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Abstract

Targeting genomic instability in cancer therapy has been achieved by exploiting the
synthetic lethal interaction between PARP inhibitors (PARPi) and homologous
recombination (HR). PARPI induce cytotoxicity in HR-deficient cancers by causing
PARP1 to become tightly bound to chromatin, a phenomenon known as PARP1
trapping, resulting in irreparable replication-associated DNA damage. Despite their
initial promise, resistance commonly arises in PARPiI-treated cancers, highlighting
a need for improved understanding of cellular PARPi response and tolerance
mechanisms. Previous work demonstrated that p97 extracts trapped PARP1 from
chromatin, allowing tolerance to PARPI treatment, but regulation of its function and
downstream processing remain unclear. Using immunofluorescence and cell
viability assays, | identified a novel role of the p97 co-factor and selective autophagy
receptor TEX264 in regulation of trapped PARP1. Further biochemical and cell
biological studies uncovered a mechanism of selective nucleophagy of trapped
PARP1, mediated by TEX264 and p97 and regulated by ubiquitination and
SUMOylation, which promotes shuttling of trapped PARP1 to the lysosome.
Impairing this process resulted in increased genomic instability, replication stress
and sensitivity to PARPI. This was found to be highly dependent on PARP1 trapping,
with only trapped PARP1 processed this way. Strikingly, inhibition of TEX264-
orchestrated nucleophagy re-sensitised PARPI resistant cells, implying a potential
relevance of this pathway for improving therapy. Overall, | demonstrate a novel
mechanism of trapped PARP1 clearance by selective nucleophagy mediated by
dual functions of the p97 co-factor and selective autophagy receptor TEX264, which

regulates tolerance of sensitive and resistant cells to PARPI.
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1. Introduction

1.1 Targeting genomic instability in cancer therapy

1.1.1 Genomic instability in cancer

Genome instability underlies all hallmarks of cancer and is an essential component
in all stages of cancer emergence, progression and response to treatment
(Hanahan & Weinberg, 2011). Cancer driving mutations, caused through
chromosomal rearrangements or deletions, amplification or point mutations of
individual genes, determine a cell's ability to resist cell death, evade growth
suppressors and sustain proliferative signalling, resulting in tumorigenesis and
hyperproliferation. As cancer progresses, mutations promote metastasis and
angiogenesis, as well as telomeric alterations that allow immortality. A greater
mutational burden also results in greater diversity within the tumour cell population,
increasing the chance of resistance to therapy or tumour recurrence. Therefore,
cells possess a complex and conserved DNA damage response (DDR) pathway to
maintain genomic stability and mediate cellular response to genotoxic stress
(Groelly, Fawkes, Dagg, Blackford, & Tarsounas, 2023). Heritable genetic disorders
that predispose to cancer often stem from a single mutation in specific groups of
DDR genes, such as Fanconi anaemia, caused by deficient interstrand crosslink
repair, ataxia telangiectasia, characterised by defective double-strand break (DSB)
repair (Taylor et al., 2019), and Ruijs-Aalfs syndrome, where DNA-protein crosslink
(DPC) repair is impaired (Lopez-Mosqueda et al., 2016; J. Stingele et al., 2016; Vaz

etal., 2016).

Despite the significance of increased genomic instability in cancer progression, it

also presents a therapeutic window whereby cancer cells are over-reliant on the
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DDR. Exogenous genotoxic agents, such as radiotherapy, alkylating agents, and
topoisomerase inhibitors cause an accumulation of unrepaired DNA damage and
increased replication stress in cancer cells that can no longer be tolerated, leading
to cell death (Groelly et al., 2023). However, inducing genomic instability as a means

of therapy often causes off-target effects due to its indiscriminate nature.

1.1.2 PARPi and synthetic lethality

An alternative therapeutic strategy is targeting genomic instability exclusively in
cancer cells through synthetic lethality. Mutations in DDR factors, often by a
combination of germline mutations and those that arise during tumorigenesis, can
eliminate certain repair pathways, leaving tumour cells reliant on alternative
pathways that are non-essential in normal tissue. Only tumour cells are sensitive to
inactivation of this alternate pathway, meaning cytotoxic levels of DNA damage and
replication stress can be induced exclusively in tumour cells. The first example of
this therapeutic strategy entering the clinic is with the treatment of homologous
recombination (HR)-deficient cancers using poly(ADP-ribose) polymerase inhibitors

(PARPI) (Bryant et al., 2005; Deeks, 2015; Farmer et al., 2005).
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Figure 1: Homologous recombination pathway. BRCA1 promotes loading of nucleases, driving
end resection and RPA loading. BRCA1 and BRCA2 promote RAD51 loading, allowing homology
searching and strand invasion for DNA synthesis and repair. Adapted from Ketley and Gullerova
(2020).

HR is an error-free pathway of DSB repair, shown in Figure 1, which utilises
extensive homology between broken DNA and a template DNA strand. It requires
nucleolytic processing of DSB ends to reveal long 3’ ssDNA overhangs. These are
bound by RAD51 to form a nucleoprotein filament that carries out homology
searching. Once the invading filament has located a region of homology, a
polymerase extends the broken DNA until the break is filled in (Scully, Panday,
Elango, & Willis, 2019). BRCA2 drives RADS51 loading onto the resected ssDNA
strand (Thorslund et al., 2010; H. Yang, Li, Fan, Holloman, & Pavletich, 2005), whilst
BRCA1 has multiple roles including promoting DNA end resection (Cruz-Garcia,
Lopez-Saavedra, & Huertas, 2014; Escribano-Diaz et al., 2013; Schlegel, Jodelka,
& Nunez, 2006), recruitment of RAD51 and strand exchange (W. Zhao et al., 2017).
Whilst HR maintains DNA fidelity, its reliance on homologous sequences means it
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must be constrained only to the S and G2 phases of the cell cycle, where
chromosomes are replicated. Non-homologous end-joining (NHEJ) is the major
pathway to act outside of this, with pathway choice essential for maintaining
genome stability (Scully et al., 2019). In two seminal papers, a variety of BRCA 1
and BRCAZ2'- cell lines were found to show acute sensitivity to a number of different
PARPi, with some as much as 1000-fold more sensitive than their wild-type
counterparts. They further showed that BRCA-defective xenograft models in mice
responded positively to PARPI treatment (Bryant et al., 2005; Farmer et al., 2005).
Inheritance of BRCA1/2 mutations increases a patient’s risk of developing cancer
considerably, exemplified by an 80% lifetime risk of developing breast cancer
(Domchek & Weber, 2006). The unique vulnerability these tumour cells display
when challenged with PARPi demonstrates a promising therapeutic strategy for

patients.
1.1.3 PARRPI in the clinic

Since the discovery that PARPI are synthetic lethal in BRCA1/2-defective cells, four
PARPi have been approved as part of standard-of-care approaches for HR-
defective breast, ovarian, prostate and pancreatic cancers (Wicks, Krastev, Pettitt,
Tutt, & Lord, 2022), with two others approved in China (A. Lee, 2021; Markham,
2021). Olaparib was the first PARPI to be approved in 2014, initially for maintenance
treatment of BRCA-mutated high-grade, serous epithelial ovarian, fallopian tube or
primary peritoneal cancer showing complete or partial response to platinum-based
therapies. It significantly improved progression free survival (PFS) in the SOLO2
study, which showed an increase of 13.6 months and an increase in overall survival
(OS) from 33.2% to 42.1% (Poveda et al., 2020; Pujade-Lauraine et al., 2017).
Olaparib was also shown to be well-tolerated in these patients, with side effects
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mainly being mild cases of nausea, fatigue, vomiting and anaemia, with few
incidence of severe adverse events (Deeks, 2015; Ledermann et al., 2012; Poveda
et al., 2020). Olaparib has since been approved for the treatment of deleterious
BRCA-mutated human epidermal growth factor receptor 2 (HER2)-negative breast
cancer and advanced metastatic breast cancer (Cortesi, Rugo, & Jackisch, 2021),
maintenance treatment of BRCA-mutated platinum-sensitive metastatic pancreatic
cancer and HR-defective castration-resistant prostate cancer (AstraZeneca
Pharmaceuticals LP, 2022). In the OlympiAD trial comparing Olaparib to standard
therapy in HER2-negative metastatic breast cancer with a BRCA mutation, the
response rate was 59.9% with Olaparib treatment compared to 28.9% with standard
therapy. In addition, tolerability seemed to improve, with 36.6% of Olaparib-treated
patients experiencing severe adverse effects compared to 50.5% in the standard
therapy group (Robson et al., 2017). This demonstrates how a synthetic lethal
therapeutic approach improves patient outcomes not only through targeting tumour
cells, but also by sparing healthy cells which maintain BRCA1/2 expression and a

functioning HR pathway.

Talazoparib (Hoy, 2018), rucaparib (Syed, 2017), niraparib (Scott, 2017), pamiparib
(Markham, 2021) and fuzuloparib (A. Lee, 2021) are also approved for clinical use,
with the latter two only approved in China. Talazoparib is the most potent of all these
PARPI, shown by a 3-fold lower PARP1 50% inhibitory concentration than Olaparib
and Rucaparib. This translates to a 50-2000-fold increase in cytotoxicity of
BRCA1/2-deficient cancer cells compared to Olaparib or rucaparib treatment (Shen
et al., 2013). Talazoparib was first approved for treatment of HER2-negative, locally
advanced or metastatic breast cancer with a deleterious or suspected deleterious

BRCA1 or BRCA2 mutation due to promising results from the EMBRACA (J. K.
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Litton et al., 2020; Jennifer K. Litton et al., 2018) and ABRAZO (Turner et al., 2019)
trials. It has since been approved for treatment of metastatic castration-resistant
prostate cancer with a HR gene mutation, used in combination with enzalutamide,
an androgen receptor inhibitor, as a result of the TALAPRO-2 trial showing improved

PFS (N. Agarwal et al., 2023).

Despite a considerably improved PFS in the EMBRACA trial, which compared
response in patients treated with either standard chemotherapy or talazoparib
(Jennifer K. Litton et al., 2018), OS did not significantly improve (J. K. Litton et al.,
2020), as was seen in the OlympiaD trial, also in HER2-negative, BRCA-mutant
breast cancer but treated with Olaparib (Robson et al., 2017). Detrimental OS data
from SOLO-3 and ARIEL-4 trials even resulted in Olaparib, Rucaparib and Niraparib
being withdrawn as a monotherapy for treatment of advanced ovarian cancers that
had previously been treated with 2 or more chemotherapy regimens (J. Y. Lee et
al., 2023; Tew, Lacchetti, Kohn, & Panel, 2022), despite earlier PFS data favouring
PARPI treatment over standard chemotherapy (Kristeleit et al., 2022; Penson et al.,
2020). Whilst some studies have shown improved OS, such as the SOLOZ2 trial
assessing use of Olaparib in maintenance therapy of relapsed ovarian cancer
(Poveda et al., 2020), most patients receive subsequent treatments, indicating
resistance has arisen (J. K. Litton et al., 2020; Robson et al., 2017). A considerable
proportion of patients also show de novo resistance which is estimated to account
for 40% of ovarian cancer patients with a germline BRCA mutation showing no
response to either Olaparib (Audeh et al., 2010; Fong et al., 2010; H. Li et al., 2020)
or Rucaparib (Kristeleit et al., 2017; Wicks et al., 2022). This highlights resistance
as a major challenge facing clinical use of PARPi and an intense area of research

focus.
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1.2 PARPi mechanism of action and resistance

1.2.1 PARP1 function

PARP1 is the main target of PARPI, although all clinical PARPi also bind PARP2,
another of the 17-member PARP superfamily, to varying degrees (Jones, Wilcoxen,
Rowley, & Toniatti, 2015; Menear et al., 2008; Shen et al., 2013; Syed, 2017; H.
Wang et al., 2020). Whilst PARP1 has pleiotropic roles in programmed cell death
(Virag, Robaszkiewicz, Rodriguez-Vargas, & Oliver, 2013), ribosome biogenesis (D.
S. Kim et al., 2019) and biomolecular condensate formation (Leung, 2020), its most
prominent role is in maintaining genomic stability by acting as a DNA damage
sensor and during DNA replication (Kanev, Atemin, Stoynov, & Aleksandrov, 2024;
Ray Chaudhuri & Nussenzweig, 2017). PARP1 is recruited to DNA damage sites
within seconds (Haince, McDonald, Rodrigue, Dery, et al., 2008), where it modifies
itself and a wide range of target proteins by catalysing the polymerisation of ADP-
ribose units which are targeted primarily to acceptor serine residues during DNA
repair (Palazzo et al., 2018). Ser-ADPr modification by PARP1 relies upon histone
PARylation factor 1 (HPF1) which, as its name would suggest, primarily targets
PARylation towards serine residues in histones (Bonfiglio et al., 2017; Gibbs-
Seymour, Fontana, Rack, & Ahel, 2016; Palazzo et al., 2018). However, recent
evidence suggesting HPF1 is dispensable for the most well characterised role of
PARP1 in single strand break (SSB) repair (Hrychova et al., 2024) implies other
acceptor residues must be involved, with glutamate and aspartate known to be
modified by PAR chains in the absence of HPF1 (Palazzo et al., 2018). These PAR
chains induced by PARP1 at damage lesions drive repair through a network of
proteins containing PAR-binding domains. In SSB repair, XRCC1 is recruited to
PARylated PARP1 at the lesion, where it acts as a scaffold to recruit downstream
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factors such as LIG3 and DNA polymerase 3 (K. W. Caldecott, Aoufouchi, Johnson,
& Shall, 1996; Hanzlikova, Gittens, Krejcikova, Zeng, & Caldecott, 2017; Polo et al.,
2019). Whilst PARP1 is essential for SSB repair, in the case of DSBs it plays a more
regulatory role through its interactions with several repair factors (Ray Chaudhuri &
Nussenzweig, 2017). Via a PAR-binding domain in MRE11, PARP1 enhances
MRE11 and NBS1 recruitment to regulate end resection (Haince, McDonald,
Rodrigue, Déry, et al., 2008) whilst it also limits MRE11 activity to prevent excessive
end resection, as seen in its role at stalled replication forks. The multifaceted roles
of PARP1 in DNA repair, replication and chromatin remodelling are shown in figure

2.
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Figure 2: Roles of PARP1 in a variety of DNA repair pathways, chromatin dynamics and DNA

replication.

Outside of DNA repair, PARP1 interacts with and stimulates the activity of multiple

factors at the replication fork, including MRE11 and RECQ1 to regulate replication

fork reversal and prevent premature fork restart during genotoxic stress and

replication of hard to replicate regions (Berti et al., 2013; Ray Chaudhuri &

Nussenzweig, 2017; Ying et al., 2012). This may explain why inhibition of PARP1

results in accelerated fork speed due to premature fork restart (Maya-Mendoza et
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al., 2018). PARP1 also mediates ligation of Okazaki fragments, with this the major
cause of PARylation activity in unperturbed cells (Hanzlikova et al., 2018;
Vaitsiankova et al., 2022). 90% of PARylation activity during DNA damage repair is
mediated by PARP1, whilst the remainder is PARP2-mediated (J.-C. Amé et al.,

1999), indicating why its inhibition is so toxic to cells.

1.2.2 PARPi mechanism of action

PARP1 consists of 3 functional domains, the N-terminal DNA-binding domain,
containing three zinc finger domains and a nuclear localisation signature, the C-
terminal catalytic domain with an active site conserved across the entire PARP
superfamily (J. C. Amé, Spenlehauer, & De Murcia, 2004), and a central auto-
modification domain containing a BRCT domain with residues for accepting PAR.
These domains form a flexible ‘beads on a string’ inactive conformation which
collapses into a compact conformation upon binding to a DNA break due to a
network of interactions between domains. This results in a 1000-fold increase in
activity (Langelier, Ruhl, Planck, Kraus, & Pascal, 2010) by removal of the
autoinhibitory helical domain from the active site (Fig 3) (Chappidi et al., 2024;
Dawicki-McKenna et al., 2015; Langelier, Planck, Roy, & Pascal, 2012). Through
this allostery, PARP1 activity is controlled to allow robust and rapid activation
specifically upon binding to DNA breaks (Lilyestrom, van der Woerd, Clark, & Luger,
2010) and a growing list of other DNA structures (Laspata, Muoio, & Fouquerel,

2024).
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Figure 3: PARP1 structure. PARP1 domains in a loose, beads-on-a-string conformation change into
a compact conformation due to interdomain contacts as a result of zinc finger domains binding to DNA.
This opens the catalytic site for binding by NAD+ or a PARPi. Adapted from Kanev et al (2024).

NAD+ binds to the catalytic site of PARP1, serving as an ADP-ribose donor for
catalysing PAR chains. Competitive inhibition of NAD+ is the basis for all clinically
available PARPi and virtually all PARPI produced since the first PARPI, which was
based on nicotinamide and shown to impair cell survival in response to DNA-
methylating agents (Durkacz, Omidiji, Gray, & Shall, 1980; Purnell & Whish, 1980).
Catalytic inhibition was first considered the basis of synthetic lethality in HR-
defective cells, whereby PARP1 inactivity causes an accumulation of unrepaired
SSBs which collapse into unrepairable DSBs during replication (Bryant et al., 2005;
Farmer et al., 2005) (Fig 4B). However, in a seminal paper, Murai et al demonstrated
that PARP1 loss is not equivalent to chemical inhibition of PARP1, and even results
in resistance of cells to PARPI, highlighting that an alternative mechanism must be
at play. They discovered that PARPi cause PARP1 to become tightly bound to
chromatin, a phenomenon now referred to as PARP trapping, and that the
cytotoxicity caused by different PARPI closely correlates to their trapping potency
but not their catalytic inhibition potency (Murai et al., 2012). Talazoparib is the most
potent of the clinically available PARPi, showing ~100-fold increased cytotoxicity
compared to Olaparib and rucaparib as well as a 100-fold increased trapping

potency (Murai et al., 2014; Shen et al., 2013). The ability of PARPI to trap PARP1
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is, in part, explained by their inhibitory capacity, with the auto-PARylation of PARP1
known to drive its release from DNA (Kanev et al., 2024; Murai et al., 2012). More
recent work to explore the differential trapping, and therefore cytotoxic potency, of
various PARPI highlighted their ability to alter the allostery of PARP1 by destabilising
the helical domain, causing increased retention at DNA breaks (Xue et al., 2022;
Zandarashvili et al., 2020), as well as the differential dissociation rates of various
PARPi from PARP1 (Gopal, Fernandez, Delano, Weissleder, & Dubach, 2024; Z.

Shao et al., 2020), as key to understanding the function of PARPI.

PARPi-induced PARP1 trapping is thought to cause synthetic lethality in HR-
defective cells by causing a bulky DPC-like structure that blocks the replisome. This
causes fork stalling and eventual collapse into DSBs which go unrepaired in HR-
defective cells (Fig 4A) (Dibitetto, Widmer, & Rottenberg, 2024; Helleday, 2011;
Wicks et al., 2022). Whilst the formation of a DSB underlying synthetic lethality is
consistent with the earlier model of SSB accumulation (Fig 4B), the trapping model
is consistent with mutations in PARP1 that alleviate trapping causing resistance to
PARPI (S. J. Pettitt et al., 2018) and loss of machinery that removes trapped PARP1
increasing sensitivity (Krastev et al., 2022). In recent months, an alternative model
of PARPi-induced DSB formation has been proposed, whereby PARPI impairs a
newly discovered role of PARP1 in preventing transcription-replication conflicts (Fig
4C), suggesting that enzymatic inhibition of PARP1 is sufficient for synthetic lethality
(Petropoulos et al., 2024). It has also recently been proposed that PARPI sensitivity
in BRCA1/2-defective cells relates to a HR-independent role of BRCA1/2 in
replication gap suppression, with PARPi inducing the accumulation of post-
replicative gaps from unligated Okazaki fragments that drive cell death through RPA

exhaustion (Fig 4D) (Cong et al., 2021; Paes Dias et al., 2021). However, both of
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these mechanisms remain controversial and lack the amount of evidence that
supports PARPi-induced PARP trapping as underlying synthetic lethality in HR-

defective cancers.
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Figure 4: Proposed models of PARPi cytotoxicity. Models are broadly divided into “DSB model” or
“gap model” based on the cytotoxic lesion. Adapted from Dibitetto, Widmer and Rottenberg (2024).

1.2.3 The PARPI resistance problem

As previously mentioned, and despite the initial promise of PARPI, resistance poses
a major clinical challenge. Extensive research is required to overcome this, so far
uncovering several resistance mechanisms (Fig 5); some observed in the clinic and

others demonstrated in pre-clinical studies.
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Figure 5: Mechanisms of PARPi resistance. Text around arrows indicates how resistance is
acquired. Taken from Kanev et al (2024).

