site of damage,
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representing cycles of association and disassociation, in the presence of different inhibitors
(Kanev et al., 2024). Ensuring complete catalytic inhibition at the given concentration of
inhibitor, and eliminating differences in catalytic inhibition from the equation, the authors
were thus able to see how different inhibitors affected the PARP1 exchange rate at the
damage site. This could in turn be correlated with the overall retention of PARP1 at the DNA
damage site; thereby identifying how much an inhibitor affects PARP1 turnover — or DNA
binding affinity — and how much this contributes to PARP1 trapping (Kanev et al., 2024).
This study found that saruparib, despite causing overall PARP1 retention due to catalytic

inhibition, increased the turn-over of wild-type PARP1 at break sites.

This study is pivotal for understanding the findings of this work: it shows that suppression of
catalytic activity, which is the main determinant of PARP1 removal from DNA damage sites
in a cellular context, largely masks the effects inhibitors have on PARP1 allostery. However,
in PARP1 mutants which already possess low (E988Q, K903A) or no (E988A,
E988Q/H862A) catalytic activity; the inhibitor-driven catalytic suppression would be less
significant, and the “pro-release” allosteric component of saruparib would contribute to a
greater extent to the overall effect on PARP1 behaviour. The fact that veliparib as the only
other inhibitor has no, or a slight pro-release effect on PARP1 E988Q (Figure 3.11, b and
Appendix Figure A.2) supports this statement rather than contradict it; in the same study,
veliparib was the only inhibitor shown to have no effect on the exchange rate of wild-type
PARP1 (Kanev et al., 2024). The response of the other PARP1 mutants tested could further
corroborate this; PARP1 M890A, which has similar catalytic activity as PARP1 WT, and
behaves similarly at the site of DNA damage, is trapped in response to saruparib, while
PARP1 M890R, which is a hyperactive MARYylation mutant, that shows slightly prolonged
retention at the damage site, shows no response to saruparib (Figure 3.12). This mutant of

“intermediate” catalytic activity could therefore represent a response to saruparib governed to
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almost similar amounts of catalytic suppression and reduction in DNA binding affinity,

thereby cancelling each other out.

Previously, the HD domain of PARP1/2 was found to be critical for the pro-release effect of
certain inhibitors via the HD-WGR-Zn allosteric link; “pro-release” inhibitors veliparib,
niraparib and rucaparib stabilised the HD in the same region that was de-stabilised upon
binding of NAD" to PARP1, while the pro-retention reverse-allosteric effect of EB-47 relies
on D766/770 in the HD (Zandarashvili et al., 2020); similarly, the opposite allosteric effects
some inhibitors have on PARP1 and PARP2 were shown to be due to differences in the
amount of space left in the catalytic cleft between the HD and ART domains in these proteins
(M. F. Langelier et al., 2023a). Interestingly, when looking at the binding mode analysis of
saruparib to PARP1, saruparib establishes a contact with D766 of the oF of the helical domain
(Figure 1.7), which could explain the strong allosteric effect of this inhibitor. Loss of the HD,
while promoting release of PARP1 E988Q from DNA damage sites, led to a loss of the pro-
release effect of saruparib, and to a loss of response to olaparib (Figure 3.16, b); while future
experiments are needed to establish the catalytic activity of these mutants in response to
inhibitors, this is an indication that the pro-release effect of saruparib is mediated through the

HD.

Importantly, the results of this thesis also suggest that PARP1 catalytic mutants could be used
in a cellular context as tools to reveal the allosteric properties of PARP inhibitors; devoid of
ADP-ribosylation activity that can be suppressed, catalytic mutants could be used to test a
variety of PARP inhibitors for their effect on DNA binding. In the future, it would be
important to test the effects of saruparib on PARP1 allostery more directly; both by testing the
PARP1 exchange rate, by performing FRAP experiments following DNA damage induction

in vivo (Juhasz et al., 2020; Kanev et al., 2024; Shao et al., 2020), as well as the DNA binding
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affinity directly in vitro, for instance by performing fluorescence polarisation experiments

(Zandarashvili et al., 2020).