By far the most validated mechanism in the clinic is restoration of BRCA1/2
expression to restore HR (Dibitetto et al., 2024). This was first observed pre-
clinically in PARPi-resistant clones generated by extended PARPiI treatment of
BRCAZ2-defective cell lines, identifying secondary reversion mutations in BRCA2
that restored its function (Edwards et al., 2008; Sakai et al., 2008). In the clinic,
reversion mutations are most commonly deletions of less than 100 base pairs that
restore the open reading frame, or corrections to the original deleterious mutation
(Harvey-Jdones et al., 2024; Tobalina, Armenia, Irving, O'Connor, & Forment, 2021).
Other mutations have been observed whereby BRCA1 expression is restored in
patient-derived xenografts through gene re-arrangements that placed BRCA1 under

the control of a heterologous promoter, restoring its expression (ter Brugge et al.,
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2016). Importantly, under both of these circumstances, mutation sites are often
characterised by flanking sequences of microhnomology, indicating they have arisen
through alternative, deleterious DSB repair pathways like NHEJ and
microhomology-mediated end joining (MMEJ) that are essential in HR-defective
cells (Edwards et al., 2008; Harvey-Jones et al., 2024; S. J. Pettitt et al., 2020; ter
Brugge et al., 2016; Tobalina et al., 2021). This implies resistance occurs due to
selective pressure under treatment. Outside of genetic inactivation of BRCA1/2,
epigenetic inactivation of BRCA1 has been observed in up to 15% of triple negative
breast cancer (TNBC) and serous ovarian carcinomas (ter Brugge et al., 2016). In
these instances, methylation of the BRCA1 promoter drives reduced BRCA1
expression, making these tumours sensitive to PARPi (Olga Kondrashova et al.,
2018). Changes to methylation status has been implicated in driving resistance in
several TNBC patients (ter Brugge et al., 2016) and predicts response of ovarian
carcinoma patient-derived xenografts and patients to rucaparib treatment (Olga
Kondrashova et al., 2018). Genetic reversion mutations and epigenetic changes
also cause resistance in patients whose HR-deficiency stems not from loss of
BRCA1/2 but from changes in other HR genes, namely RAD51C (Hurley et al.,
2021; Nesic et al., 2021), RAD51D (O. Kondrashova et al., 2017) and PALB2
(Goodall et al., 2017). Overall, restored BRCA status is a frequently observed
phenomenon in cancer patients who progress after PARPI treatment. The variation
in the levels of this, from 15% in ovarian cancer (K. K. Lin et al., 2019) to 60% in
metastatic breast cancer (Harvey-Jones et al., 2024), demonstrates how different
PARPI and treatment regimens create a range of selective pressures that affect the
development of resistance (Dibitetto et al., 2024). What is clear from these numbers,

however, is that other lesser explored resistance mechanisms must be at play in the
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remainder of patients who retain dysfunctional BRCA1/2 gene copies but whose

cancers progress regardless.

In cells where BRCA1 is dysfunctional, HR can be restored through other means.
This was first suggested due to the phenomenon that BRCA 1-knockout mice have
shortened lifespan and high levels of tumorigenesis whilst this is rescued by
knockout of TP53BP1. Loss of 53BP1 in BRCA1-defective cells restores HR and
alleviates sensitivity to PARPi (Bouwman et al., 2010; Bunting et al., 2010), due to
the antagonising roles 53BP1 and BRCA1 at the early stage of DSB repair. BRCA1
promotes nucleolytic processing of DNA ends to drive HR, whilst 53BP1 protects
DNA ends to promote NHEJ (Bunting et al., 2010; Escribano-Diaz et al., 2013;
Noordermeer et al., 2018). Therefore, loss of 53BP1 in BRCA1-defective cells
allows DNA end resection so HR can proceed. During the search for other NHEJ
factors, other proteins have been identified whose loss restores end resection to
drive resistance to PARPI, namely components of the Shieldin complex (Dev et al.,
2018; Drané et al., 2017; Gupta et al., 2018; Noordermeer et al., 2018; G. Xu et al.,
2015), and 53BP1-interactor RIF1 (Chapman et al., 2013; Mirman et al., 2018).
Recently, a study sequencing circulating tumour DNA from 47 breast cancer patients
who developed PARPI resistance identified 4 patients with loss of function mutations
in TP53BP1, RIF1 or both, as well as a patient outside of this cohort who had
reduced expression of SHLD2 (component of Shieldin complex). Crucially, these
changes were only evident in samples taken post-treatment (Harvey-Jones et al.,
2024), indicating they arose during treatment and may be driving resistance in these
patients. It is important to note that this mechanism is restricted to BRCA 1-mutated

tumours which are defective in HR, in part, due to the loss of end resection, whilst
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BRCAZ2-defective tumours are unaffected (Bouwman et al., 2010; Dev et al., 2018;

G. Xu et al., 2015) as loss of BRCAZ2 affects HR at a later stage.

Beyond their role in HR, BRCA1 and BRCA2 are important for maintaining the
stability of stalled replication forks (Ray Chaudhuri et al., 2016; K. Schlacher et al.,
2011; Katharina Schlacher, Wu, & Jasin, 2012), with this likely contributing to PARPI-
induced lethality in BRCA1/2-defective cells. As a result, restoration of fork stability
is implicated in PARPI resistance. One example is the loss of PTIP, a protein that
recruits MRE11 to stalled forks, driving their degradation. PTIP loss restores fork
stability in BRCA-deficient cells (Ray Chaudhuri et al., 2016) and has been observed
in circulating tumour DNA from two BRCA2-mutated breast cancer patients who
developed resistance to PARPi (Harvey-Jones et al., 2024). Loss of various other
proteins has also been implicated to drive chemoresistance, including resistance to
Olaparib, by restoring fork stability, such as fork remodeller SMARCALA1
(Taglialatela et al., 2017) and nucleosome remodeller CHD4 (Guillemette et al.,

2015).

As with many drugs, PARPI resistance can arise through expression of efflux pumps
that prevent the accumulation of PARPI in the cell. Early on in the development of
Olaparib, upregulation of the P-glycoprotein efflux pump ABCB1 was found to cause
resistance in a TNBC mouse model (Rottenberg et al., 2008), and has since been
validated in models for several other cancer types (Jaspers et al., 2013;
Vaidyanathan et al., 2016). ABCB1 overexpression has been observed in patients
due to transcriptional fusions (Patch et al., 2015), with their frequency strongly
associated with the number of lines of therapy received (Christie et al., 2019),
indicating that this is a clinically relevant mechanism of acquired resistance.
Interestingly, PARPi-resistance caused by ABCB1 overexpression in tumour models
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can be reversed either by treatment with a P-glycoprotein inhibitor (Rottenberg et
al., 2008; Vaidyanathan et al., 2016) or deletion of the Abcb1 gene encoding the
candidate pump (Jaspers et al.,, 2013), suggesting a means of overcoming
resistance by combination therapy. It is also worth noting that, whilst some PARPI
such as Olaparib and Rucaparib are substrates for ABCB1, PARPI like veliparib or
AZD2461 have much lower affinities (Jaspers et al., 2013; Vaidyanathan et al.,
2016), so could generate an improved response. This highlights the importance of

better understanding resistance mechanisms for improving therapy.

The observation that loss of PARP1 caused resistance to PARPi was key to
uncovering trapping as a cause of synthetic lethality in BRCA1/2-defective cells
(Murai et al., 2012), and has been further validated in a genetic screen where
PARP1 was found to mediate Olaparib toxicity (Stephen J. Pettitt et al., 2013). Thus,
mechanisms to reduce trapping have been implicated in PARPi resistance.
Mutations to residues at the DNA-binding interface of PARP1, as well as in its WGR
domain that co-ordinates allosteric changes upon DNA-binding, prevent PARP1
binding to DNA or inhibit retention, respectively. In fact, a PARP1 mutation was
identified in an ovarian cancer patient tumour that showed de novo resistance to
PARP1 (S. J. Pettitt et al., 2018), with it located in the WGR domain at the site for
interaction with the helical domain. This was shown to impact allosteric changes,

inhibiting trapping (S. J. Pettitt et al., 2018; Zandarashvili et al., 2020).

Outside of allostery, retention of PARP1 on DNA is mediated by its level of
autoPARYylation, which drives its dissociation due to electrostatic repulsion between
negatively charged PAR and positively charged DNA. PAR-degrading enzymes,
such as PAR glycohydrolase (PARG) and ADP-ribosyl hydrolase 3 (ARH3), are key
in the DDR to regulate PARYylation levels and prevent premature dissociation of
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PARP1 (Kanev et al., 2024; Pascal & Ellenberger, 2015). However, loss of PARG
causes resistance to PARPI, both in vitro and in BRCA-defective mammary tumours
in mice. PARG loss caused increased PAR levels under PARPiI-treated conditions,
which in the long term caused reduced PARP1 binding to DNA so prevented
accumulation of trapped PARP1 (Gogola et al., 2018). Similarly, loss of ARH3, which
removes mono(ADP-ribose), causes resistance to Olaparib in several BRCA1/2-
defective cell lines (Prokhorova, Agnew, et al., 2021; Prokhorova, Zobel, et al.,
2021). In accordance with this, mutation of three key serine residues that serve as
sites for autoPARYylation causes increased Olaparib sensitivity (Prokhorova, Zobel,
et al.,, 2021). Beyond autoPARylation, trapped PARP1 can be cleared from
chromatin by the p97 system which is well-described for clearance of DPCs.
Inhibition of this pathway sensitises cells and patient-derived organoids to
talazoparib (Krastev et al., 2022). This demonstrates the importance of PARP1

trapping for PARPI sensitivity.

A better understanding of resistance mechanisms is essential for overcoming the
challenge it poses in the clinic. This can be broken down into 3 areas. Firstly,
identifying better biomarkers to predict patient response to therapy and reduce the
burden of de novo resistance. Current biomarkers focus on the presence of a
deleterious mutation in a BRCA/HR gene, prior sensitivity to platinum-based therapy
or the presence of a genomic signature of HR-deficiency (Wicks et al., 2022).
However, these genomic signatures persist in tumours which have acquired
resistance (Harvey-Jones et al., 2024) and a considerable proportion of patients
with a germline BRCA mutations fail to respond to PARPI, evidenced by 40% of
BRCA-mutated ovarian cancer patients showing no response either Olaparib

(Audeh et al., 2010; Fong et al., 2010; H. Li et al., 2020) or Rucaparib (Kristeleit et
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al., 2022). Alternative strategies could include the detection of reversion mutations
in circulating tumour DNA (Harvey-Jones et al., 2024) or conversion of research-
based assays to the clinical setting, such as detection of RADS1 foci, a robust
indicator of HR function (Castroviejo-Bermejo et al., 2018; Cruz et al., 2018; Harvey-
Jones et al., 2024), or PARP1 trapping levels. A second major challenge is finding
treatments that reduce the likelihood of resistance arising. One example of this is
the development of PARPi AZD2461 which has a much lower affinity for ABCB1
(Jaspers et al., 2013), so would not be subject to resistance caused by efflux. Finally,
a third challenge is development of targeted therapeutic regimens that could
overcome resistance. A better understanding of resistance mechanisms at play
could allow for tailored approaches. However, recent work using circulating tumour
DNA and tumour biopsies showed multiple resistance mechanisms arise in the
same patients, either together or in different lesions (Harvey-Jones et al., 2024),
demonstrating the challenge a more personalised approach can pose. What is clear
is that improving our understanding of resistance stems from better knowledge of

trapped PARP1 biology and regulation.

1.3 The p97 system

1.3.1 p97 structure and function

Recently, trapped PARP1 was shown to be cleared from chromatin by the p97
system. Inhibition of this pathway caused increased levels of trapped PARP1 on
DNA, resulting in increased sensitivity to talazoparib in cell lines as well as mouse-
and patient-derived organoids (Krastev et al., 2022). p97, an AAA+-type ATPase
originally identified as CDC48 in yeast (Moir, Stewart, Osmond, & Botstein, 1982)

and also termed VCP in metazoans, is a homohexameric protein, where each
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protein unit consists of an N-terminal domain and two ATPase domains, D1 and D2.
These assemble to form a barrel like structure with a central pore, where the D1

and D2 domains of each unit form two rings stacked on top of one another (Fig 6A).

Figure 6: p97 structure and function. (A) p97 is a homohexameric barrel-shaped protein. (B) A
common pathway of p97-mediated substrate degradation. A substrate (S) can be segregated from a
binding partner, labelled B, through ubiquitination (purple) to recruit p97 via its co-factor (yellow),
driving substrate unfolding and often degradation by the proteasome (Pr). Taken from van den Boom
and Meyer (2018) with permission.

p97 acts as an unfoldase, whereby substrates enter through the pore and ATPase
activity causes conformational rotational changes, pulling the substrate through
facilitating its unfolding (Fig 6B) (Banerjee et al., 2016; Davies, Brunger, & Weis,
2008; van den Boom & Meyer, 2018). Substrates are commonly modified by
ubiquitin or SUMO chains which are conjugated on by cascades of an E1-activating
enzyme, an E2-conjugating enzyme and an E3 ligase. The exact mechanism by

which p97 unfolds its substrates is complex and still a matter for exploration, but in
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vitro and cryo-EM studies have developed a model of how Cdc48, in conjunction
with the co-factor complex UFD1-NPL4, unfolds ubiquitinated substrates (Bodnar &
Rapoport, 2017; Ji et al., 2022; Twomey et al., 2019). Interaction of the polyubiquitin
chain with NPL4 on the N-terminal domain of p97 induces unfolding of a ubiquitin
moiety which initiates unfolding and translocation of the attached substrate through
the pore of p97 (Fig 6B). This is dependent upon ATPase activity of the D2 domain,
with its pore loops acting to translocate the polypeptide (Ji et al., 2022; Twomey et
al., 2019). After unfolding, a deubiquitinase enzyme (DUB) removes the remaining
ubiquitin chain, releasing the unfolded polypeptide (Bodnar & Rapoport, 2017). This
activity of p97 is essential for segregating its substrates from larger protein
assemblies, membranes and chromatin, either to serve a regulatory purpose or to
prepare larger protein substrates for degradation by the proteasome (Fig 6B) or

through autophagy (van den Boom & Meyer, 2018).

Due to the vastly pleiotropic roles of p97 and its sheer number of substrates, as
discussed below, a growing list of 40 co-factors bridge p97 to its substrates,
ensuring tight regulation of its activity (Buchberger, Schindelin, & Hanzelmann,
2015). They differ in their function, with most co-factors possessing ubiquitin, SUMO
or substrate-binding domains to bridge substrates (Buchberger et al., 2015;
Mirsanaye et al., 2024), some having functions to alter length or topology of ubiquitin
or SUMO marks (Koegl et al., 1999; Kuhlbrodt et al., 2011) and others able to
regulate the activity of p97 itself (Trusch et al., 2015; Zhang et al., 2015). Co-factors
can also bring an additional layer of regulation by interacting with other co-factors
(Blueggel et al., 2023; Kloppsteck, Ewens, Forster, Zhang, & Freemont, 2012). All
co-factors rely on a series of p97 binding domains that interact with p97, usually

through its N-terminal domain, such as ubiquitin regulatory X (UBX) domain, UBX-
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like domain, VCP-interacting motif (VIM), VCP-binding motif (VBM) or SHP box, but
occasionally via p97 C-terminal domain with PUB and PUL domains (Buchberger et
al., 2015). However, the discovery of previously unidentified co-factors yields new
p97-binding domains, such as the a-helical motif of Vcf1 (Mirsanaye et al., 2024),
highlighting that the study of p97 co-factors and their function in its regulation

remains an area of active research.

Best described for its activity on ubiquitinated substrates, p97 has far-reaching roles
throughout the cell, including endoplasmic reticulum (ER)-associated degradation
(ERAD), apoptosis, cell cycle regulation, Golgi assembly, mitochondrial-associated
degradation (MAD), ribosomal quality control, lipid droplet biogenesis, endosomal
trafficking, gene activation, autophagy and in segregation of aggregates (Kilgas &
Ramadan, 2023). Broadly, these functions can be separated into two major
purposes — segregation, extraction or pre-processing of misfolded or damaged
proteins or organelles to prepare them for degradation, often by the ubiquitin-
proteasome system (UPS); or regulation through segregation and extraction of
protein complexes. The former encompasses the most well-established role of p97
which is ERAD, where misfolded, unassembled or mislocalised proteins in the ER
are ubiquitinated, recognised by p97 via the UFD1-NPL4 co-factor complex, and
unfolded for subsequent proteasomal degradation. As these proteins are
recognised and ubiquitinated within the membrane or lumen of the ER (Krshnan,
van de Weijer, & Carvalho, 2022), the segregase activity of p97 is essential to
extract them and allow their degradation. The p97-UFD1-NPL4 complex extracts
protein substrates in a similar manner from mitochondrial membranes during MAD
(S. Xu, Peng, Wang, Fang, & Karbowski, 2011), as well as nascent polypeptides

from stalled ribosomes during ribosomal quality control (Brandman et al., 2012;
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Verma, Oania, Kolawa, & Deshaies, 2013), making it the most well-recognised p97
system complex. Outside of proteasomal degradation, p97-targetted substrates can
be degraded by autophagy, an example being damaged lysosomes. p97
recruitment to damaged Iysosomes promotes autophagosome formation
(Papadopoulos et al., 2017; Papadopoulos, Kravic, & Meyer, 2020), clearing them
to prevent leakage of the hydrolytic enzymes they contain. Further roles of p97 in
autophagy in initiation and autophagophore maturation will be discussed in a later
section, demonstrating the significance of p97 for protein and organelle turnover

through both the UPS and autophagy pathways.

1.3.2 p97 in genome stability

Regulatory segregation of proteins by p97 is seen often in its chromatin-associated
functions, where p97 extracts proteins that are bound to chromatin. This makes p97
key for maintenance of genomic stability (Franz, Ackermann, & Hoppe, 2016). The
first identified chromatin-associated p97 substrate was the kinase Aurora B which
inhibits nucleus reformation during mitosis. Its extraction from chromatin by p97 at
the end of mitosis allows chromatin condensation and reformation of the nuclear
envelope (Ramadan et al.,, 2007). In DNA replication, p97 acts to extract
ubiquitinated Cdt1 licensing factor from the replisome, facilitated by its co-factors
UFD1-NPL4 and FAF1, preventing over-replication (Franz et al., 2011; Franz,
Pirson, et al., 2016). Later in replication, p97 extracts MCM7 from the CMG helicase
during termination, facilitating the disassembly of the replisome (Maric, Maculins,
De Piccoli, & Labib, 2014; Moreno, Bailey, Campion, Herron, & Gambus, 2014). The
regulatory role of p97 during replication can be summarised best in its cooperation

with FAF1 and the DUB USP7 to modulate the SUMO and ubiquitin modification of
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DNA replication factors on chromatin, where a SUMO-high and ubiquitin-low

environment promotes active replication (Franz et al., 2021).

Outside of its role in DNA replication, p97 is incredibly active during the DDR, with
its phosphorylation at serine 784 upon DNA damage induction driving its localisation
to DNA damage sites (Livingstone et al., 2005). In DSB repair, p97 activity is
somewhat reminiscent of its role in DNA replication, where it is active at multiple
stages (Torrecilla, Oehler, & Ramadan, 2017). It balances pathway choice between
NHEJ and HR by mediating extraction of RNF8-mediated Lys48-ubiquitinated
proteins to regulate recruitment of downstream factors (Meerang et al., 2011), as
well as orchestrating the extraction of RNF8 itself (Singh et al., 2019), a crucial E3
ligase during initiation of DSB repair. In the early stages of NHEJ, it mediates 53BP1
recruitment by extracting L3MBTL1 from the binding site of 53BP1 (Acs et al., 2011),
whilst in the early stages of HR, p97 extracts MRE11 nuclease from chromatin to
prevent excessive DNA end resection (Kilgas et al., 2021). At the latter stages of
NHEJ, the rigid Ku70-Ku80 complex that encircles the repaired DNA is remodelled
and extracted by p97 (van den Boom & Meyer, 2018). Altogether, this means that
inhibition of p97 radiosensitises cells by preventing repair of DSBs (Kilgas et al.,

2021; Meerang et al., 2011).

p97 is also implicated in the repair of DPCs — lesions that form due to the covalent
crosslinking of proteins to DNA. This can involve proteins that are in proximity to
DNA becoming linked through exposure to endogenous or exogenous genotoxic
agents, such as formaldehyde or UV, respectively (Lai et al., 2016) or to specific
DNA lesions such as abasic sites (Sczepanski, Wong, McKnight, Bowman, &
Greenberg, 2010). Specific proteins can also become crosslinked to DNA due to
trapping of enzymatic intermediates, such as topoisomerases (Maede et al., 2014;
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Julian Stingele, Bellelli, & Boulton, 2017). DPCs are bulky adducts that block
replication (Nakano et al., 2013) and transcription (Nakano et al., 2012), so require
rapid degradation of the proteinaceous adduct, often by the proteasome (C.-P. Lin,
Ban, Lyu, Desai, & Liu, 2008) or a protease, such as SPRTN (Fielden et al., 2020;
Maskey et al., 2017; J. Stingele et al., 2016; J. Stingele, Schwarz, Bloemeke, Wolf,
& Jentsch, 2014; Vaz et al., 2016; Vaz, Popovic, & Ramadan, 2017). This reveals
the protein-DNA linkage for hydrolysis by a phosphodiesterase or reduces the size
of the adduct for repair by nucleotide excision repair (NER) or bypass by translesion
synthesis (Julian Stingele et al., 2017). p97 aids in the repair of a number of different
DPCs by unfolding the protein adduct to allow its degradation (Noireterre & Stutz,
2024). One example is in the repair of the topoisomerase | (TOP1)-DNA enzymatic
intermediate termed topoisomerase | cleavage complexes (TOP1cc), where the p97
co-factor TEX264 interacts with TOP1cc to recruit p97 and the metalloprotease
SPRTN, another p97 co-factor and protease. p97 unfolds TOP1 to allow its
degradation by SPRTN, clearing the proteinaceous adduct to allow hydrolysis of the
protein-DNA linkage by TDP1 (Fielden et al., 2020; J. Stingele et al., 2014; Vaz et

al., 2017).

The p97 co-factor SPRTN is involved in replication-coupled repair of a range of
DPCs, induced by formaldehyde, as well as enzymatic DPCs induced by
camptothecin and etoposide, that cause TOP1ccs and topoisomerase Il cleavage
complexes (TOP2ccs), respectively (Fielden et al., 2020; Lopez-Mosqueda et al.,
2016; Ramadan, Halder, Wiseman, & Vaz, 2016; J. Stingele et al., 2016; Vaz et al.,
2017). Germline mutations in SPRTN cause Ruijs-Aalfs syndrome, characterised
by early onset hepatocellular carcinoma and segmental progeria caused by

increased genomic stability (Lessel et al., 2014). Hepatocellular carcinoma and
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progeria were also observed in SPRTN hypomorphic mice (Maskey et al., 2014),
highlighting the relevance of the SPRTN protease and, consequently, DPC
clearance in cancer biology and ageing. SPRTN was shown to recruit p97 to UV-
induced lesions and DPCs, with p97-mediated unfolding crucial for SPRTN-
mediated proteolysis (Davis et al., 2012; Kroning, van den Boom, Kracht, Kueck, &
Meyer, 2022; Mosbech et al., 2012). This is co-ordinated by the C-terminal domain
of SPRTN which contains a PCNA interacting box (PIP), ubiquitin binding domain
(UBZ) and SHP box responsible for SPRTN-p97 interaction (Davis et al., 2012;
Mosbech et al., 2012). Some patients with Ruijs-Aalfs syndrome express SPRTN
variants with the C-terminal domain truncated (Lessel et al., 2014), implicating loss
of p97 recruitment via SPRTN, amongst other C-terminal associated functions, in

the early onset of cancer and premature ageing.

DPC repair is regulated by modification of the proteinaceous part of the DPC, most
notably by ubiquitylation and SUMOylation (Noireterre & Stutz, 2024; Ruggiano et
al., 2021). In TOP1cc repair, TOP1 is modified by SUMOQOylation and the co-factor
involved, TEX264, has a SUMO-interacting motif (SIM) that aids its repair of
TOP1cc (Fielden et al., 2020). Further, a well-established pathway of SUMOylation
by PIAS4 followed by ubiquitination by the SUMO-targeted ubiquitin ligase (STUbL)
RNF4 directs the proteinaceous adduct of various DPCs for proteasomal

degradation (J. C. Y. Liu et al., 2021; Yilun Sun et al., 2020).

PARPi-induced trapped PARP1 can be considered a DPC-like lesion as, even
though PARP1 does not become covalently-bound to DNA, it is thought to block
progression of the replication fork in a similar manner, with this underlying PARPI
cytotoxicity (Dibitetto et al., 2024; Helleday, 2011; Murai et al., 2012; Wicks et al.,
2022). Interestingly, our group previously found through mass spectrometry that p97

41



interacts with trapped PARP1, with following work uncovering a model of p97-
mediated trapped PARP1 extraction from chromatin. This was found to be regulated
in a similar fashion as other DPCs, with SUMOylation and ubiquitination by PIAS4
and RNF4, respectively, which recruits p97 via its co-factor UFD1 (Fig 7). Inhibition
of p97 caused persistence of trapped PARP1 on DNA, leading to increased

sensitivity of cells and patient-derived organoids to PARPI (Krastev et al., 2022).

Ubiquitin UFD1
RARE] PIAS4 SUMO RNF4
and other and other
SUMO E3 ligase Ub E3 Ilgase UFD1— p97 Extraction of
e ———> PARP1 from
chromatin
Trapped PARP1 Trapped PARP1- Trapped PARP1- Trapped PARP1
SUMOylated SUMO-UBylated processing complex

Figure 7: Model of trapped PARP1 clearance by the p97 system. This model is developed by and
taken from Krastev et al (2022).

Whilst this is an interesting development in understanding trapped PARP1 repair,
there are still remaining questions. Loss of proteases SPRTN and FAM111A are
also associated with increased sensitivity to trapped PARP1 (Kojima et al., 2020;
Saha et al., 2021), with SPRTN shown to clear 15% of trapped PARP1 during
replication (Saha et al., 2021). However, the clearance of the remaining trapped
PARP1, after its unfolding by p97 is unknown. Trapped PARP1 modification by
PIAS4 and RNF4 is also clear, but residual modification still remains even with loss
of these ligases (Krastev et al., 2022), implying other ligases and regulators are as
yet unidentified. This may include other co-factors, as only UFD1 has been identified

so far.

1.3.3 p97 in cancer

The role of p97 in trapped PARP1 repair clearly has exciting promise for PARPI
therapy, which is furthered by an established association of p97 with cancer. By
exploring the TCGA PanCancer Atlas, it is clear that p97 is altered in multiple

cancers, with pancreatic and head and neck cancers showing genomic alterations
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in over 5% of cases. Amplifications are the most common genomic alteration
observed, although missense mutations of unknown significance are common in
some cancer types (Fig 8A). The most frequently occurring missense mutation,
A310T, was recorded in 4 cases, two colon and two endometrioid cancers, and was
found in the D1 ATPase domain where it possibly affects p97 function, although

other mutations are generally spread throughout p97 at low frequency (Fig 8B).
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Figure 8: p97 genomic alterations in cancer. (A) Frequency of p97 genomic alteration across
different types from 10967 samples taken from 10953 patients in the TCGA PanCancer Atlas. Red
indicates amplification and green indicates mutation. (B) Diagram showing the site of mutations
observed in p97 and how many patients they occurred in across the TCGA PanCancer Atlas. Green
dots indicate missense mutations and grey indicate truncating mutations. The most frequent mutation
is A310T which occurred in 4 patients. Plots taken from cBioPortal.

Many studies into the association of p97 with cancer have found that high levels of

p97 expression correlate with poor prognosis and increased metastasis (Costantini,
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Capone, Polo, Bagnara, & Budillon, 2021; Y. Cui et al., 2015; S. Yamamoto, Tomita,
Hoshida, et al., 2004; S. Yamamoto, Tomita, Hoshida, et al., 2003; S. Yamamoto,
Tomita, Nakamori, et al., 2003), including in cancers where PARPi-treatment is
used, as summarised in Table 1. Whilst p97 has pleiotropic roles, chromatin-
associated p97 function is relevant for cancer prognosis, as shown by the
correlation between increased levels of chromatin-associated Ser784
phosphorylation on p97 and poorer survival in breast cancer patients receiving

chemotherapy (Zhu et al., 2020).

Cancer Features associated with higher p97 levels

Pancreatic | Increased malignancy of pancreatic endocrine neoplasms (S. Yamamoto,
Tomita, Nakamori, et al., 2004)

Increased tumorigenicity and poorer OS (Marin-Muller et al., 2013)

Breast Higher p97 levels in cancerous compared to normal mammary epithelial cells
(Y. Cui et al., 2015)
Increased lymph node metastasis and poorer OS (Y. Cui et al., 2015; C. Li et
al., 2021)

Heightened cancer stem cell integrity and proliferation (C. Li et al., 2021)

Prostate Worse PFS and OS (Tsujimoto et al., 2004)
Increased proliferation, migration and invasion (Duscharla, Reddy Kami

Reddy, Dasari, Bhukya, & Ummanni, 2018)

Ovarian Improved PFS (Choi et al., 2020)

Table 1: A summary of the association of p97 expression with patient outcome for cancers
where PARPI treatment is relevant. Adapted from Costantini et al. (2021)

Inhibitors of p97 were initially generated as a research tool, with the first being
DBeQ, an inhibitor of the D1 and D2 ATPase domains that hinders both the
autophagic and proteasomal-associated functions of p97 (Chou et al., 2011). This
falls into the reversible, ATP-competitive class of p97 inhibitors, with two additional
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classes being reversible non-ATP competitive inhibitors, which target allostery
within p97 rather than the ATP-binding site itself, and covalent inhibitors (Kilgas &
Ramadan, 2023). Having a broad range of inhibitors with varying target sites and
mechanisms of action has helped to improve understanding of how p97 functions
and may aid in clinical translation. All p97 inhibitors generally show similar
phenotypes, albeit with varying potency, of accumulation of ubiquitinated
substrates, induction of ERAD and unfolded protein response and anti-proliferative
effects in cancer cells (Anderson et al., 2015; Magnaghi et al., 2013; Blandine Roux

et al., 2021).

Development of p97 inhibitors as research tools has resulted in two inhibitors
entering clinical trials for cancer therapy. The first was CB-5083, a reversible, ATP-
competitive inhibitor highly selective for D2 ATPase inhibition (Anderson et al., 2015;
Tang, Odzorig, Jin, & Xia, 2019). It was shown to have a high potency and anti-
proliferative effects across 350 cell lines, and a panel of xenograft models of both
solid and haematological tumours, due to its ability to induce ER and proteotoxic
stress and G1 arrest (Anderson et al., 2015; B. Roux et al., 2021; Zhou et al., 2015).
However, after entering phase | clinical trials for advanced solid tumours and
multiple myeloma, it was discontinued due to ophthalmological side effects caused
by an off-target effect on phosphodiesterase VI (PDE6), a regulator of
phototransduction (Kilgas & Ramadan, 2023; Leinonen et al., 2021). To overcome
this issue, CB-5339 was developed and entered phase | clinical trials. It has a similar
potency and sensitivity profile as CB-5083 across a panel of cell lines but higher
bioavailability and, crucially, 15-fold lower activity towards PDE6 (B. Roux et al.,

2021).
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These drugs certainly show promise in cancer therapy, with the p97-dependence of
tumours over normal tissues making it an attractive target. However, as the
discontinued CB-5083 clinical trial showed, off-target effects are an issue. ATP-
competitive inhibitors may bind to other enzymes (Leinonen et al., 2021), and the
highly pleiotropic nature of p97 activity means it is difficult to target one tumorigenic
role of p97 without endangering other roles that are essential in normal tissue.
Alternative strategies could come from combination therapies, such as with DNA
damaging agents which show strong synergy with p97 inhibition. This was observed
in an acute myeloid leukaemia mouse model where standard-of-care genotoxic
agents prolonged survival when combined with p97 (B. Roux et al., 2021), and in a
screen of 200 inhibitors targeting different pathways, where p97 inhibition best
synergised with DNA damaging agents (Magnaghi et al., 2013). In relation to PARPI,
we previously demonstrated that two p97 inhibitors, CB-5083 and CuET, enhanced
sensitivity to talazoparib in cancer cells, mouse- and patient-derived organoids
(Krastev et al., 2022). Alternatively, targeting co-factors or their interaction with p97
could enable specificity of inhibition. For instance, targeting SPRTN could impair the
DPC-associated function of the p97 system without affecting global protein
homeostasis (Kilgas & Ramadan, 2023). Some inhibitors have already been
identified which inhibit p97 indirectly by targeting its co-factor NPL4, such as CuET,
which impairs p97-mediated protein degradation for anti-proliferative effect towards
cancer cells (Skrott et al., 2017) and thonzonium bromide, which blocks p97-NPL4
binding, inhibiting tumour growth by enhancing antitumour immunity (Nie et al.,
2024). Improved understanding of p97-associated pathways is essential for

developing this as a viable means of therapy. In the case of p97-trapped PARP1
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activity, improved understanding of regulation through co-factor and E3 ligase

activity, as well as post-p97 downstream processing is required.
1.4 Autophagy
1.4.1 Autophagy pathway

p97 is a key regulator of protein homeostasis, best described through its association
with proteasomal degradation, but also acting alongside Macroautophagy (hereafter
referred to as autophagy). Autophagy is an essential pathway for cellular
homeostasis, where proteins and organelles are degraded and cellular material
recycled, best described in relation to nutrient stress induced by starvation. It
involves the formation of double-membrane vesicles, termed autophagophores,
which surround cargo, and then fuse with lysosomes, resulting in cargo degradation
(Morishita & Mizushima, 2019). This process can be broken down into stages:
initiation, nucleation, expansion, maturation, fusion and degradation (X. Li, He, &

Ma, 2020), as is summarised in figure 9.
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During the initiation step, the ULK complex, consisting of ATG13, FIP200, ATG101
and ULK1/2, is activated by phosphorylation from upstream signalling hubs, such
as AMP-activated protein kinase (AMPK) which is essential in nutrient and energy
signalling. Signalling is finely balanced by opposing actions of AMPK and the
autophagy-inhibitory activity of mechanistic target of rapamycin complex 1
(mTORCA1), a signalling hub involved in response to a variety of autophagy-
associated stressors (Jung et al., 2009; Nakatogawa, 2020). After initiation, the ULK
complex mediates nucleation by phosphorylating the Beclin-1-VPS34 complex for
its activation. This complex acts as a phosphatidylinositol 3-kinase (PI3K) which
catalyses local formation of phosphatidylinositol-3-phosphate (PI3P) on sites of
autophagophore formation, termed isolation membranes or phagophores (Axe et
al., 2008; Nakatogawa, 2020). The source of isolation membranes is still unclear,
with some suggesting they originate from ER-mitochondria contact sites (Hamasaki
et al., 2013), whilst other evidence suggests they arise from ATG9-vesicles (H.

Yamamoto et al., 2012).

The increased local concentration of PI3P serves as a platform to recruit a host of
autophagy-related (ATG) genes to the isolation membrane (Nakatogawa, 2020).
They co-ordinate expansion and eventual fusion of the edges of the isolation
membrane into a mature autophagophore. In yeast, 40 ATG-genes have been
described to date, with half of these having clear homologs in mammals (S. Liu,
Yao, Yang, Liu, & Wang, 2023; Tsukada & Ohsumi, 1993). Phagophore expansion
is still being understood, but ATG2 and ATG9 are believed to be involved, with ATG2
mediating phospholipid transport from the ER, aided by the lipid scramblase activity
of ATG9 (Noda, 2021). ATG12 and ATG8 conjugation cascades, similar to

ubiquitination cascades, are key during autophagophore biogenesis. ATGS8 is a
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ubiquitin-like protein, post-translationally cleaved at its C-terminus by ATG4 to
expose a glycine residue for conjugation onto phosphatidylethanolamine (PE) lipids.
This is mediated by ATG7, acting as an E1-activating enzyme, followed by ATG3,
an E2-like conjugating enzyme. The ATG12-ATG5-ATG16L E3-like complex which
mediates ATGS8 transfer to PE is formed in a similar cascade involving ATG12
conjugation by ATG7 (E1-like) and ATG10 (E2-like) (Mizushima, Noda, et al., 1998;
Mizushima, Sugita, Yoshimori, & Ohsumi, 1998). ATG8 conjugation to PE results in
its tight association with the autophagophore membrane (Kabeya et al., 2000;
Mizushima, 2020). In mammals, ATG8-family proteins include MAP1LC3 (hereafter
referred to as LC3), GATE-16 and GABARAP (Slobodkin & Elazar, 2013). In the
case of LC3, its cytosolic form, LC3-1, is converted to its PE-conjugated form, LC3-
I, which associates with the autophagophore. ATG8 promotes expansion,
maturation and transport of the autophagophore by regulating interaction with other
core autophagy machinery proteins (Fu, Nirschl, & Holzbaur, 2014; Kraft et al.,
2012; Kumar et al., 2018; Nakatogawa, 2020; Nakatogawa et al., 2012; Weidberg

et al., 2011).

After the isolation membrane seals into an autophagophore, it fuses with a
lysosome to form a mature degradative autolysosome. This involves Rab GTPases,
tether proteins and SNARE complexes and is tightly regulated to prevent premature
fusion before the autophagophore is sealed (Y. G. Zhao, Codogno, & Zhang, 2021).
Syntaxin-17 is key in this process and is recruited to the autophagophore only after
its closure by IRGM, which interacts with LC3 through its own LC3-interacting region
(LIR) (Kumar et al., 2018). Syntaxin-17 then recruits SNAP29 and interacts with
VAMPS8 on the lysosome membrane to form a SNARE complex that mediates

fusion, aided by tethers which promote initial capture (ltakura, Kishi-ltakura, &
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Mizushima, 2012; Y. G. Zhao et al., 2021). Degradation of autolysosome contents
relies on hydrolases within the lysosome, including nucleases, proteases, lipases
and glycosylases. The inner autolysosome membrane is degraded alongside cargo,
allowing the release of syntaxin-17 from the membrane (Tsuboyama et al., 2016).
This requires acidic conditions, so V-ATPase proton pumps are essential for
acidification of the autolysosome to generate degradative conditions (Yoshimori,

Yamamoto, Moriyama, Futai, & Tashiro, 1991).

As previously mentioned, p97 has multiple roles throughout the autophagy pathway.
During autophagy initiation, p97 scaffolds the association of the DUB ataxin-3 with
Beclin-1, a component of the Beclin-1-VPS34 PI3K complex, stabilising Beclin-1 by
reducing its ubiquitin-guided proteasomal degradation. p97 also promotes
assembly of the remaining members of the Beclin-1-VPS34 complex, inducing
autophagy (Hill et al., 2021; Z. Wang et al., 2024; Wrobel, Hill, Ashkenazi, &
Rubinsztein, 2021). This acts alongside an additional autophagy-related role of p97
in maturation of autophagosomes for their fusion with lysosomes (Ju et al., 2009;

Tresse et al., 2010).

1.4.2 Selective autophagy

Autophagy was initially characterised as a bulk process, where cytosolic contents
are indiscriminately engulfed by the growing phagophore and degraded in the
lysosome, allowing cells to survive through a period of starvation. A similar but
selective process has since been described, termed selective autophagy, which
permits the degradation of specific cargo, such as damaged organelles or misfolded
proteins, as directed by selective autophagy receptors (SARs). SARs contain LIR

motifs which facilitate its binding to LC3 and GABARAP proteins. This highly
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conserved motif consists of [W/F/Y]o-X1-X2-[L/V/l]s and usually accompanies
downstream Asp, Glu, Ser or Thr residues that serve as phosphorylation sites to
regulate LC3 binding (Johansen & Lamark, 2020; Rozenknop et al., 2011). Selective
autophagy is often governed by ubiquitination of cargo proteins, meaning receptors
commonly contain ubiquitin-binding domains that are key for bridging cargo to the
LC3-containing growing autophagophore (Khaminets, Behl, & Dikic, 2016; Kirkin,

McEwan, Novak, & Dikic, 2009).

The first selective autophagy process described in mammals was targeting of
damaged mitochondria in mice, termed mitophagy (I. Kim, Rodriguez-Enriquez, &
Lemasters, 2007). This process is initiated by Parkinson’s-associated proteins
(Kitada et al., 1998; Valente et al., 2004) PINK1 kinase and PARKIN E3 ligase which
accumulate and catabolise phosphor-ubiquitin chains on damaged mitochondria
(Kane et al., 2014; Koyano et al., 2014; Narendra, Tanaka, Suen, & Youle, 2008;
Sarraf et al., 2013). SARs, such as OPTN and NDP52 (Lazarou et al., 2015),
recognise these markers and bridge to LC3 on phagophores. They also aid in
autophagosome biogenesis through interaction with FIP200, a component of the
ULK1 complex (Lazarou et al., 2015; Vargas et al., 2019), ATG9A vesicles (Yamano
et al., 2020) and ATG5-ATG12-ATG16L1 (Bansal et al., 2018). In a similar way,
ubiquitination by TRIM16 governs selective autophagy of damaged lysosomes,
known as lysophagy, and also interacts with core autophagy machinery to initiate
autophagophore biogenesis (Kumar et al., 2017). Damaged lysosomes tagged by
ubiquitination are bridged to the phagophore by the SAR p62 (Vargas, Hamasaki,
Kawabata, Youle, & Yoshimori, 2023). As they contain hydrolytic enzymes, isolation

and degradation of damaged lysosomes is essential for cell survival.
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The irreversible nature of all forms of selective autophagy implies that it requires a
high level of regulation. SARs contribute to this considerably, as do post-
translational modifications (PTMs). Ubiquitination and phosphorylation of cargo
have already been discussed, but further levels of regulation are achieved through
receptor modification. The receptor p62 exemplifies this, with ubiquitination of its
ubiquitin-binding domain promoting cargo binding (Y. Lee et al.,, 2017), whilst
ubiquitination at its lysine 7 residue impairs its ability to oligomerise which is key for
its function (Pan et al., 2016). Phosphorylation of residues N-terminal to the LIR
motif in a multitude of SAR and other LIR-containing proteins has been shown to
promote its association with LC3 (Johansen & Lamark, 2020). Interestingly, p97 has
also been implicated in the regulation of selective autophagy, through its ability to
segregate proteins from target organelle membranes and scaffold recruitment of
DUBs. p97 extracts ubiquitinated mitofusins from damaged mitochondria tagged for
mitophagy, shuttling these large GTPases for proteasomal degradation and
preventing their activity in fusing mitochondria, to promote mitophagy (Tanaka et al.,
2010). During lysophagy, recruitment of p97 and its DUB co-factor YOD1
downstream of p62 drives the removal of K48-ubquitin-labelled conjugates, driving
autophagophore formation (Papadopoulos et al., 2017). This further highlights the

importance of p97 across all forms of cell homeostasis.