Previously, the PARP1 R591C mutation was identified in an olaparib-resistant patient (Pettitt
et al., 2018). This demonstrates that mutations in PARP1 can be the basis for PARP inhibitor
resistance, and improved screening, in combination with better understanding of how different
PARP inhibitors contact and affect the protein, might allow better, more individual, fine-tuned

choices about which PARP inhibitors to use, or avoid, in a given clinical setting.

4.3 The interplay between PARP1 and PARP2

The roles of PARP1 and PARP2 are simultaneously overlapping and distinct, and while loss
of PARP1 is tolerated during embryogenesis, loss of both enzymes is embryonically lethal
(Ménissier de Murcia et al., 2003b). They differ in their arrival times at the site of damage, as
well as their preference for break sites, and some studies have suggested that PARP1 catalytic
activity might stimulate, or even be required, for PARP2 recruitment and activity in turn
(Chen et al., 2018b; Lin et al., 2022; Mortusewicz et al., 2007). Given the involvement of
PARP?2 in erythropoiesis (Farres et al., 2013; Farrés et al., 2015), it has been suggested that it
is the inhibition of PARP2, rather than that of PARP1, underlying the haematological
toxicities as common side effects of PARP inhibitors (Hatch et al., 2021; LaFargue et al.,
2019). This is supported by a recent study showing that catalytically inactive PARP2 leads to

erythropoietic failure during development, causing embryonic lethality (Lin et al., 2024).

This led to the development of saruparib, with over 500-fold greater selectivity for PARP1
over PARP2 (Johannes et al., 2021; Illuzzi et al., 2022), which was shown to have lower
incidence of haematological adverse events compared to traditional PARP1/2 inhibitors (Yap
et al., 2022). With reports of PARP2 depending on PARP1 for its recruitment and catalytic
activity, it is nevertheless important to understand how PARP1 inhibition alone affects the

recruitment and release dynamics of PARP2.
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Therefore, one potential caveat of my initial test to distinguish between PARP1- and PARP2-
mediated ADP-ribosylation using saruparib is that despite not directly targeting the catalytic
activity of PARP2, loss of catalytic inhibition of PARP1 could itself impact the function of

PARP2.

One, by removing ADP-ribosylation (or specifically, PARP1-E988Q-mediated MARYylation)
that could be extended by PARP2, or two, by affecting PARP2 recruitment/activity. The use
of the MARylation mutant PARP1 E988Q, and the PARP1-specific inhibitor, separately and
in combination, therefore served two key purposes; First, to study how recruitment and
release dynamics of PARP2 are affected in the presence of MARYylation, but the absence of
PARP1-directed PARylation, which was previously reported to stimulate PARP2 activity
(Chen et al., 2018). Secondly, to inform how PARP1 dynamics, or occupancy, at the site of

DNA damage, independent of PARP1 catalytic activity, affect PARP2 recruitment.

The presence of YFP-PARP2 consistently, but to varying degrees, promoted the release of
both PARP1 WT and PARP1 E988Q from the damage site in all conditions except for
olaparib-treated PARP1 E988Q-expressing cells; this could be a result of PARP2-mediated
histone ADP-ribosylation, and support the previous report of chromatin ADP-ribosylation
contributing to PARPL1 release from DNA damage sites (Zentout et al., 2024) (section 3.3.9).
The fact that this pro-release effect of PARP2 presence on PARP1 WT release persists despite
the presence of olaparib, however, would contradict this, but potentially reflects insufficient
catalytic inhibition of both over-expressed enzymes at the concentration used; using a higher
concentration of olaparib in a future experiment could resolve this question. Interestingly, the
total amount of PARP2 recruited to DNA damage sites was overall lower in the presence of
PARP1 E988Q compared to PARP1 WT or no PARP1. Moreover, treatment of PARP1
E988Q with saruparib, also slightly increased the total amount of PARP2 recruited, and

promoted its release, despite PARP2 not being targeted by saruparib in the absence of PARP1

170



(Figure 3.19, b, 3.20, b). This in particular points towards PARP2 recruitment and retention at
DNA damage sites being more regulated by occupancy, and its competition with PARP1, than
its reliance on PARP1 catalytic activity, since PARP1 E988Q is released from DNA damage

sites without a concurrent increase in its catalytic activity (Figure 3.14).