1.4.3 TEX264

One important detail of the p97 system in relation to selective autophagy is the p97
co-factor TEX264, described earlier for its targeting of TOP1cc for p97-dependent
clearance from chromatin (Fielden et al., 2020). Alongside a SHP box for its
interaction with p97, TEX264 contains a LIR motif, suggesting it could function as a
SAR. Indeed, two groups have descried the receptor function of TEX264 in selective
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autophagy of the ER (reticulophagy), a process that occurs in response to ER stress
(An et al., 2019; Chino, Hatta, Natsume, & Mizushima, 2019). Using proteomics,
TEX264 was identified as a protein which is depleted under starvation or mTOR
inhibition in an ATG7-dependent manner (An et al., 2019), suggesting it is degraded
by autophagy, and interacts with LC3 but not an LC3 mutant unable to bind LIR-
containing proteins (Chino et al., 2019), indicating it contains a LIR motif. Indeed, a
C-terminal LIR motif was identified (F273EEL) that governed co-localisation of
TEX264 to LC3 punctate structures, characteristic of autophagosomes, and early
autophagy machinery, indicating a role at the early stages of phagophore nucleation
and expansion (An et al., 2019; Chino et al., 2019). More recent work has uncovered
phosphorylation sites several residues downstream of the LIR motif that enhance
LC3 binding (Chino et al., 2022), similar to other SARs. It was determined that
TEX264 acts as a reticulophagy receptor through its N-terminal leucine-rich region
(Fielden et al., 2020) which forms a transmembrane domain, bridging LC3-tagged
phagophores to damaged ER membranes and proteins (An et al., 2019; Chino et
al., 2019) in a ubiquitin-independent manner. This, alongside work from our group,
has revealed further structural details about TEX264, such as its gyrase inhibitor
(Gyrl)-like domain, two SIMs and TOP1-binding site, shown in figure 10 (An et al.,

2019; Chino et al., 2019; Chino et al., 2022; Fielden et al., 2020).
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Figure 10: Schematic of TEX264 domains. “P” indicates phosphorylation sites.
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As well as its localisation to the ER, TEX264 is found at the nuclear periphery. Due
to its role in both DNA repair and reticulophagy, this raises the interesting question
of whether its activity as a nuclear p97 co-factor and SAR may coincide in mediating

selective autophagy of the nucleus (Fielden, Popovic, & Ramadan, 2022).
1.4.4 Autophagy in genome stability

So far, | have mainly described autophagy as a cytosolic process, but it is also
associated with promoting genome stability. Broadly, this is observed in ageing, with
a reduction in autophagic activity likely to contribute to the increase in genome
instability caused by less efficient DNA repair (Ambrosio & Majello, 2020). In
response to genotoxic stress caused by radiation, reactive oxygen species (ROS)
and oncogenes, major sensors and signalling hubs involved in DDR signalling also
activate autophagy. ATM activation in response to DSBs initiates a cascade which
induces autophagy through AMPK activation and mTORC1 inhibition (Alexander et
al., 2010). PARP1 also acts through AMPK activation as its hyperactivity during
genotoxic stress causes a reduction in NAD+ and ATP availability, thus an increase
in AMP which is sensed by AMPK (Rodriguez-Vargas et al., 2012). Transcriptional
activation of various genes by TP53 also drives autophagy in response to DNA
damage. This includes ATG7, ULK1 and ULK2 (Kenzelmann Broz et al., 2013),
damage-regulated autophagy modulator (DRAM1), which encodes a lysosomal
protein named for its link between DNA damage signalling and autophagy (Crighton
et al., 2006), and Sestrin family genes (SESNs) which are negative regulators of

mTORC1 signalling (Ambrosio & Majello, 2020; Budanov & Karin, 2008).

Autophagy regulates the DDR by influencing cell cycle progression, senescence

and cell death, as well as modulating the activity of particular DDR machineries
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(Ambrosio & Majello, 2020). In replicating cells, autophagy was found to be essential
for recovery from oncogenic-induced replication stress by maintaining the pool of
nucleotides needed for DNA replication (Vanzo et al., 2020). This is likely a result of
autophagic degradation of ribosomal RNA providing substrates for ANTP synthesis
(W. Chen et al., 2014; Y. Liu et al., 2018). More specific functions of autophagy in
the DDR have been explored in the case of DSB repair, where loss of autophagy
causes HR-deficiency. Whilst the mechanisms behind this are somewhat unclear,
various studies have implicated the role of nuclear p62 in sequestering HR-
regulatory proteins such as filamin A, RAD51 and RNF168. As p62 is degraded by
autophagy, inhibition of autophagy causes increased p62 levels so reduced
availability of filamin A, RAD51 and RNF168 and, thus, reduced HR (Cahuzac et al.,

2022; Hewitt et al., 2016; Y. Wang et al., 2016).

More selective autophagic processes also associate with the DDR. For instance,
the autophagic degradation of Lamin B1 and Lamin A/C, through its direct
interaction with LC3 in the nucleus, was shown to mediate senescence specifically
in response to oncogenic stress (Dou et al., 2015; Lenain, Gusyatiner, Douma, van
den Broek, & Peeper, 2015; Y. Li et al., 2019). Loss of nuclear lamina allows
extrusions of nuclear material into the cytosol, a key signal for induction of
senescence. Beyond this, selective autophagy of nuclear content, referred to as
nucleophagy, was recently suggested to directly clear DNA lesions. The TOP2
poison etoposide stabilises the TOP2-DNA intermediate, TOP2cc, and causes
persistent DNA breaks. It was shown that etoposide induces the formation of nuclear
buds and micronuclei that contain markers of the autophagic pathway, as well as
TOP2 itself. This implies that the autophagic machinery could be directly involved

in clearance of lesions such as TOP2cc (Mucifno-Hernandez et al., 2023).
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Interestingly, p97 also aids in repair of TOP2cc (Y. Sun et al., 2022). As these lesions
are DPCs, similar to TOP1cc, it raises the question of whether TOP1cc-associated
SAR TEX264 could have an autophagic role in genome stability by responding to
DPC and DPC-like lesions. Interestingly, and in parallel work to this study, we
recently demonstrated a novel pathway of selective nucleophagy where TOP1cc
induced by TOP1 poisons were cleared from chromatin via TEX264, utilising its p97
co-factor and SAR function (Lascaux et al., 2024). The proteinaceous TOP1 adduct
as well as DNA fragments that it covalently binds to were found to localise in the
lysosome, and autophagy machinery was identified at the replication fork (Lascaux
et al., 2024) where TOP1cc lesions are most troubling (Sakasai & Iwabuchi, 2016),
indicating selective nucleophagy can directly process these lesions. However, it is
unclear whether this is a unique repair pathway or if it has relevance for other DPC

and DPC-like lesions.
1.4.5 Autophagy in Cancer

Autophagy is associated with cancer, first shown by reduced Beclin-1 expression
and autophagy activity in breast cancer (Liang et al., 1999). However, its role is
complex, with different functions depending on cancer stage and type.
Nevertheless, the general finding is that autophagy suppresses tumorigenesis but
once a tumour is established, it promotes tumour growth (Hama, Ogasawara, &
Noda, 2023). Autophagy association with tumorigenesis is linked to known tumour-
suppressor genes such as TP53, a tumour suppressor mutated more frequently
than any other. Particular mutants that fail to localise to the nucleus prevent its
transactivating activity, described earlier, leading to suppressed autophagy through
transcriptional repression of autophagy-related genes (S. Agarwal, Bell, Taylor, &
Moran, 2016; Morselli et al., 2008). Suppression of autophagy may lead to
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tumorigenesis through various mechanisms, including increased genome instability
and accumulation of ROS through impaired mitophagy. In the development of
hepatomas, p62 accumulation in autophagy-deficient cells promotes tumorigenesis
by sequestering the E3 ligase KEAP1, causing accumulation of its target NRF2 that
acts as a pro-proliferative transcription factor (Inami et al., 2011). However, in
established tumours, likely due to their high bioenergetic demand, autophagic
degradation is required to supply nutrients under metabolic and hypoxic stress
(Guo, Xia, & White, 2013). This is best exemplified in KRAS-transformed tumours
which have a higher basal level of autophagy. When this is impaired, abnormal
mitochondria accumulate and cells experience energy depletion, leading to tumour
regression in mouse models (Guo et al., 2011; S. Yang et al., 2011). This implies

that autophagy could be a good target for cancer therapy.

Chloroquine (CQ) and its derivative hydroxychloroquine (HCQ) are autophagy
inhibitors used against malaria with high tolerability. They induce lysosomal damage
by accumulating in lysosomes, impairing autophagy at the stage of degradation. In
phase Il clinical trials in a variety of cancers, they have shown efficacy when used
in combination with standard chemotherapy, such as in pancreatic and
hepatocellular cancer patients (Arora et al.,, 2021; Zeh et al., 2020), and even
improved symptoms when used alone, as was observed in prostate cancer patients
(George et al., 2017). However, other trials show only partial or no improvement
over conventional therapy, often in more advanced cancers (Hama et al., 2023;
Karasic et al., 2019), even suggesting that sufficient autophagy inhibition is not
achieved with CQ and HCQ (Rosenfeld et al., 2014). This raises the issue of
developing improved clinically viable autophagy inhibitors. Various inhibitors have

been developed for ULK1/ULK2 (Egan et al., 2015; Ren et al., 2020) and ATG7
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(Huang et al., 2020), amongst others, that show high specificity, anticancer potency
and synergy with other inhibitors. More recently, inhibitors that directly target
protein-protein interactions have been developed to impair interaction between
particular ATG proteins, such as ATG5-ATG16L1 (J. Cui et al., 2022). Whilst none
of these inhibitors have entered into clinical trials yet, it is hoped that their higher
specificity could improve patient outcomes compared to CQ and HCQ. Enhanced
understanding of autophagy function in cancer progression and response to certain
therapies could also allow the development of more specific inhibitors for certain

autophagy pathways.

Whilst not tested in the clinic, combined PARPi and autophagy inhibition has been
explored pre-clinically, showing promising results. In line with other genotoxic
agents, numerous studies across various cancers have shown that all clinically
approved PARPi enhance autophagy flux. Most studies also agree that inhibition of
autophagy, either chemically or genetically, sensitises model systems to PARPi
(Cahuzac et al., 2022; Elshazly, Nguyen, & Gewirtz, 2022; Y. Liu et al., 2019; Pai
Bellare, Saha, & Patro, 2021; Pai Bellare & Sankar Patro, 2022; Ren et al., 2020;
Santiago-O'Farrill et al., 2020; Uddin et al., 2022). This has been suggested to be
ROS-dependent, with impaired PARP activity causing ROS accumulation that
cannot be resolved in cells deficient in autophagy (Santiago-O'Farrill et al., 2020).
Synergy between autophagy and PARP inhibition has also been linked to HR-
deficiency caused by accumulated p62 in autophagy deficient cells, with activation
of autophagy prior to PARPI treatment causing reduced p62 and increased BRCA1
and RAD51 foci, a marker of increased HR (Cahuzac et al., 2022). A higher level of
basal autophagy has also been observed in PARPi-resistant cells, with it proposed

that lower p62 levels in these cells contributes to their resistance (Uddin et al.,
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2022). However, evidence presented in these studies is minimal, so further work is
needed to comprehensively understand the association between autophagy and
PARPI. Interestingly, the strongest evidence supporting cytoprotective autophagy is
in response to talazoparib (Elshazly et al., 2022), the strongest trapping agent
(Murai et al., 2014; Shen et al., 2013). Despite this, no studies have explored
whether autophagy has a more direct role at trapped PARP1, as has been
suggested for other nucleophagy substrates such as the nuclear lamina, TOP1cc or
TOP2cc. If autophagy inhibition is to be translated to the clinic for combination
therapy with PARPI, details surrounding its function in PARPi response must be

elucidated.

1.5 Aims of this study

Resistance to PARPI is a major clinical challenge. Research focuses on improved
detection of de novo resistance through biomarkers, therapeutic strategies that
reduce the risk of resistance arising and treatments that overcome resistance.
Therefore, it is important to investigate PARPI response and tolerance mechanisms
to identify how they could be exploited. Our group recently discovered a p97-
dependent mechanism for the removal of trapped PARP1, the driver behind PARPI
cytotoxicity. My aim was to further understand the role of the p97 system and
downstream degradation pathways in the removal trapped PARP1 from chromatin.

The specific aims of this study were:

1. Identify p97 co-factor(s) that may aid p97-mediated trapped PARP1 removal
from chromatin.
2. Determine how trapped PARP1 is processed after its p97-mediated

extraction from chromatin.
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3.

Investigate the cellular consequences of

processing.

impaired

trapped PARP1
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2. Materials and Methods
2.1 Buffers

2.1.1 10x Phosphate buffered saline (PBS)

5 L of 10x PBS (1370 mM NaCl, 27 mM KCI, 100 mM Na2HPO4x2H20, 18 mM

KH2PO4) was prepared by combining the following in 4.5 L of deionised water:
400.3 g NaCl (Sigma, S9625)
10.2 g KCI (Sigma, P9541)
89 g NazHPO4x2H20 (Sigma, 71645)
12.52 g KH2PO4 (Sigma, P0662)

After stirring until dissolved, the pH was confirmed to be between 7.3 and 7.5 before

topping up the solution to 5 L.
2.1.2 10x Tris buffered saline (TBS)

5 L of 10x PBS (250 mM Tris, 1500 mM NaCl, 25 mM KCI) was prepared by

combining the following in 4.5 L of deionised water:
151.4 g Trizma-base (Sigma, T6066)
438.3 g NaCl (Sigma, S9625)
9.32 g KCI (Sigma, P9541)

After stirring until dissolved, the pH was adjusted to 7.6 with 13 M HCI before topping

up to 5 L. TBST was prepared by adding 1 mL of tween-20 to 1 L of 1x TBS.
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2.1.3 10x Tris/Glycine buffer

5 L of 10x Tris/Glycine (250 mM Tris, 1920 mM Glycine) was prepared by combining

the following in 4.5 L of deionised water:
151.4 g Trizma-base (Sigma, T6066)
720.7 g Glycine (Sigma, G7126)

After stirring until dissolved, the pH was confirmed to be between 8.3 and 8.6 before

topping up the solution to 5 L.
2.1.4 5x Laemmli buffer

Laemmli buffer is used to denature and load protein samples for Western blot. 40
mL of 5x Laemmli buffer (312.5 mM Tris-HCI, 10% SDS, 50% glycerol, 12.5% (-
mercaptoethanol, 0.01% bromophenol blue, pH 6.8) was prepared by mixing the

following in 35 mL of deionised water:
4 g SDS (Merck, L3771)
20 mL 100% glycerol (Merck, G7757)
4 mL 3.125 M Tris-HCI (pH 6.8) prepared in advance as a 10x solution

The components were dissolved by intermittent heating in a microwave and mixing
with a vortex. Once dissolved, the volume was adjusted to be 40 mL with deionised
water, then 400 pL of 1% bromophenol blue was added. The solution was mixed by
vortexing and 1 mL aliquots were made and stored at -20°C. Before use, 125 L of

B-mercaptoethanol was added.
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2.1.5 Buffers for polyacrylamide gel preparation

500 mL of 4x separating buffer (1.5 M Tris, 0.4% SDS) was prepared by dissolving
91 g of Trizma base in 300 mL of deionised water. The pH was adjusted with 13 M
HCI until reaching 8.8. 2 g of SDS was dissolved in the solution before bringing the
volume to 500 mL. This was used for making the separating layer of polyacrylamide

gels.

100 mL of 4x stacking buffer was prepared by dissolving 6.05 g of Trizma-base in
50 mL of deionised water. The pH was adjusted to 6.8 with concentrated HCI, then
0.4 g of SDS was added to the solution and stirred until dissolved. The volume was
topped up to 100 mL. This buffer was used for making the stacking layer of

polyacrylamide gels.

2.1.6 5x Tris-Acetate-EDTA buffer (TAE)

5 L of TAE (200 mM Tris, 10 mM EDTAx2H20, 100 mM acetic acid) was prepared

by combining the following in 4.5 L of deionised water:

121.19 g Trizma-base (Sigma, T6066)

18.6 g EDTAX2H20

28.6 mL glacial acetic acid

After stirring until dissolved, the pH was adjusted to 8.5 with 13 M HCI before topping

up the solution to 5 L.

2.1.7 Potassium phosphate buffered saline (KPBS)

1 L of KPBS (136 mM KCI, 10 mM KH2PO4) was prepared by combining the

following in 900 mL of Mili-Q water:

63



10.13 g KCI (Sigma, P9541)

1.36 g KH2PO4 (Sigma, P0662)

After stirring until dissolved, the pH was adjusted to 7.25 using pellets of KOH before

topping up the solution to 1 L. The solution was autoclaved and stored at 4°C.

2.2 Materials and reagents

The following tables list reagents and materials used in this study

Reagent Catalogue number | Supplier
Lipofectamine RNAIMAX 13778075 Invitrogen
FuGENE HD Transfection reagent E2311 Promega
Polyethylenimine (PEI) transfection 7854 Tocris
reagent
Benzonase enzyme 71205 Merck Millipore
Veliparib S1004 Selleckchem
Talazoparib S7048 Selleckchem
Olaparib S1060 Selleckchem
CB-5083 S8101 Selleckchem
Bafilomycin Al B0025 LKT
Torin-1 14379 Cell Signalling
Technology
Doxycycline A2951,0025 PanReac AppliChem
Pen-Strep P4333 Sigma-Aldrich
Dulbecco's Modified Eagle Medium D6429 Merck
FluoroBrite™ DMEM A1896702 Gibco
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Opti-MEM™ Reduced Serum 31985070 Gibco

Medium

Fetal bovine serum A5256801 Thermo Fisher Scientific
Resazurin powder R7017-1G Sigma Aldrich

DAPI D9542 Sigma Aldrich
LysoView™ 680 70086 Biotium
Fluoromount-G™ Mounting Medium 00-4958-02 Invitrogen

ProLong™ Glass Antifade Mountant | 15898391 Invitrogen

Precision Plus Protein Dual Colour 1610374 BioRad

Standards

40 % acrylamide/bisacrylamide A3699 Merck
Tetramethylethylenediamine T9281 Sigma Aldrich
(TEMED)

Pierce anti-HA magnetic beads 88837 Thermo Fisher Scientific
GFP-Trap® Magnetic Particles M-270 | gtd-20 ChromoTek

9 mm no. 1 thickness glass 10313573 Fisher scientific
coverslips

NHel-HF R3131S New England Biolabs
EcoRV-HF R3195S New England Biolabs
Q5® High-Fidelity 2X Master Mix M0429 New England Biolabs
Quick-Load® Tag 2X Master Mix MO271L New England Biolabs
MycoAlert™ Mycoplasma Detection LTO7-318 Lonza Bioscience

Kit

NEBuilder® HiFi DNA Assembly E5520S New England Biolabs
Cloning Kit

Monarch® DNA Gel Extraction Kit T1020L New England Biolabs
QIAquick PCR Purification Kit 28104 Qiagen
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Chemiluminescent Substrate

NEB® Stable Competent E. coli cells | C3040H New England Biolabs
GeneJet RNA purification kit K0731 ThermoFisher
NucleoSpin Plasmid miniprep kit 740588 Macherey-Nagel
Duolink® In Situ PLA® Probe Anti- DU092002 Sigma-Aldrich
Rabbit PLUS

Duolink® In Situ PLA® Probe Anti- DU092004 Sigma-Aldrich
Mouse MINUS

Duolink® In Situ Detection Reagents | DUO92013 Sigma-Aldrich
FarRed

DC protein quantification 5000111 BioRad
SuperSignal™ West Pico PLUS 34579 Thermo Scientific

Table 2: Reagents and commercial kits. Catalogue numbers and suppliers are listed.

Antibody Catalogue number | Supplier Dilution
Anti-PARP1 (E102) | ab32138 Abcam IF 1:100, WB
1:1000, PLA 1:250

Anti-Myc (9B11) 2276 Cell Signalling IF 1:500

Anti-yH2AX (P- 05-636 Millipore IF 1:250

Serl39)

Anti-53BP1 4937S Cell Signalling IF 1:250
Technology

Anti-RPA32 2208 Cell Signalling IF 1:250
Technology

Anti-GFP antibody | Ab290 Abcam PLA 1:500

Anti-V5 antibody R96025 Novex PLA 1:500
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(whole molecule)—

Peroxidase

donkey anti-Mouse | A-31570 Invitrogen IF 1:500

Alexa Fluor 555

donkey anti-Rabbit | A-21206 Invitrogen IF 1:500

Alexa Flour 488

Anti-HA (Y-11) sc-805 Santa Cruz WB 1:1000

Anti-LC3B 2775S Cell Signalling WB 1:1000
Technology

Anti-Atg7 [D12B11] | 8558 Cell Signalling WB 1:1000
Technology

Anti-LAMP1 21997-1-AP Proteintech WB 1:1000

Anti-TEX264 Homemade Raimundo Freire WB 1:1000
lab

Anti-Vinculin (7F9) | sc-73614 Santa Cruz WB 1:5000

Anti-p97 10736-1-AP Proteintech WB 1:1000

Anti-histone H3 ab1791 Abcam WB 1:5000

Anti-UFD1 10615-1-AP Proteintech WB 1:1000

Anti-RNF4 NBP2-13243 Novus WB 1:1000

Anti-DVC1 HPA025073 Atlas WB 1:1000

Anti-ATX3 MAB5360 Millipore WB 1:1000

Anti-STX17 HPA001204-100UL | Sigma Aldrich WB 1:1000

Anti-Mouse 1gG A9044 Sigma Aldrich WB 1:50,000

(whole molecule)—

Peroxidase

Anti-Rabbit 1IgG A0545 Sigma Aldrich

Table 3: Antibodies used in this study. Catalogue number and supplier are included, as well as
dilution for specific purposes.
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2.3 Cell culture

2.3.1 Cell line maintenance

CAL51 (DSMZ, ACC 302), HeLa (ATCC, CCL-2), MDA-MB231 (ATCC, Htb-26) and

RPE hTERT TP53’- BRCA1”- (a gift from Madalena Tarsounas) were maintained in

Dulbecco's Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine

serum and 1x penicillin—streptomycin. Cells were incubated at 37°C and 5% CO:2

and passaged every 48-72 hrs to maintain at sub-confluency.

2.3.2 siRNA and plasmids used in this study

siRNA (Table 4) was used in RNA interference experiments and plasmids (Table 5)

were used for transfection and generation of stable cell lines.

1 (#2)

RNAI Cat. No. Supplier Sequence
SITEX264_7 (#1) Microsynth CTCATCGACCTCTACCAGAAA
SITEX264 8 (#2) Microsynth CGGCTGGAGATCTACCAGGAA
siSPRTN_3'UTR Microsynth GUCAGGAAGUUCUGGUUAA
(#1)
SiISPRTN_D2 (#2) | J-015442-21- Dharmacon

0050
siUFD1_5 (#1) L-017918-00- | Dharmacon

0005
siUFD1_6 (#2) S104132583 QIAGEN CACTGGATGATGC-AGAACTTA
SIATXN3_4 (#1) Microsynth UGCGUCGGUUGUAGGACUAAA
SIATXN3_3’'UTR- Microsynth GGAAUGUAGGUGUCUGCUU
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SIATG7

J-020112-05-

0010

Dharmacon

CCAACACACUCGAGUCUUU

SiVCP_7

QIAGEN

AACAGCCAUUCUCAAACAGAA

Table 4: siRNA used in this study. Supplier, catalogue number and sequence are provided where

available.

Plasmid name

Use

Source

pLX313-TP53-WT

Backbone for generation of

pLX313 plasmids

AddGene No: 118014

pLX313-TEX264-FL

For expression of TEX264"T and

generation of stable cell lines

Generated here

pLX313-TEX264-

SHP*

For expression of TEX2645H"

and generation of stable cell lines

Generated here

pLX313-TEX264-LIR*

For expression of TEX264R" and

generation of stable cell lines

Generated here

pLX313-V5_EV

For generation stable cell line

expressing empty vector V5

Generated here

pFIRES-PURO-

FLAG-RNF4-WT

For transient over-expression of

RNF4WT

(Rojas-Fernandez et al.,

2014)

pFIRES-PURO-
FLAG-RNF4-
M136A+R177A (E2

binding mutant)

For transient over-expression of

dominant negative RNF4 mutant

(Rojas-Fernandez et al.,

2014)

pLIC5-TMEM192-

For generation of HeLa and

AddGene No. 102930

3xHA CAL51 TMEM stable cell lines for

lysolP
pLJIC6-3XHA- For creation of HeLa TEX264™" AddGene No. 104434
TMEM192 TMEM stable cell line for lysolP
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pmCherry-PARP1- For mCherry-PARP1-GFP Generated by genome

eGFP reporter assay engineering facility at
WIMM
pmCherry-eGFP Backbone for generation of AddGene No. 86639

pmCherry-PARP1-eGFP

TEX264 For creation of TEX264" cell lines | Santa Cruz, sc-417333
CRISPR/Cas9 KO

Plasmid (h)

TEX264 HDR Plasmid | For creation of TEX2647 cell lines | Santa Cruz, sc-417333-

(h) HDR

pAmphoR envelope For creation of lentiviral particles | Gift from Vincenzo

plasmid D’Angiolella
A8.2R packaging For creation of lentiviral particles | Gift from Vincenzo
plasmid D’Angiolella

Table 5: Plasmids used in this study. The plasmid name, purpose and source are listed.

2.3.3 siRNA transfection

Cells were transfected with siRNA using lipofectamine RNAIMAX according to
manufacturer’s instructions. Briefly, siRNA and RNAIMAX were incubated in Opti-
MEM™ Reduced Serum Medium at room temperature before being added to cells
for 4 hrs with half the usual volume of media. After 4 hrs, media was topped up or
cells were seeded, as required for the specific experimental protocol. Experiments

were carried out 72 hrs after siRNA transfection.

2.3.4 Plasmid DNA transfection

Transient transfection with plasmids was carried out using FUGENE HD

Transfection reagent for microscopy-based experiments, according to
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manufacturer’s instructions. Briefly, plasmid DNA and FUGENE were mixed in Opti-
MEM™ Reduced Serum Medium and incubated for 15 mins at room temperature
before adding to cells with half the usual volume of complete DMEM. After 4 hrs,
cells were trypsinised and seeded as required for the specific experiment which was
carried out 24 hrs after transfection. For all other experiments, Polyethylenimine
(PEI) transfection reagent was used according to manufacturer’s instructions. PEI
and DNA were incubated in Opti-MEM™ at 37°C for 15 mins before adding to cells
with half the usual volume of media without FBS. After 4 hrs, media was replaced
with complete media containing FBS and penicillin—streptomycin. Experiments were

performed 24 hrs after DNA transfection.

2.3.5 Generation of stable cell lines

Stable cell lines (Table 6) were sourced from published literature or generated in

this study.

Cell line Source Details of generation

CAL51 PARP1" PARP1"'- | Krastev et al. (2022)

GFP

CAL51 PARP1" PARP1"S- | Krastev et al. (2022)

GFP

CAL51 PARP1” PARP1V'- | Generated here pLX313-TEX264-FL, 600
GFP TEX264""-V5 pg/mL hygromycin

CAL51 PARP1”" PARP1"'- | Generated here pLX313-V5_EV, 600 pg/mL
GFP EV-V5 hygromycin

CAL51 TEX264™" Generated here TEX264 CRISPR/Cas9 KO

Plasmid (h)

TEX264 HDR Plasmid (h)
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CAL51 TEX2647"

TEX264"T-v5

Generated here

pLX313-TEX264-FL, 600

pg/mL hygromycin

CAL51 TEX2647"

TEX264°H7"-v5

Generated here

pLX313-TEX264-SHP*,

600 pg/mL hygromycin

CAL51 TEX2647"

TEX264"R-v5

Generated here

pLX313-TEX264-LIR*, 600

pg/mL hygromycin

CAL51 PARP1" PARP1"'-

GFP TMEM192-3HA

Generated here

pLIC5-TMEM192-3xHA, 2

pHg/mL puromycin

CAL51 PARP1" PARP1XS-

GFP TMEM192-3HA

Generated here

pLIC5-TMEM192-3xHA, 2

pHg/mL puromycin

HelLa TEX2647"

Fielden et al. (2020)

HelLa TEX2647 TEX264"'-

V5

Generated here

pLX313-TEX264-FL, 150

pg/mL hygromycin

HelLa TEX2647"

TEX264°"P*-v5

Generated here

pLX313-TEX264-SHP*,

150 pg/mL hygromycin

HelLa TEX2647"

TEX264-R"-v5

Generated here

pLX313-TEX264-LIR*, 150

pHg/mL hygromycin

HeLa TMEM192-3HA

Lascaux et al. (2024)

HelLa TEX2647" TMEM192-

3HA

Lascaux et al. (2024)

HeLa STX17*° TMEM192-

3HA

Lascaux et al. (2024)

HelLa doxycycline-inducible

ShATG7

Lascaux et al. (2024)

RPE1 hTERT TP53"

BRCAL1™"

Gift from Madalena

Tarsounas
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RPE1 hTERT TP53" Gift from Madalena

BRCAL1” Olaparib resistant | Tarsounas

Table 6: Stable cell lines used in this study. The source is stated as well as details of their
generation for those that were generated in this study.

Cells were induced to stably express TMEM192-3HA, TEX264WT-V5, TEX264SHP"-
V5, TEX264-R-V5 or empty vector (EV)-V5 using lentiviral transduction. Lentiviral
particles were generated using HEK293T cells in a 15 cm dish transfected with
transfer plasmid for the gene of interest (1.64 pmol), pAmphoR envelope plasmid
(0.72 pmol) and A8.2R packaging plasmid (1.3 pmol) using PEI transfection reagent
in a ratio of 1:3 DNA:PEI. After 72 hours, viral particles were harvested by removing
the media from the cells, centrifuging at 500 g and filtering through a 0.45 ym PES
filter to remove any packaging cells. 500 pL of viral mixture was mixed with 500 pL
of complete DMEM containing 16 pg/mL polybrene. This mixture was added onto
cells at 30-50% confluency in a 6 well-plate. Virions were also generated without
transfer plasmid and added to cells in the same way to serve as a negative control
for plasmid transduction. Transfer plasmids contained genes for resistance to a
specific antibiotic which was added at a pre-determined optimal dose (Table 6) the
day after transduction. After ~4 days, all negative control cells were dead indicating
only successfully transduced cells remain in other wells. These cells were
trypsinised and counted with a haemocytometer before making up a mixture of cells
at 10 cells/mL in antibiotic-containing media. 100 uL was seeded per well of a 96
well-plate, meaning 1 cell should occupy each well. The plate was incubated for 1-
2 weeks, with antibiotic media replaced every 4 days, until single colonies were
observed in individual wells. These colonies were expanded onto 24 well-plates,
then to 6 well-plates and up to T75 flasks. Several clones were propagated,

validated and frozen for each cell line. Validation was by Western blot to compare
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protein level to endogenous level and by immunofluorescence to ensure proper cell

localisation and fluorescence, where appropriate.

CAL51 TEX2647- were created by CRISPR/Cas9 knockout of TEX264 using two
plasmids purchased from Santa Cruz, one containing a pool of plasmids encoding
guide RNA against TEX264 and Cas9 and another homology-directed repair
plasmid encoding for puromycin resistance. 2.5 ug of each plasmid was transfected
into CAL51 cells using FUGENE at a ratio of 1:3 DNA to FUGENE. Transfection was
carried out as already described. After 3 days, media containing 2 ug/mL puromycin
was added to transfected cells as well as a non-transfected negative control. After
all negative control cells had died, single cell clones were generated and expanded
as described above for generation of other stable cell lines. Anumber of clones were

validated for loss of TEX264 expression by Western blot.
2.4 Molecular and cellular biology techniques
2.4.1 Generation of plasmid DNA by molecular cloning

To generate lentiviral plasmids expressing C-terminal V5-tagged TEX264WT,
TEX264SHP" TEX264R", TEX264 sequences were cloned into a pLX313 backbone
which contained a V5-tag (AddGene, #118014). The backbone plasmid contained
an insert encoding p53 which was first removed by restriction digest with NHel-HF
and EcoRV-HF in CutSmart buffer (NEB). The restriction digest reaction was carried
out at 37°C for 30 mins, then the DNA mixture was resolved on a 1% agarose gel
at 100 V for 1 hr. The band corresponding to the linear backbone with p53 insert
removed was cut from the gel and underwent gel extraction using the Monarch®
DNA Gel Extraction Kit to purify the backbone. TEX264 inserts were PCR amplified

from TEX264VT or TEX264SHP” plasmids previously generated (Fielden et al., 2020),
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or from TEX264'R" (Chino et al., 2019) using primers listed in Table 7. The mutant

variants encode for the following point mutations are as follows: SHP* G280R,

G282R, L284A; LIR* F273A.

Oligo Sequence Purpose

TEX- aggtgtcgtgaggctagcatgtcggacctgctactactgg | Generation of pLX313-

pLX313_Fwd gc TEX264T, -
TEX264SHP" -
TEX264-R

TEX- gataggcttaccgatatcctccttgcccttctcaggggce Generation of pLX313-

pLX313_Rev TEX264T, -
TEX264SHP" -
TEX264-R

V5_pLX313_Fwd

ccatttcaggtgtcgtgaggatgggtaagcctatccctaa

ccctetecteggt

Generation of pLX313-

V5_EV

V5 pLX313_Rev

aaccctctcctcggtctcgattctacgtagatcggtaagec

tatccctaa

Generation of pLX313-

V5_EV

Table 7: Primers used for generation of plasmids. The sequence and purpose of each primer is

listed.

The PCR mix was prepared using 0.5 uM of each primer, Q5® High-Fidelity 2X

Master Mix and 0.5 pL of template DNA. PCR conditions (Table 8) were chosen with

an extension time to account for template DNA length and annealing temperature

to account for primer melting temperature (Tm).

98°C, 30 seconds

35 cycles

98°C, 10 seconds

60°C, 30 seconds
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72°C, 30 seconds

72°C, 120 seconds

Table 8: PCR conditions for molecular cloning.

Amplicons were validated by running a small sample on a 1% agarose gel, then the
insert was purified from the mixture using a QIAquick PCR Purification Kit. Inserts
were ligated into pLX313 using NEBuilder® HiFi DNA Assembly. 20 femtomole of
backbone and 40 femtomole of insert were combined with 2x NEB builder to 10 pL,
then heated at 50°C for 30 mins. To generate pLX313-V5_EV, two overlapping
oligos (Table 7) were ligated into pLX313 that would insert a STOP codon after the
V5 tag. Ligated plasmids were transformed into NEB® Stable Competent E. coli
cells with heat shock and spread on agar plates containing 100 pg/mL ampicillin.
After incubating overnight at 37°C, 10-20 colonies were picked from each plate and
underwent colony PCR to identify clones containing the correct plasmid. Colony
PCR was carried out using the same primers as were used to amplify the insert but
in Quick-Load® Taq 2X Master Mix. Positive clones were identified by running the
PCR output on 1% agarose gel, then those clones were amplified overnight in LB
and the plasmid isolated by miniprep, using the NucleoSpin Plasmid miniprep Kkit.
Plasmids sequences were confirmed by sequencing at Source BioScience, Oxford,

UK.
2.4.2 Colony formation assay

Colony formation assays were used to assess cell survival. Cells were seeded in 6
well-plates at 1000 cells/well for WT and 1500 cells/well for TEX264- cells, with
triplicate wells for each condition. After 16 hrs, media containing drug treatment was
added to each well for the time described for each experiment, then drug media was

washed, and colonies were allowed to grow in recovery media for 6-10 days until
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colonies were ~50 cells in diameter. Wells were washed with PBS, then fixed in
100% methanol for 10 mins before staining in crystal violet (1.23 mM crystal violet,
1% formaldehyde, 1% methanol, 1x PBS) for at least 10 mins until colonies were
dark purple. Excess crystal violet was washed out of plates, then the plates were
dried before being scanned and counted using GelCount (Oxford Optronix). Colony
counts were normalised by dividing by the average number of colonies in the

untreated wells.

2.4.3 Resazurin cell viability assay

500-1000 cells/well were seeded in a black well, clear bottom 96 well-plate with
each condition seeded in triplicate. After 16 hours, treatment media was added for
the time stated in figure legends. Media containing 30 ug/mL resazurin was added
for 4 hrs before taking fluorescence measurements. Resazurin media was added to
3 empty wells to serve as a blank. Fluorescence was measured at 570 nm using a
plate reader. Higher fluorescence is due to greater reduction of resazurin dye to the
highly fluorescent resorufin dye by higher metabolic activity, indicating more live
cells in the well. The average fluorescence detected in the blank sample was

subtracted from each reading to normalise for background fluorescence.

2.4.4 Immunofluorescence

Cells were seeded and grown on 9 mm no. 1 thickness glass coverslips in 6 well-
plates to 70-90% confluency. After drug treatment, coverslips were washed once
with PBS. In all immunofluorescence experiments, cells underwent detergent pre-
extraction before fixation to wash out all proteins not bound to chromatin. Pre-
extraction buffer (25 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM EDTA, 3 mM MgClz,

300 mM sucrose and 0.5% (v/v) Triton X-100) was added on ice for 2-2.5 mins,
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before washing once with the same buffer without Triton X-100. Cells were fixed for
15 mins on ice with 4% formaldehyde in PBS. Coverslips were blocked with 5% BSA
for 1 hr at 37°C, then sequentially incubated with antibodies diluted in 2.5% BSA for
1 hr at room temperature. Antibodies used were anti-PARP1, anti-myc, anti-yH2AX,
anti-RPA, anti-53BP1, donkey anti-Mouse Alexa Fluor 555, and donkey anti-Rabbit
Alexa Flour 488. Images were acquired using either the Andor Dragonfly confocal
or Nikon Ni-E widefield microscopes and analysed with custom CellProfiler pipelines

to count foci and measure signal intensity.

2.4.5 Proximity ligation assay

Proximity ligation assay (PLA) was performed using the Duolink® In Situ PLA® Kits,
following the manufacturer protocol. CAL51 cells stably expressing both PARP1-
GFP and TEX264-V5 were seeded and grown on glass coverslips to 70-90%
confluency. After treatment, cells were fixed with 4% formaldehyde in PBS for 10
mins, then permeabilised with 0.25% triton X-100 for 10 mins. After 3 washes in
buffer A (150 mM NaCl, 10 mM Tris pH 7.4, 0.05% Tween 20), cells were blocked
in the provided blocking reagent. Further washes in buffer A were followed by
incubation with anti-GFP and anti-V5 primary antibodies (1:500). Coverslips were
then incubated with PLAPLUS and MINUS probes. Cells were incubated with ligase
followed by polymerase, with washes in buffer A between each step. Coverslips
were then washed twice with wash buffer B (100 mM NaCl, 250 mM Tris pH 7.5)
before staining with DAPI (1:1000) for 10 mins. Finally, coverslips were washed
twice with buffer A and once with 0.01x buffer B before mounting using ProLong™
Glass Antifade Mountant. Images were taken using the Leica DMi8 SP8 FALCON

with 63 x lens with a 1.4 NA and water immersion. Images were acquired in 2048 x
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2048-pixel format at 8-bit. Analysis was carried out using Imaged and a bespoke

pipeline on CellProfiler.

2.4.6 mCherry-PARP1-GFP reporter assay

Cells were transfected with pmCherry-PARP1-eGFP using FUGENE for 24 hrs
before the assay began. For fixed imaging, cells were seeded in 6 well-plates onto
glass coverslips as described for immunofluorescence. After treatment, coverslips
were washed once in PBS and fixed with 4% formaldehyde in PBS for 15 mins at
room temperature. Cells were washed 3 times with 0.01% BSA in PBS, then
incubated with DAPI diluted 1:10,000 in PBS for 30 mins in the dark. Coverslips
were washed 3 times with 0.01% BSA in PBS, then mounted on glass slides using
ProLong™ Glass Antifade Mountant. Cells were imaged on the confocal Leica DMi8
SP8 FALCON and analysed using Imaged. Quantification was performed manually

by counting the number of red cytosolic puncta per cell.