Future experiments will be needed to support these findings; it will be important to compare
total and normalised PARP2 recruitment dynamics not only between PARP1 KO cells and
PARP1-WT over-expressing cells, but also in the presence of endogenous PARPL.
Additionally, the use of PARP2 E545A, a catalytically inactive mutant, would be very
informative about whether PARP2 indeed contributes to PARP1 release through its catalytic
activity, either by extending PARP1-generated ADP-ribosylation and/or by modifying
surrounding chromatin. The latter was previously shown to speed up the release of PARP1,
independent of its catalytic activity (Zentout et al., 2024), and further tests, including ADP-
ribosylation assays in PARP1/2 KOs, as well as knock-down of PARP2, could inform about
the contributory role of PARP2. Further, the use of completely catalytically inactive PARP1
mutants, such as PARP1 E988A or PARP1 E988Q/H862A, would be useful to establish the
effect of complete catalytic loss of PARP1 on PARP2 recruitment. In turn, observing these
mutants, which are eventually released from the DNA damage site (Figure 3.13, d) in the
presence and absence of catalytically active, or inactive, PARP2, could help distinguish the
contribution of PARP2 to the release of PARP1 through its modification of histones, or

PARP1 itself.

4.4 Conclusion

The findings of this study bring into light the intricacies of ADP-ribosylation in the DNA
damage response and the dynamics of PARP1/2 dynamics at the site of damage, and reveal a
counter-intuitive effect of a novel PARP inhibitor on catalytic PARP1 mutants. They provide

the basis for many potential future experiments investigating the effect of ADP-ribose chain
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length on the recruitment of downstream repair and chromatin remodelling factors, PARP
inhibitor response, and cellular survival; they also provide further evidence for the

mechanistic action of PARP inhibitors, and may help improve the clinical use of these drugs.
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Figure A.1: Radioactive ADPr experiment showing the catalytic activity
of PARP1 WT and other mutants. The experiment consisted of purified
hsPARP1 (0.8uM), hsHPF1 (1.6 uM), histone H3 peptide (0.05 mg/ml),
nicked DNA (0.5 uM) and 32P-labelled NAD" (50 uM). The experiment was

performed by Marcin Suskiewicz.
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Figure A.2: Recruitment and release dynamics of YFP PARP1 WT and YFP
PARP1 E988Q in response to olaparib, veliparib and saruparib. U20S Flp-In
PARP1 KO cells were treated with 0.1 pg/mL Doxycycline 24 hours before
imaging to induce expression of YFP PARPL1. Cells were either left un-treated, or
treated with 1 uM olaparib, 1 uM veliparib or 5 nM saruparib. Recruitment was
normalised to the maximum amount of fluorescence reached in each condition.
Data are shown as mean + standard error of the mean. Data were collected from

20-24 cells per condition.
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Figure A.3: Recruitment and release dynamics of different PARP1 catalytic mutants in response

to olaparib or saruparib. U20S PARP1 KO cells were transfected with the indicated YFP-tagged

wild-type or mutant PARP1, and cells were either left un-treated, or treated with 1 uM olaparib or 5 nM

saruparib. Recruitment was normalised to the maximum amount of fluorescence reached in each

condition. Data are shown as mean + standard error of the mean. Data were collected from 8-14 cells

per condition.
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Figure A.4: Comparison of the ADP-ribosylation activity in cells lacking PARP1, PARP2, or

both. Western blot showing that upon loss of PARP1, some ADP-ribosylation is left both on
histones, and around the 64 kDa mark. In U20S PARP1/PARP2 KO cells, as seen in lanes 11 and
12, this signal is completely lost. The relevant signals on the gel are highlighted in red. Blots were

examined with the indicted antibodies. Histone H3 was used as a loading control.
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Figure A.5: Total amount of mCherry-PARP1 WT and E988Q recruited to DNA
damage sites in the presence or absence of YFP-PARP2. Total quantified recruitment of
transiently transfected mCherry-PARP1 (P1) WT or mCherry-PARP1 E988Q to sites of laser
micro-irradiation in the presence or absence of YFP PARP2 (P2) in U20S PARP1/PARP2
KO cells. Cells were left un-treated, or treated with 1 uM olaparib (Ola) or 5 nM saruparib
(Saru). Data are shown as mean =+ standard error of the mean. Data were collected from 8-15

cells per condition.
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