For live cell imaging, cells transfected to express mCherry-PARP1-GFP were
seeded in 35 mm glass bottom dishes. LysoView™ 680 was added 20 mins prior to
beginning the live imaging assay. Regular DMEM was washed out with PBS and
replaced with FluoroBrite™ DMEM which contains no phenol red to prevent
background fluorescence signal. Confocal images were captured on an Olympus
IXplore Spin-SR microscope using a 50 um pinhole spinning disc. A 60x/1.3 NA
Lens was used, and images were obtained using a Hamamatsu ORCA fusion BT
camera. 12 ym Z-stacks were captured using a z spacing of 0.8 um, over a 4-hour

time course at 35 second intervals.
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2.4.7 Preparation of whole cell lysate

Cells were harvested by scraping and centrifuged at 400 g for 3 mins at 4°C. The
cell pellet was washed by resuspending in ice cold PBS before centrifugation. The
cell pellet was then resuspended in RIPA lysis buffer (10 mM Tris-HCI pH 8.0, 1 mM
EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140

mM NaCl) containing inhibitors indicated in the Table 9.

Chemical Source Target Working
conc
NaszVO, Sigma 56508 Tyr, ATP and alkaline phosphatase | 1 mM
1450243
NazP,0~ Sigma 221368 Ser/Thr phosphatase 2mM
NaF Sigma S7920 Acid phosphatase 10 mM
Leupeptin Santa Cruz sc- Ser, Thr, Cys protease 1 pg/mL
295358a
Pepstatin Sigma 11524488001 | Aspartic protease 1 pg/mL
Aprotinin Sigma A1153 Serine protease 10 pg/mL
PMSF Sigma P7626 Serine protease 0.1 mM
N-Ethylmaleimide | Sigma E3876 Cysteine peptidases /DUBs 10 mM
(NEM)

Table 9: Protease and phosphatase inhibitors. Source, target and working concentration are
indicated for use in preparation of lysates and other protein samples.

The volume of lysis buffer used was roughly double the volume of the cell pellet.
Lysis was performed for 10 mins on ice, then the lysate was sonicated at 4°C for 10
cycles of 30 seconds on and 30 seconds off in a BioRuptor pico. The sample was
centrifuged at 20,000 g for 10 mins to pellet any debris or membrane components

and the supernatant was stored as lysate. Lysate protein concentration was
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determined by detergent compatible (DC) assay according to manufacturer’s
instructions. 2 pL of sample was loaded into a well of a 96 well-plate. 20 uL alkaline
copper tartrate was diluted in 1 mL surfactant solution and 25 pL of this mixture was
added to each well. 200 uL Folin reagent was added to each well and the plate was
incubated in the dark at room temperature for 15 mins before absorbance was read
at 650-750 nm on ClarioStar plate reader. Samples were measured in duplicate,
with 2 blank wells containing no sample to eliminate background signal. A range of
BSA concentrations were used to generate a standard curve to determine sample
protein concentration from absorbance. Between 10-100 pg of protein, depending
on the nature of the assay and sensitivity of the antibody for the target protein, was

prepared for Western blot detection by dilution of lysate with 5x Laemmli buffer.

2.4.8 Western blot

Western blots were used to separate and detect proteins in lysolP,
immunoprecipitation and whole cell lysate experiments. 5-18% gradient
polyacrylamide gels were prepared in house by preparing solutions for 5%, 18%
and stacking gels. Glass plates were setup in the casting chamber. Using one
stripette, the 5% solution, then the 18% mixture was taken up, drawing a bubble
through the solutions to create the gradient. This was added between the glass
plates and 100% isopropanol added on top to prevent the gel drying out during
polymerisation. After the separating layer had polymerised, the stacking layer was
added on top with a comb added to create wells during polymerisation. The

acrylamide solutions were prepared according to Table 10.

Reagent 5% 18% Stacking

Deionised water 6.93 mL 1.73 mL 4.89 mL
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4 x separating buffer 3mL 3mL 2mL

40 % 2mL 7.2mL 1.07 mL

acrylamide/bisacrylamide

10 % ammonium persulfate | 60 pL 60 pL 40 pL

TEMED 16 L 16 L 16 uL

Table 10: Components for preparation of 4 polyacrylamide gels.

Samples, prepared with Laemmli buffer as described for specific protocols, and
Precision Plus Protein Dual Colour Standards were loaded into gels setup in the
mini-PROTEAN system (BioRad). SDS-PAGE was run in running buffer (1x Tris-
glycine, 0.1% SDS) at 50 V until samples entered the separating gel, then at 100 V.
Proteins were transferred onto PVDF membrane by wet transfer using the Mini
Trans-Blot® Cell system (BioRad) in ice-cold transfer buffer (1x Tris-glycine, 20%
methanol, 0.025%) at 100 V for 75 mins. Transfer was kept at 4°C using frozen ice
packs and carried out in the cold room to maximise efficiency and quality of protein
transfer, especially of larger proteins. Membranes were blocked 5% milk in TBST
for 30 mins, then incubated at 4°C overnight in primary antibodies in 2.5% BSA
dissolved in TBST. Membranes were washed twice in TBST for 15 mins before
incubating at room temperature in HRP-labelled secondary antibodies, according to
species, prepared in 2.5% milk in TBST. After washing twice for 10 mins in TBST,
protein signals were visualised by adding SuperSignal™ West Chemiluminescent
Substrate for 5 mins. Pico PLUS or femto maximum sensitivity substrates were used
depending on the amount of protein to be detected. Protein signals were imaged
using the iBright imaging system (Thermo-Fisher Scientific) and analysed using the
iBright Analysis Software to prepare images, with ImageJ used to quantify signal

intensity.
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2.4.9 Immunoprecipitation of intact lysosomes (LysolP)

Cells were generated to stably express TMEM192-3HA. These cells, as well as
parental control cells, were seeded on 15 cm dishes to be sub-confluent at the time
of treatment. After treatment, cells were washed and harvested in KPBS by
scraping. After cell pellet resuspension in KPBS, 2.5% was taken as an input sample
and lysed in RIPA buffer as described for preparation of whole cell lysate. Cells were
homogenised with 15 strokes in a Dounce homogeniser to lyse cells and release
intact cellular organelles. Cytosolic organelles including lysosomes were isolated in
the supernatant by centrifugation at 1000 g for 2 mins. Anti-HA magnetic beads
were prepared in advance by blocking in 5% BSA for 1-2 hrs on a rotating wheel at
4°C. Supernatant was loaded onto anti-HA magnetic beads and incubated for 15
mins on a rotating wheel at 4°C. Beads were washed 5 times for 3 mins in KPBS
on the wheel, then eluted in 2x Laemmli at 95°C for 10 mins. Elution and input
samples were loaded onto SDS-PAGE gels for protein separation and detection by

Western blot.

2.4.10 Co-immunoprecipitation from chromatin fraction

CAL51 cells expressing PARP1-GFP and CAL51 WT control cells were seeded on
15 cm dishes to sub-confluency at the time of treatment. After treatment, cells were
washed on the plate once in PBS, then harvested in PBS containing 3 mM EDTA
by scraping. Cells were pelleted by centrifugation at 400 g for 3 mins at 4°C. To lyse
cells and isolate the nuclear pellet, cells were resuspended in twice the pellet
volume of buffer A (10 mM HEPES pH 7.45, 10 mM KCI, 340 mM sucrose, 3 mM
EDTA, 10% glycerol, protease and phosphatase inhibitors, NEM), then triton X-100

was added to a final concentration of 0.1%. This mixture was incubated on ice for 5
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mins at 4°C. The nuclear pellet was isolated by centrifugation at 300 g for 3 mins
and washed twice in buffer A without triton. A volume of buffer B (3 mM EDTA, 0.2
mM EGTA, 5 mM HEPES pH 7.9, protease and phosphatase inhibitors, NEM) equal
to the pellet size was added to the nuclear pellet which was resuspended gently by
flicking the tube. The mixture was incubated on ice for 10 mins, then centrifuged at
1700 g for 3 mins to isolate chromatin. To remove membrane contamination, the
chromatin pellet was washed twice with buffer B containing 0.5% triton and
incubated for 15 mins on a rotating wheel at 4°C. The pellet was then washed with
benzonase buffer (50 mM Tris-HCI pH 7.9, 100 mM NaCl) and finally with
benzonase buffer containing 10 mM MgCl2. The pellet was isolated between
washes by centrifugation at 5000 g for 5 mins. Chromatin was digested for 1 hr at
4°C with rotation with 125 U/mL benzonase in 200-500 uL (volume dependent on
pellet size) benzonase buffer containing 10 mM MgClz, protease and phosphatase
inhibitors and NEM. After 1 hr of digestion, the supernatant was cloudy, and the
pellet had disappeared indicating digestion of soluble chromatin. The soluble
chromatin fraction in the supernatant was isolated by centrifugation at 20,000 g for
10 mins. 25 pL of sample was reserved as an input sample, which was prepared for
analysis by Western blot by addition of 25 pL of 2x Laemmli buffer and boiling at
95°C for 10 mins. Ethidium bromide was added to the remainder of the sample to a
concentration of 50 yg/ml to reduce unspecific binding to the beads. GFP-trap
beads were prepared in advance by blocking in 5% BSA in IP wash buffer (50 mM
Tris-HCI pH 7.4, 150 mM NaCl, 0.5 mM EDTA) without triton X-100 or any inhibitors.
After washing beads in IP wash buffer to remove BSA, samples were loaded onto
8 uL of beads per sample and incubated for 3 hrs at 4°C with rotation. Beads were

washed 3 times for 15 mins with IP wash buffer (50 mM Tris-HCI pH 7.4, 150 mM
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NaCl, 0.5 mM EDTA, 0.05% triton X-100, protease and phosphatase inhibitors,
NEM), before elution with 2x Laemmli buffer and boiling at 95°C with shaking.
Samples were run on SDS-PAGE gels for protein separation and detection by

Western blot.
2.4.11 RNA extraction and RNA-sequencing

For RNA-sequencing experiments, RNA was extracted from HeLa and CAL51 WT
and TEX2647 cells at 80% confluency in a well of a 6 well-plate. GeneJet RNA
purification kit was used with RNA extraction carried out according to manufacturer’s
instructions. Briefly, cells were lysed by resuspending in lysis buffer supplemented
with B-mercaptoethanol and passed through a 20-gauge syringe several times.
Ethanol was added to the lysate, which was then added to the purification column.
The column was centrifuged for 1 min at 12,000 g, allowing the lysate to pass
through and RNA to bind to the silica membrane. The membrane was washed with
wash buffer 1, then twice with wash buffer 2, with centrifugation to wash the
membrane. The column was transferred to a sterile microcentrifuge tube and RNA
was eluted with nuclease-free water. RNA was quantified by nano-drop to ensure
the concentration was higher than 20 ng/uL and both the 260/230 and 260/280
ratios were above 2.0 to indicate sufficient purity. 3 biological repeats were sent to
Novogene for sequencing, RNA sample quality control, mRNA library preparation
(polyA enrichment), lllumina Sequencing and bioinformatic analysis. Bioinformatic
analysis performed by Novogene included: (i) data quality control and filtering, (ii)
mapping to reference genome GRCh38/hg38, (iii) gene expression quantification
and correlation analysis, (iv) differential expression analysis, (v) enrichment

analysis and (vi) gene set enrichment analysis.
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2.4.12 Data presentation and statistical analysis

Image data analysis and representation was carried out using CellProfiler™ (Broad
Institute, https://cellprofiler.org/) and ImageJ (NIH,
https://imagej.net/Fiji/Downloads). Images are shown with scale bars of 10 um
unless otherwise stated. Graphs were plotted and statistical analysis was performed
using Prism v10 (GraphPad Software, https://www.graphpad.com). All experiments
were performed at least 2 times, with number of replicates indicated in the figure
legends. Error bars represent SEM. Tukey box plots are as standard, where centre
line equals the median, box indicates the interquartile range and whiskers indicates
1.5x interquartile range. Statistical tests (Student’s t-test, one-way ANOVA, two-way
ANOVA) used are indicated in the figure legends. Asterisks are used to indicate p

values (p>0.05 = ns, p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****),
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3. Results: Identification and validation of p97 co-factor TEX264 in

cellular response to PARP1 trapping

Similar to other DPC and DPC-like adducts, cytotoxic trapped PARP1 can be
cleared from chromatin by the p97 system. This has previously been detected by
chromatin co-immunoprecipitation which determined that p97 localises to trapped
PARP1 through sequential SUMOylation and ubiquitination, with inhibition of p97
causing an accumulation of trapped PARP1 in chromatin fractions (Krastev et al.,
2022). However, due to its pleiotropic roles, the p97 system relies on a series of co-
factors to regulate interaction with its substrates and give p97 specificity of function
(Buchberger et al., 2015; Meyer, Bug, & Bremer, 2012). To better understand the
function of the p97 system in regulating trapped PARP1 and how this could be
therapeutically targeted whilst restricting effects on the pleiotropic roles of p97, we

first sought to investigate which co-factors may be involved in this process.
3.1p97 inhibition increases PARP1 trapping

PARPI affect both the catalytic activity of PARP1 and cause it to become trapped on
chromatin, with the latter being the source of cytotoxicity (Murai et al., 2012). To
explore PARP1 trapping levels, | established an immunofluorescence assay to
screen exclusively for chromatin-bound trapped PARP1. Cells were treated with a
low dose of the alkylating agent methyl methanesulfonate (MMS) to induce abasic
sites that recruit PARP1, and PARPI talazoparib, which is known to be one of the
strongest inducers of trapped PARP1 (Murai et al., 2014; Shen et al., 2013). This
caused levels of trapped PARP1 that can be detected by immunofluorescence with
detergent pre-extraction to exclude any proteins not tightly bound to chromatin. To

verify the effectiveness of this assay, previously generated CAL51 PARP17- cells
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were used in which either PARP1WT or trapping deficient PARP19!-p.119K120S had
been introduced (Krastev et al., 2022). K119 and S120 are both key DNA-contacting
residues in the second zinc finger domain of PARP1 (Ali et al.,, 2012) whose
mutation impairs its ability to trap PARP1 on DNA and, thus, induces resistance to
talazoparib (S. J. Pettitt et al., 2018). Trapping conditions (talazoparib and MMS
treatment) induced clear trapped PARP1 foci in PARP1"T cells, whereas expression
of the trapping deficient PARP19elp-119K120S ghjated this signal down to untreated
levels (Fig 11A, B), validating the use of this assay for detecting trapped PARP1.
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Figure 11: Impaired p97 activity causes increased trapped PARP1. (A and B)
Immunofluorescence with detergent pre-extraction to detect trapped PARP1 foci upon treatment with
talazoparib (200 nM) and MMS (0.01%). Cells stably expressing either PARP1WT-GFP or DNA-binding
mutant PARP1delp-119K120S.GFP (PARP1KS), and transiently expressing either myc-tagged p97WT or
dominant negative catalytically dead p97E578Q (p97EQ). Images (A) have 10 pm scale bar.
Quantification (B) is from 3 biological repeats with >100 cells total, showing mean and SEM. Statistical
analysis by one-way ANOVA. Published in Krastev et al. (2022).

To validate previous work which demonstrated the accumulation of trapped PARP1

%k % % Xk

PARP1 foci per nucleus
T

0_

Tala + MMS + + +
[1p97"T PARPIWT
] po75Q PARPLWT

] p975Q PARP1XS

by biochemical chromatin fractionation, | overexpressed either myc-tagged p97W"
or dominant-negative ATPase-deficient p978578Q which is unable to process its
substrates (Krastev et al., 2022; Ye, Meyer, & Rapoport, 2003). Not only was there

a considerable increase in trapped PARP1 foci upon expression of the ATPase-
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deficient p97 mutant (Fig 11A, B), but these foci co-localised with p97&578A-myc foci,
as detected by myc-tag immunostaining (Fig 11A). This indicates that the
catalytically dead mutant strongly localises and accumulates on trapped PARP1
lesions, confirming the role of p97 in actively processing trapped PARP1 to remove
it from chromatin. Overall, this established that this assay is sufficient for
investigating factors which play a key role in the regulation of PARPi-induced

trapped PARP1.
3.2 Loss of TEX264 causes increased PARPi-induced trapped PARP1

Having established an assay for the detection of trapped PARP1 levels, | aimed to
further explore which p97 co-factors may aid in the extraction of trapped PARP1
from chromatin. By RNA interference (RNAI), several p97 co-factors (UFD1,
SPRTN, Ataxin-3, TEX264), known to aid in removal of DNA-bound proteins, were
depleted in two TNBC cell lines (CAL51 and MDA-MB231) (Fig 12). In our previous
work, UFD1 has been shown to recognise ubiquitylated trapped PARP1 to mediate
p97 recruitment, with UFD1 depletion causing PARP1 accumulation on chromatin
under trapping conditions as shown by biochemical cellular fractionation (Krastev et
al., 2022). Indeed, depletion of UFD1 induced a 2.3- and 1.5-fold increase in trapped
PARP1 levels visualised by immunofluorescence in CAL51 and MDA-MB231,
respectively (Fig 12). This further confirms the sensitivity of this assay and acts as

a positive control.

SPRTN, a metalloprotease that acts with p97 to digest the proteinaceous adduct of
DPCs during DNA replication (Fielden et al., 2020; Kroning et al., 2022; J. Stingele
et al.,, 2016; Vaz et al., 2016), has been previously implicated in the cellular

response to PARPi. SPRTN deficient cells were found to be hypersensitive to
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talazoparib, but not non-trapping PARPI veliparib, due to delayed removal of trapped
PARP1 from chromatin (Saha et al., 2021). Despite this, | observed only a marginal
increase in trapped PARP1 levels upon its depletion and this wasn’t consistent over
different siRNA sequences and cell lines (Fig 12). Saha et al. (2021) calculated that
SPRTN may only be responsible for the clearance of 15% of trapped PARP1 and
may only be acting during DNA replication, so it is unsurprising that only a marginal
effect on global trapped PARP1 foci is detected by our immunofluorescence assay.
Further, conflicting work suggests that SPRTN is inactive towards trapped PARP1,
and SPRTN-deficient cells are not hypersensitive to PARPi (Kojima et al., 2020;
Maskey et al., 2017). Altogether, this suggests SPRTN is not essential for p97-

mediated trapped PARP1 processing.
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Figure 12: Screen of p97 co-factors for regulation of PARP1 trapping. (A and B)
Immunofluorescence with detergent pre-extraction to detect trapped PARP1 foci in cells depleted of
the indicated p97 co-factor. Images in (A) and quantification in (B). Scale bar is 10 um. Tukey box plot
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of 6 biological repeats with >600 cells and statistical analysis by one-way ANOVA. (C) Immunoblots
validating depletion of indicated co-factors in (A) and (B). (D, E and F) as in (A), (B) and (C),
respectively, but in MDA-MB231 cells over 3 biological repeats with >150 cells.

Ataxin-3 is a p97-associated DUB involved in DDR, specifically at DSBs where it
counteracts RNF4 activity (Pfeiffer et al., 2017) and acts on RNF8 (Singh et al.,
2019) to determine DSB repair pathway choice. The recruitment of ataxin-3 to DSB
sites is dependent in part on PARYylation (Pfeiffer et al., 2021) and loss of ataxin-3
hypersensitizes cells to PARPiI (Pfeiffer et al., 2017), highlighting an association
between ataxin-3 and PARP1. Despite this, depletion of ataxin-3 had no impact on

trapped PARP1 levels (Fig 12).

The final co-factor tested for accumulation of trapped PARP1 was TEX264. Only
recently characterised as both a p97 co-factor (Fielden et al., 2020), reticulophagy
receptor (An et al., 2019; Chino et al., 2019) and nucleophagy receptor (Lascaux et
al., 2024), the most well understood role of TEX264 in the nucleus is to bridge p97
to TOP1cc and aid in its clearance from chromatin (Fielden et al., 2020; Lascaux et
al., 2024). TOP1cc cause cell cytotoxicity through their ability to block and lead to
DSB at both transcription (Capranico et al., 2007; Cristini et al., 2016; Sordet et al.,
2009) and replication forks (Pommier et al., 2006; R. G. Shao et al., 1999), with their
repair by TEX264 highly replication-associated (Fielden et al., 2022; Fielden et al.,
2020; Lascaux et al., 2024). This is reminiscent of PARPi-induced trapped PARP1
which induces cell death through physical obstruction of DNA-based processes,
most notably DNA replication (Helleday, 2011; Murai et al., 2012; Petropoulos et al.,
2024) resulting in replication stress and accumulation of DNA damage in replicating
cells (Michelena et al., 2018). Strikingly, TEX264 was the only co-factor tested to
cause a considerable increase in trapped PARP1 levels in all cell lines, with roughly

a 2- and 1.7-fold increase in CAL51 and MDA-MB231, respectively (Fig 12). A 1.6-
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fold increase in trapped PARP1 was also observed in HelLa cells after TEX264
knockout by CRISPR/Cas9 (Fig 13A, B). Trapped PARP1 levels were raised to a
similar extent as with UFD1 depletion, implying a role of TEX264 in the regulation

of trapped PARP1 that compares to UFD1-mediated p97-dependent extraction.

3.3 TEX264 loss hypersensitizes cells to talazoparib (trapping) but not

veliparib (non-trapping) PARPi

TEX264 plays a role in response to PARP1 trapping, with its loss causing a
substantial increase in trapped PARP1 levels. | next wanted to explore if this
trapping increase translates to a change in sensitivity to PARPi under extended
treatment times and without the presence of an alkylating agent. | generated
CRISPR/Cas9 TEX264 knockout (TEX2647) cells in CAL51 and used Hela
TEX2647- cells that had been previously generated (Fielden et al., 2020) and
showed the same accumulation of trapped PARP1 as was observed with other cell
lines (Fig 13A, B). These were treated for 24 hrs with talazoparib and subjected to
colony formation assay to assess cell survival. Remarkably, in both cell lines, loss
of TEX264 lead to a considerable increase in sensitivity to talazoparib, with
approximate IC50 values reduced from 180 nM to 40 nM in HeLa and 50 nM to 10
nM in CAL51 cells upon TEX264 loss (Fig 13C-G). All PARPI inhibit catalytic activity
of PARP1, but the predominant cause of cytotoxicity is through PARP1 trapping,
with strong correlation between the potency of a PARPi and its ability to drive
entrapment of PARP1 on DNA (Helleday, 2011; Murai et al., 2012). To distinguish
whether hypersensitivity in TEX264- cells is linked with catalytic inhibition or PARP1
trapping, | performed colony formation assays with veliparib. Whilst its ability to
inhibit PAR synthesis, a measure of catalytic inhibition, is only slightly poorer than
talazoparib, sensitivity to veliparib is only observed at uM doses compared to the
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nM doses required to elicit talazoparib sensitivity. This is due to the inability of
veliparib to trap PARP1 on DNA, compared to talazoparib which is a far more potent
trapper (Murai et al., 2012; Murai et al., 2014; Shen, Aoyagi-Scharber, & Wang,
2015; Shen et al., 2013). When TEX264"- cells undergo extended treatment with
veliparib, they display no change in sensitivity compared to WT cells, with
approximate IC50 increasing from 40 nM to 50 nM in HeLa and a marginal decrease
from 50 nM to 35 nM in CAL51 when comparing WT to TEX264" cells (Fig 14).
Therefore, in accordance with the loss of TEX264 causing increased PARP1
trapping, TEX2647- cells seem to be specifically sensitive to trapping PARPI
compared to non-trapping. This implies a role of TEX264 in regulating sensitivity to
PARPI through an ability to restrict the accumulation of trapped PARP1, rather than

through any link to PARP1 catalytic activity.
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Figure 13: TEX264 loss hypersensitises cells to talazoparib. (A) Quantification of
immunofluorescence with detergent pre-extraction to detect trapped PARP1 foci in HelLa cells either
depleted of UFD1 by siRNA or with TEX264-knock out by CRISPR/Cas9. Tukey box plot of >275 cells
from 3 biological repeats. One-way ANOVA. (B) Validation of UFD1 depletion for (A) and TEX264-.
(C and D) Images (C) and quantification (D) of colony formation assays in HeLa WT and TEX264"
cells treated with talazoparib over 5 biological repeats. Mean +/- SEM and stats by paired t-test. (E)
Immunoblotting validating knockout of TEX264 in CAL51 TEX264- cells. (F and G) as in (C) and (D)
showing colony formation assays in CAL51 cells over 3 biological repeats.
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3.4Concluding remarks

The recently discovered ability of p97 to extract cytotoxic trapped PARP1 from
chromatin could result in clinical advancements in relation to resistance, whereby
targeting this mechanism of trapped PARP1 clearance hypersensitises cancer cells
or re-sensitises resistant cells to PARPIi. However, the pleiotropic roles of p97 make
this challenging to target without seeing further off-target effects. Here, | have
identified a p97 co-factor that regulates PARP1 trapping, with its loss
hypersensitising cancer cells to PARPI. This effect is seen only in the context of
PARP1 trapping and not with other PARPI that induce only catalytic inhibition. This
represents a potential for impairing trapped PARP1 clearance in a more specific
manner than global p97 inhibition. Further exploration of the role of TEX264 in this

pathway is, therefore, essential.
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4. Results: TEX264 acts as a selective autophagy receptor and p97
co-factor to mediate trapped PARP1 processing

In its chromatin-related role, TEX264 aids in repair of TOP1cc (Fielden et al., 2020;
Lascaux et al.,, 2024). Due to the essential function of both TOP1 and PARP1 in
maintaining processivity and fidelity of DNA replication (Bryant et al., 2009; Hanzlikova
et al., 2018; Ho et al., 2022; Pommier, Nussenzweig, Takeda, & Austin, 2022), both
TOP1cc and trapped PARP1 cause cytotoxicity through their ability to block DNA
replication (Murai et al., 2012), causing eventual fork collapse and DSB formation
(Helleday, 2011; Pommier et al., 2006). TEX264 repairs TOP1cc through its direct
interaction and recruitment of p97 and SPRTN to unfold and cleave the DNA-bound
TOP1, respectively (Fielden et al., 2020). Recently, our group also discovered an
alternative SPRTN-independent function of TEX264 at TOP1cc lesions, where it acts
as a SAR to direct them for repair by selective nucleophagy (Lascaux et al., 2024).
Due to the similarities of TOP1cc and trapped PARP1 lesions and having shown that
TEX264 promotes PARPI tolerance by regulating accumulation of trapped PARP1, |

hypothesised that TEX264 may also be acting at trapped PARP1 lesions.

4.1TEX264 interacts with PARP1 under trapping conditions in a spatially

dynamic manner

To investigate whether TEX264 acts at trapped PARP1 lesions, | explored two
previously published interactomes of TEX264, as determined by mass spectrometry
(An et al., 2019; Fielden et al., 2020). PARP1 is identified in both data sets. In fact, in
untreated conditions, PARP1 is the 169" most abundant protein out of over 1100 total
proteins in the TEX264 interactome (Fielden et al., 2020) (Fig 15A). Whilst this implies
the existence of a TEX264-PARP1 interaction, the relevance of this on chromatin or,

more specifically, at trapped PARP1, remains unclear. To investigate this, | performed
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immunoprecipitation of GFP-tagged PARP1 under native conditions from chromatin
fractions in CAL51 cells with CRISPR/Cas9 PARP1-knockout stably expressing GFP-
tagged PARP1 (hereafter referred to as PARP1-GFP cells) (Fig 15B, C). As in chapter
3, trapping conditions were generated through treatment with talazoparib and low dose
MMS. p97 is known to interact with PARP1 specifically under trapping conditions
(Krastev et al., 2022), so detection of this serves as a positive control. TEX264
interaction was also detected strongly and shown to be specific due to its absence in
CALS51 WT cells. Whilst less striking than with p97, TEX264 interaction with PARP1
increased ~1.4-fold under trapping conditions (Fig 15B, C). This implies that TEX264

interacts with PARP1 and accumulates at trapped PARP1 lesions.
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Figure 15: TEX264 interacts with trapped PARP1. (A) TEX264 interactome determined by mass
spectrometry by Fielden et al. (2020). PARP1 is labelled in green. (B) Co-immunoprecipitation of GFP in
CAL51 cells stably expressing PARP1-GFP after treatment with talazoparib and MMS for 3 hrs. (C)
Quantification of TEX264 signal in (B) from 3 repeats with statistical analysis by t-test.

To further explore TEX264-PARP1 interaction outside of the chromatin context, |

carried out a PLA. This allows highly sensitive in situ detection of protein-protein
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interactions up to 40 nm distance (Alam, 2022; Gullberg et al., 2004; Soderberg et al.,
2006), permitting visualisation of where the interaction is occurring. | modified CAL51
PARP1-GFP cells, as used in immunoprecipitation experiments, to stably express V5-
tagged TEX264, and performed PLA between GFP and V5. All negative controls,
either with empty vector V5 or with either primary antibody excluded, showed no PLA
signal, demonstrating the specificity of this assay for detecting interacting PARP1 and
TEX264 (Fig 16A). In accordance with mass spectrometry data, the PLA signal is
detected in untreated conditions (Fig 16B, C). Physiologically, TEX264 is present in
the cytosol, nucleus and on the chromatin whilst PARP1 predominantly localises to the
nucleus (Vyas, Chesarone-Cataldo, Todorova, Huang, & Chang, 2013). Accordingly,
the PLA signal seems to be predominantly nuclear and accumulate around the nuclear
periphery, where TEX264 is known to localise (Fielden et al., 2020). PLA signal is
increased by PARPI treatment, across the whole cell and, in agreement with co-
immunoprecipitation experiments, in the nucleus. Strikingly, an increase in cytosolic
signal is also observed upon treatment (Fig 16B, C). This implies that the PARP1-
TEX264 interaction is spatially dynamic depending on PARPI treatment. Considering
the predominantly nuclear localisation of PARP1, it is surprising to see such a strong

cytosolic interaction of TEX264-PARP1 after PARPI treatment.
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Figure 16: TEX264 interaction with trapped PARP1 is spatially dynamic after PARPi treatment. (A
and B) Proximity ligation assay (PLA) between GFP and V5 in CAL51 cells stably expressing PARP1-
GFP and either TEX264-V5 or empty vector (EV)-V5. (A) shows PLA negative controls with either primary
antibody excluded. (B) includes talazoparib treatment of 200 nM for 3 hrs with scale bar of 10 um. White
arrows indicate cytosolic PLA signal. (C) Quantification of PLA. Quantification is of foci in whole cell,

cytosol or nuclei as shown by Tukey box plot with statistical analysis by one-way ANOVA.
4.2 Autophagy machinery is upregulated by and interacts with trapped PARP1

The localisation of TEX264 in both the nuclear periphery and the ER is believed to be
key for its role as a SAR for reticulophagy (An et al., 2019; Chino et al., 2019) and
selective nucleophagy of TOP1cc (Lascaux et al., 2024). Selective autophagy relies
on these receptors to bridge specific substrates to ATG8 family proteins in a growing

autophagosome which, once fully formed, will transport substrates into the cytosol for
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fusion with a lysosome for substrate degradation (Johansen & Lamark, 2020; Vargas,
Hamasaki, Kawabata, Youle, & Yoshimori, 2023). Due to the cytosolic nature of
selective autophagy, | postulated that the cytosolic PARP1-TEX264 signal we

observed is related to the crucial role of TEX264 as a SAR.

| first turned to a published mass spectrometry data set using Apex2-mediated
proximity labelling around trapped PARP1 (Krastev et al., 2022). PARP1 fused to
Apex2 was introduced into CAL51 PARP17- cells, allowing biotinylation of proteins in
close proximity to PARP1. Biotinylated proteins are isolated and analysed by mass
spectrometry to form a comprehensive picture of the PARP1 interactome either in
trapping conditions, with talazoparib and low dose MMS, or with MMS alone.
Interestingly, gene set enrichment analysis identified autophagy as the 8™ most
significant term for interaction with trapped PARP1 (Fig 17A). To further explore this, |
probed the dataset of 360 PARP1-interacting proteins for autophagy-related proteins
using a published, annotated autophagy signature (Bordi et al., 2021). Strikingly, 22
autophagy-related proteins were identified in the PARP1 proteome. Autophagy core
machinery proteins were over-represented, with 11 proteins identified, including
ATG16L1 which has both a high PSM ratio, indicating increased interaction upon
PARP1 trapping, and a moderately high MS score, indicating high abundance (Fig
17B). Existing as part of a colossal ~800 kDa complex in cells, ATG16L1 is an essential
component of the autophagy machinery. Its multifaceted roles include LC3-
phagophore conjugation via recruitment of the ATG5-ATG12 E3 ligase-like enzyme,
facilitation of phagophore growth and autophagosome maturation (Gammoh, 2020).
The interaction of PARP1 with such a key factor during autophagophore formation
implies that PARP1 may localise to autophagophores during their formation. Another

5 proteins identified are regulators of mTOR, a major signalling pathway in the
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regulation of autophagy flux, including MTOR itself which is increased under trapping
conditions. Many negative regulators of autophagy are identified and seem to have
decreased interaction with PARP1 under trapping conditions, including RHEB
(Sciarretta et al., 2012) and IGF2BP1(Williams et al., 2022) (Fig 17B). Altogether, this
indicates a likelihood that autophagy is involved directly at trapped PARP1 lesions,

and that autophagy flux may be modulated by trapping conditions.
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Figure 17: Autophagy factors detected in trapped PARP1 interactome. Mass spectrometry data from
Krastev et al. (2022) of PARP1 interactions that are enriched under PARP1-trapping conditions (Tala +
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To further validate the relevance of autophagy in trapped PARP1 response, | carried
out RNA-seq of CAL51 cells after extended treatment with talazoparib. As expected,
gene set enrichment analysis reveals PARPi-induced upregulation of genes related to
DNA damage repair, replication stress, apoptosis, G1/S cell cycle checkpoint and
mitotic checkpoint (Fig 18A). Specific top hits related to this include CDKN71A and
BTG2, involved in DNA damage-induced p53-dependent G1/S checkpoint signalling
(Chang et al., 2002); MDM2, a p53 regulator which also has p53-independent roles in
regulation of DNA synthesis and repair (Nag, Qin, Srivenugopal, Wang, & Zhang,
2013); and BAX, a pro-apoptotic protein (Youle & Strasser, 2008) (Fig 18B). To
investigate any modulation of autophagy-related genes, | once again probed with the
comprehensive gene list used in mass spectrometry analysis (Bordi et al., 2021). Upon
treatment with PARPI, 31 autophagy-related genes are significantly upregulated (by p
value) with 9 of these significantly upregulated when using more stringent analysis
(adjusted p value). The most significantly upregulated genes mainly consist of core
autophagy machinery, namely TPS83INP1, DRAM1, PMAIP1, MYO6, EI24 and
negative regulators of mTOR signalling, so positive regulators of autophagy, SESN1
and SESNZ2 (Fig 18B). DRAM1 and SESN genes are well-established to be
transcriptionally activated by p53 under genotoxic stress conditions to promote
autophagy (Ambrosio & Majello, 2020). This is a markedly similar finding to proteins
identified as interacting with trapped PARP1 and once again indicates increased
autophagy flux after treatment. In accordance with this, numerous studies show
upregulation of autophagy in cells and patient-derived xenografts treated with PARPI
(Arun, Akar, Gutierrez-Barrera, Hortobagyi, & Ozpolat, 2015; Cahuzac et al., 2022;
Elshazly et al., 2022; Y. Liu et al., 2019; Pai Bellare et al., 2021; Pai Bellare & Sankar

Patro, 2022; Santiago-O'Farrill et al., 2020; Uddin et al., 2022). Whilst this supports a
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role of autophagy in trapped PARP1 repair, various explanations have recently been
tendered for the importance of autophagy upregulation upon PARPI treatment,
including PARPi-induced upregulation of PTEN to promote cytoprotective autophagy
(Santiago-O'Farrill et al.,, 2020) and decreased nuclear localisation of p62 causing
upregulated HR (Cahuzac et al., 2022). However, when considering not only the
upregulation of autophagy genes by RNA-seq, but also the interaction of many
autophagy core machinery proteins with trapped PARP1 by mass spectrometry, it is
worth considering that autophagy is playing a more direct role in the processing of

trapped PARP1 upon talazoparib treatment.
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cells after 100 nM talazoparib treatment for 24 hrs compared to untreated. (A) Top gene sets identified
by gene set enrichment analysis. Size of points indicates number of genes from each gene set whilst
colour indicates level of significance. (B) Volcano plot showing differential gene expression in CAL51
cells comparing talazoparib treatment to untreated by RNA-seq. Relevant genes are labelled including
autophagy-related genes identified from a previously described autophagy signature (Bordi et al., 2021).
Grey line showing adjusted p value of 0.05.

4.3 Trapped PARP1 is directly processed by selective autophagy

Having established the PARPI-induced upregulation of autophagy-related genes and
the interaction of core autophagy machinery with trapped PARP1, | sought to
understand the role of autophagy in trapped PARP1 response. | hypothesised that
trapped PARP1 could be processed by autophagy, meaning PARP1 would become
localised to the lysosome under trapping conditions. To detect lysosome substrates, |
performed immunoprecipitation of intact lysosomes (lysolP) (Abu-Remaileh et al.,
2017). A construct for the expression of HA-tagged TMEM192, a protein localised to
the lysosome (Schroder, Wrocklage, Hasilik, & Saftig, 2010), was introduced to cells.
Intact lysosomes were isolated over HA beads from cell extract generated by
homogenisation to isolate and preserve the integrity of organelles (Abu-Remaileh et
al.,, 2017). Cells were treated with bafilomycin A1, an autophagy inhibitor that
neutralises the low pH of lysosomes, to prevent the degradation of lysosomal contents,
allowing them to be detected by immunoblotting (Fig 19A). LAMP1, a resident
lysosome marker (Abu-Remaileh et al., 2017), and LC3-Il, incorporated in the
autophagophore membrane (Kabeya et al., 2000), were both isolated in cells
expressing TMEM192-3HA, but not in parental cells (Fig 19B, C), demonstrating the
specificity of this technique for isolating lysosome-localised proteins. PARP1 was
detected in lysosomes from both HelLa and CAL51 cells. Strikingly, PARP1 seemed to
accumulate much more in lysosomes under trapping conditions in both HelLa and

CAL51 cells (Fig 19B, C). In cells expressing either PARP1WT or DNA-binding mutant
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PARP19el-p-119K120S yhich cannot become trapped on DNA, only PARP1WT accumulated
in the Ilysosome under trapping conditions. Despite lower expression of
PARP19el-p-119K120S jn whole cell extract, even when the lysosomal level was normalised
to whole cell level across 7 biological repeats, we observed a robust reduction in
lysosomal PARP19€!p-119K120S compared to PARP1WT (Fig 19D). Altogether, this implies
that trapped PARP1 can be processed in the lysosome and that this lysosomal

accumulation of PARP1 is specific to trapping, and not indirect effects of PARPI.

A B TMEM192-3HA + o+ + o+
HA-tagged lysosomal Tala + MMS + +
TMEM192 overexpressed \x\ Baf + 4+ o+
= \,-
@ ~— PARP1 150 1
—— -
A'f‘ 100
HA (TMEM192)| o _.|_ 57 1 am _|
L03| __|-15-| _,__|
Bafilomycin A1 stabilise LAMP1 |Il -— -|~1001 o .‘I
autolysosome contents Cant f intact |
apture of intact lysosomes — .
on anti-HA beads PAR L) 250  LysolP:HA
- 150
H3 45
P = Input
C = £ TMEMI192-3HA = £ TMEM192-3HA
; ‘f::n’ PARP1"" PARP1"® ‘f::n’ ‘fzn’ PARP1"" PARP1*® D kkk
Tala+ MMS O O + + g O + + 104
Baf + + + + + + + + 5
>
3s 150 o2
— — — — 7s s
PARP1 - 100 g
— 1501 — - 120 g
—— S —
19s - — 100 5 05
37 =
HA o e — L e——— E
[=}
1100 z
LAMPT | i e e B 1 1 HBHH
0.0 T T
LC3 | i L 15 - WT kS

LysolP:HA
H3 |—.—-.L s y

Input

Figure 19: PARP1 accumulates in the lysosome under trapping conditions. (A) Schematic showing
methodology of LysolP, whereby TMEM192-3HA is immunoprecipitated from cells treated with
Bafilomycin A1 to isolate intact lysosomes. (B) LysolP in HeLa cells to detect PARP1 accumulation in the
lysosome under PARP1 trapping conditions. (C) As in (A) but in CAL51 cells stably expressing either
PARP1WT or DNA-binding mutant PARP1del.p.119K120S (PARP1KS). (D) Quantification of (C) from 7
biological repeats. Lysosomal PARP1 signal intensity is normalised by dividing by input PARP1 signal
and lysolP HA signal. Statistical analysis by unpaired t-test.
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As an alternative to lysolP for validation of trapped PARP1 processing by the
lysosome, | turned to a modified mCherry-GFP reporter assay. Previously used to
measure autophagy flux with a dual tagged mCherry-GFP LC3, this construct was
modified to transiently express mCherry-PARP1-GFP. In most cellular compartments,
including the nucleus, both mCherry and GFP fluoresce and co-localise. However, in
the acidic environment of the lysosome, GFP is quenched so only the mCherry signal
is observed (Kimura, Noda, & Yoshimori, 2007) (Fig 20A). This allows the visualisation
of substrates and detection of their lysosome localisation in both fixed and live
imaging. In fixed imaging, the majority of the mCherry and GFP signal was in the
nucleus, as expected (Fig 20B). However, under trapping conditions, red puncta were
seen outside the nucleus. The absence of green signal in these cytosolic red puncta
confirmed their lysosomal localisation. As a control, treatment with Bafilomycin to
neutralise lysosomal pH, preventing GFP quenching, converted these red-only buds
to both red and green (Fig 20B, C). This technology was combined with lysoView, a
lysosomal dye, by live imaging to track how both lysosome and PARP1 dynamics are
affected by treatment (Fig 20D). Interestingly, upon treatment with talazoparib and
MMS, lysosomes seemed to congregate around the nuclear envelope. After around
20 minutes of treatment, red puncta could be seen to emerge from the nucleus and
localise with lysosomes. This appeared only red and not both red and green, further
confirming that the PARP1 puncta localised within the lysosome and not simply in
close proximity to it. Within 16 minutes of the puncta emerging from the nucleus and
localising to lysosomes, it disappeared, and the lysosomes dispersed, indicating
degradation of the puncta in the lysosome (Fig 20D). Altogether, this demonstrated

visually that trapped PARP1 is processed in the lysosome.
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Figure 20: Trapped PARP1 is processed by the lysosome. (A) Schematic showing methodology of
mCherry-GFP reporter assay. PARP1 tagged with mCherry and GFP is transiently expressed in cells and
visualised by either fixed of live imaging. GFP is quenched in acidic environments so only the red signal
is detected in the lysosome. This can be reversed by treatment with bafilomycin A1 which neutralises the
lysosome. (B) Fixed images and (C) quantification from mCherry-PARP1-GFP reporter assay in cells
either untreated, with Tala + MMS or combined with Bafilomycin A1 (50 nM). Statistical analysis by one-
way ANOVA. Zoom images showing puncta indicated by white arrows. Scale bar 2 um in zoom panels.
(D) Images from live cell imaging of HeLa cells transfected with lysosome reporter mCherry-PARP1-GFP
and stained with lysoView 680. Time stamps indicate time since imaging began, with Talazoparib + MMS
treatment added at 3 minutes.

Combined with earlier data showing the interaction of trapped PARP1 with autophagy
machinery and PARPi-induced upregulation of autophagy by RNA-seq and in previous
literature (Elshazly et al., 2022), selective autophagy is likely to target trapped PARP1

for degradation in the lysosome. Selective autophagy relies upon conjugation of
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lipidated LC3 to the inner concave surface of the growing phagophore (Vargas et al.,
2023), as performed by a cascade of enzymes, similar to ubiquitination, such as the
E1-like enzyme ATG7 (Slobodkin & Elazar, 2013). SARs are then able to bridge
substrates to the phagophore via their LIR (Stolz, Ernst, & Dikic, 2014). To test the role
of autophagy in transport of PARP1 to the lysosome, | depleted ATG7 to prevent LC3
membrane conjugation and performed lysolP to detect levels of PARP1 in the
lysosome under trapping conditions. Strikingly, depletion of ATG7 reduced PARPI-
induced accumulation of PARP1 in the lysosome ~4-fold (Fig 21A, B). Evidently,
lipidation of LC3 is essential for lysosomal processing of trapped PARP1. In further
validation of this, the same effect on lysosomal PARP1 levels was observed when
autophagosome-lysosome fusion is inhibited through the depletion of syntaxin-17 (Fig
21C, D) (ltakura et al., 2012). Overall, this demonstrates that trapped PARP1 is

processed by autophagy directly.
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Figure 21: Autophagy mediates PARP1 processing in the lysosome. (A) LysolP in Hela cells with
depletion of ATG7 by siRNA, with siRNA against luciferase as a control. (B) Quantification of (A) from 3
repats with statistical analysis by one-way ANOVA. (C) LysolP in HeLa cells with stable knockdown of
syntaxin-17 (STX17KD). (D) Quantification of (C) across 3 repeats with quantification by one-way ANOVA.

4.4 Autophagosomal processing of trapped PARP1 is TEX264-dependent

Selective autophagy heavily depends upon SARs, such as TEX264 described in
reticulophagy (An et al., 2019; Chino et al., 2019). TEX264 contains a LIR domain,
crucial for its activity in autophagy by interacting with LC3, and a SHP box, essential
for its p97 co-factor function (Fig 22A). Due to its interaction with trapped PARP1, both
on chromatin and in the cytosol, | postulated that TEX264 acts as a SAR for the
autophagosomal processing of trapped PARP1. In accordance with this, PARPI-
induced accumulation of PARP1 in the lysosome was considerably depleted by

CRISPR/Cas9 knockout of TEX264 (Fig 22B). To test if this is due to the SAR function
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of TEX264, | complemented TEX264'- cells with a TEX264 variant containing a
mutation in its LIR domain (TEX264-R"). Unlike complementation with TEX264WT
which was able to rescue the reduction of lysosomal PARP1, expression of TEX264R’
failed to restore PARP1 levels (Fig 22B, C). This supports the hypothesis that selective

autophagy of trapped PARP1 is mediated by TEX264 acting as a SAR.
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Figure 22: Processing of trapped PARP1 by autophagy is mediated by TEX264. (A) Schematic
showing domain structure of TEX264 with a focus on the LC3-interacting region (LIR) and p97-binding
domain (SHP). (B) LysolP in HeLa WT or TEX264-- cells stably expressing TMEM192-3HA. TEX264-V/5
variants are transiently expressed where indicated. (C) Quantification of (B) from 3 repeats, except for
TEX264-- which was included in 2 repeats. Statistical analysis by one-way ANOVA compared to WT.

As TEX264 has dual functions as both a SAR and p97 co-factor (Fielden et al., 2022),
| also explored if its p97-related functions are involved in trapped PARP1 processing
by autophagy through mutation of its SHP box. In a similar manner to TEX264LR,

TEX264SHP" was unable to rescue lysosomal PARP1 levels (Fig 22B, C). This
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demonstrates the importance of this domain, and therefore the p97 co-factor function

of TEX264, for autophagosomal processing of trapped PARP1.

4.5 Autophagic processing of trapped PARP1 is distinct from previous p97-

dependent pathways

As | have demonstrated, trapped PARP1 is processed by selective autophagy which
depends upon TEX264 acting as a SAR and p97 co-factor. Our group has previously
demonstrated a pathway for the p97-mediated extraction of trapped PARP1 from
chromatin. Briefly, trapped PARP1 is SUMOylated by PIAS4 followed by ubiquitination
by the STUbL RNF4. This ubiquitination recruits p97-cofactor UFD1 which in turn
recruits p97 to the trapped PARP1 lesion (Krastev et al., 2022). To test if components
of this pathway are linked to autophagosomal processing of trapped PARP1, | began
by validating the importance of p97 in this process. Cells treated with CB-5083, a
specific and clinically relevant inhibitor of the AAA+-ATPase activity of p97 (Anderson
et al., 2015; Kilgas & Ramadan, 2023), combined with trapping conditions displayed
reduced lysosomal PARP1 accumulation (Fig 23A), in accordance with TEX264SHP"
expression. p97 is also involved in autophagy both at the stage of initiation, through
beclin-1 stabilisation and assembly of PI3K complex for autophagophore formation
(Hill et al., 2021; Z. Wang et al., 2024), and at a later stage of autophagosome-
lysosome fusion (Ju et al., 2009; Tresse et al., 2010). In line with this, CB-5083
treatment is known to impair formation of LC3 puncta upon starvation, implying
impaired autophagy function (Hill et al., 2021), whilst p97 knockdown results in
accumulation of immature autophagosomes (Ju et al., 2009; Tresse et al., 2010).
However, in Figure 23A, the presence of LC3 in the lysosome with CB-5083 treatment
confirmed that the decrease in lysosomal PARP1 isn’t due to inhibition of autophagy
by CB-5083 but as part of a more specific PARP1-associated role of p97. To test

112



whether ubiquitination and SUMOylation are important in this process, cells were
treated with E1 inhibitors MLN-7243 and ML-792, respectively. Strikingly, both
inhibitors prevented PARPi-induced lysosomal accumulation of PARP1 (Fig 23B),

implying that, alongside p97, both ubiquitination and SUMOylation are key for this

process.
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Figure 23: Autophagosomal processing of trapped PARP1 is p97 and ubiquitin/SUMO-dependent.
(A) LysolP in HeLa cells treated with talazoparib and MMS combined with p97i CB-5083 (10 uM). Right
panel shows quantification from 3 repeats with statistical analysis by one-way ANOVA. (B) LysolIP in
HelLa cells treated with either ubiquitination inhibitor MLN-7243 (5 uM) or SUMQylation inhibitor ML-792
(1 uM). Quantification in right panel from 4 repeats with analysis by one-way ANOVA

Having established the importance of p97 and PTMs ubiquitination and SUMOylation,
for trapped PARP1 clearance by selective autophagy, | next tested whether known
instigators of these modifications and interactions are also important. Either RNF4WT
or a dominant negative E2 binding mutant of RNF4 which carries M136A and R177A

mutations (RNF4PN) were overexpressed. Neither overexpression of RNF4WT or
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RNF4PN affected PARP1 localisation to the lysosome (Fig 24A). This implies that RNF4
is not involved in autophagy-mediated trapped PARP1 clearance but must be acting
in an alternate pathway. Similarly, depletion of UFD1 using two distinct siRNA had no
effect on lysosomal PARP1 levels (Fig 24B). Therefore, although p97 activity, as well
as ubiquitylation and SUMOylation are important for trapped PARP1 clearance via

autophagy, this is not mediated or recognised by RNF4 or UFD1.
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Figure 24: Autophagosomal processing of trapped PARP1 is independent of RNF4 and UFD1. (A)
LysolP in HeLa cells with overexpression of either RNF4 wild-type (RNF4WT) or RNF4 dominant negative
M136A+R177A mutant (RNF4DN). (B) LysolP in HeLa cells depleted of UFD1 using two different siRNA
sequences. Graphs in right panels show quantification from 3 biological repeats with statistical analysis
by one-way ANOVA.
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4.6 Concluding remarks

| have demonstrated that trapped PARP1 is processed from chromatin by selective
autophagy, whereby TEX264 acts as a SAR for PARP1. This process depends upon
p97 through the role of TEX264 as a p97 co-factor and is also ubiquitin- and SUMO-
dependent. Despite this, the autophagosomal processing of trapped PARP1 differs
from a previously described pathway (Krastev et al., 2022) in that RNF4 and UFD1
are not involved. The PIAS4/RNF4 axis is well-established for SUMO-targeted
ubiquitination of substrates to drive their proteasomal degradation (Sriramachandran
& Dohmen, 2014). RNF4 was first shown to drive proteasomal degradation of
promyelocytic leukaemia protein (PML) to disrupt PML-bodies (Lallemand-
Breitenbach et al., 2008; Tatham et al., 2008; Weisshaar et al., 2008), with many
substrates identified since, including PARP1 in response to heat shock (Martin et al.,
2009). UFD1, commonly working as a complex with NPL4, is one of the best
characterised p97 co-factors and has been shown in yeast to function downstream of
STUbL-mediated ubiquitination to promote p97-mediated unfolding and proteasomal
degradation of substrates (Kghler et al., 2015; H. G. Lee, Lemmon, & Lima, 2023).
Taking this into account, it is likely that RNF4 and UFD1 are involved in an undescribed
proteasomal processing of trapped PARP1 whilst autophagosomal processing relies
upon TEX264 and as yet unidentified ubiquitin and SUMO ligases to work alongside

p97.
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5. Results: Disruption to the TEX264-p97-autophagy axis causes
increased replication-associated damage and overcomes PARPi
resistance

N.B. Some work in this chapter was generated in collaboration with two students who
were under my supervision for 3-month research placements: Junyi Li and Cynthia

Hou. They contributed to figures 26, 27B and 28.

PARPI is known to cause excessive replication-associated DNA damage, likely due to
collision between trapped PARP1 and the replisome, leading to replication fork
collapse into DSBs (Helleday, 2011; Pommier, O'Connor, & de Bono, 2016; Wicks et
al., 2022). As a result of this, PARP1 trapping orchestrates increases in DDR markers
such as yH2AX and 53BP1 (Murai et al., 2012). These serve primarily as markers for
DSBs when H2AX is phosphorylated by ATM at Ser139 in the early stage of DSB
recognition (Burma, Chen, Murphy, Kurimasa, & Chen, 2001), enabling a signalling
cascade to recruit downstream repair factors, one being 53BP1 which restrains DNA
end processing to promote NHEJ (Bunting et al., 2010; Panier & Boulton, 2014).
PARPi are also associated with the accumulation of chromatin-bound RPA, an
indicator of replication stress and ssDNA gaps (Belan et al., 2022; Cong et al., 2021;
Paes Dias et al., 2021) where RPA binds to exposed ssDNA to protect it from aberrant
degradation and to promote downstream repair (Oakley & Patrick, 2010). PARPI-
induced DNA damage forms in a replication-associated manner (Michelena et al.,
2018), consistent with increased replication stress, shown by heightened ATR
signalling (Gralewska et al., 2020), and changes in fork dynamics (Maya-Mendoza et
al., 2018). | aimed to observe how disruption to TEX264/p97-mediated selective
autophagy of trapped PARP1 affects DNA damage levels in response to PARPI, with

a focus on these well-established markers.
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5.1 PARPi-induced DNA damage response signalling is altered in TEX264"- cells

To determine how TEX264/p97-mediated selective autophagy affects PARPi-induced
DDR, | carried out RNA-sequencing in TEX264- cells which are deficient in this
pathway, as shown by impaired PARP1 transport to the lysosome, accumulation of
trapped PARP1 and increased sensitivity to talazoparib. | compared gene expression
between WT and TEX264"- HeLa and CAL51 cells after 24 hrs treatment with 100 nM
talazoparib, a dose at which TEX2647- cells were ~3-fold (HeLa) or ~4-fold (CAL51)
more sensitive than their WT counterparts. | probed RNA-seq data with a DDR gene
set (GO:0006974) and observed significant differential expression of 60 and 37 genes
related to DNA damage repair in HeLa and CAL51 cells, respectively (Fig 25). 34
(HeLa) and 20 (CAL51) of these genes encode proteins involved in DSB repair,
indicating this pathway is altered in TEX264" cells. NER and BER were also altered,
with 10 (HeLa) and 3 (CAL51) genes affected that are involved in one of these
pathways. PARP1 becomes trapped on these lesions as PARP1 signalling is key in
NER and BER for scaffolding recruitment of repair machinery (Pines et al., 2012;
Reynolds et al., 2015; Robu et al., 2013). 29 (HelLa) and 24 (CAL51) genes related to
cell cycle checkpoint signalling and apoptosis were also differentially expressed in
TEX264- cells exposed to talazoparib, consistent with TEX264 loss disrupting cell
cycle progression and promoting apoptosis in response to dysregulation of DDR (Fig
25). Altogether, this indicates that TEX264-deficient cells experience altered DDR

signalling under PARPI treatment.
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5.2 Trapped PARP1 accumulation induces DNA damage and replication stress

in TEX264- cells

TEX264, through its role in mediating selective autophagic processing of trapped
PARP1, seems to be involved in the PARPi-induced DNA damage response. To further
explore this, | used immunofluorescence with detergent pre-extraction to compare
PARPi-induced yH2AX, RPA and 53BP1 foci in WT and TEX264’- HelLa cells. As
expected, these DDR markers were activated by talazoparib treatment. Strikingly, a
1.4-, 2.1- and 1.8-fold increase in yH2AX, RPA and 53BP1 foci, respectively, was
observed in HeLa TEX264 cells compared to WT (Fig 26A, B). An increase was also
observed in CAL51 cells (Fig 26D, E). As well as DNA damage, PARPi induce

replication stress, as seen by increased levels of pRPA2 (S33) and pCHK1 (S345),
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phosphorylation markers induced by ATR signalling. These markers were further
increased in TEX264- cells in response to PARPI (Fig 26C), suggesting an increase
in ATR signalling associated with replication stress. Importantly, TEX264"- alone did
not result in changes to either DDR or replication stress markers, confirming that the
increase observed is not simply due to the previously described PARPi-independent
role of TEX264 in the removal of TOP1cc at the replication fork (Fielden et al., 2022;

Fielden et al., 2020; Lascaux et al., 2024).
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Figure 26: TEX264 loss causes PARPi-induced genome instability. (A) Images and (B) quantification
of RPA, 53BP1 and yH2AX foci in HeLa WT and TEX264" cells after 24 hrs talazoparib treatment.
Quantification from >700 cells across 3 biological repeats, shown as Tukey box plot with statistical
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analysis by one-way ANOVA. (C) Immunoblotting of replication stress markers in HeLa WT and TEX264-
- cells treated with talazoparib for 24 hrs. Images (D) and quantification (E) of yH2AX and RPA foci in
CAL51 WT and TEX264-- cells treated with either talazoparib (200 nM) or veliparib (10 uM) for 24 hours.
Quantification shows >900 cells from 3 biological repeats as Tukey box plot with statistical analysis by
one-way ANOVA.,

| have demonstrated that TEX264/p97-mediated selective autophagy acts specifically
on trapped PARP1, as disruption to this pathway caused sensitivity specifically to
trapping PARPI (talazoparib) but not non-trapping catalytic PARPi (veliparib).
Accordingly, RPA foci were significantly increased in TEX264"- cells only in response
to talazoparib and not veliparib (Fig 26D, E). Whilst yH2AX foci were increased in
TEX264- cells in response to both PARPI, levels of this DDR marker were far lower
upon veliparib than talazoparib treatment, showing the dependence on trapping for
inducing DNA damage. Overall, this indicates that the PARPi-induced damage
accumulation observed in TEX2647- cells is due to the accumulation of trapped

PARP1.

5.3 Inhibition of p97 or autophagy causes increased PARPi-induced DNA

damage

The role of TEX264 in repairing trapped PARP1 is essential for restraining DNA
damage and replication stress levels in response to PARPI. This role in repairing
trapped PARP1 relies on its interaction with p97 and the selective autophagy
machinery LC3 through its SHP and LIR domains, respectively, as the mutation of
either of these domains prevented the shuttling of PARP1 to the lysosome. To explore
if this wider pathway regulates PARPi-induced DNA damage, | generated cell lines
where WT, SHP* or LIR* variants of TEX264 were expressed in a TEX264-null
background, then observed talazoparib-induced yH2AX and RPA levels by
immunofluorescence and cellular sensitivity by colony formation assay. Notably, the

expression of TEX264"T rescued both yH2AX and RPA foci levels and cellular
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sensitivity to be in line with WT cells (Fig 27). However, DNA damage levels remained
high in cells expressing either TEX264SHP" or TEX264'R" mutants, with these mutants
also conferring hypersensitivity to talazoparib (Fig 27). This demonstrates, as with
lysolP experiments, that TEX264 interaction with p97 and LC3 is essential in clearing

trapped PARP1 to restrain genomic instability and talazoparib sensitivity.
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Figure 27: TEX264 SHP and LIR domains are essential for genome stability and sensitivity in
response to PARPI. (A) Images and (B) quantification of RPA and yH2AX foci in HeLa WT, TEX264-
or TEX264- cells stably expressing indicated TEX264 variants, treated with talazoparib. Quantification is
from >600 cells over 4 biological repeats with statistical analysis by one-way ANOVA. (C) Colony
formation assay in CAL51 WT, TEX264-- or TEX264- cells stably expressing indicated TEX264 variants,
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by two-way ANOVA. (D) Immunoblotting of TEX264 in CAL51 either wild-type, TEX264- or TEX264-
with TEX264-V5 variants stably introduced.

Alongside mutation of SHP to interrupt TEX264-p97 interaction, p97 can be inhibited

chemically using CB-5083 which | earlier showed to inhibit PARP1 shuttling to the
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lysosome. In accordance with this and with TEX264SHP" expression, CB-5083
combined with talazoparib increased RPA levels compared with talazoparib alone.
However, the opposite effect was observed for yH2AX foci under p97i conditions (Fig
28A, B). This is to be expected as p97 inhibition is known to impair ATM kinase activity
(Blandine Roux et al., 2021), the central kinase for phosphorylation of H2AX (yH2AX)
in response to DNA damage (Burma et al., 2001). In previous work, CB-5083 treatment
hypersensitised cells to PARPi (Krastev et al., 2022). Altogether, this validates
observations seen with the TEX264SHP* mutant and confirms that disruption of trapped
PARP1 clearance by TEX264-p97 hypersensitises cells to PARPi through heightened

genomic instability.
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Figure 28: p97 or autophagy inhibition increases PARPi-induced DNA damage. (A and B) Images
(A) and quantification (B) of yH2AX and RPA foci in HeLa WT cells treated with talazoparib for 24 hrs
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as Tukey box plot with statistical analysis by one-way ANOVA. (C and D) Images (C) and quantification
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hrs with or without doxycycline. Quantification shows >900 cells from 3 biological repeats as Tukey box
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plot with statistical analysis by one-way ANOVA. (E) Immunoblot control showing successful ATG7
depletion for (C) and (D). (F) Immunoblot showing successful depletion of either p97 or ATG7 for
experiments in (G) and (H). (G and H) Immunofluorescence with detergent pre-extraction to detect
trapped PARP1 foci in cells depleted for the indicated proteins using siRNA and treated with talazoparib
and MMS. Images have 10 uM scale bar. Quantification is from >300 cells across 2 biological repeats
shown as a Tukey box plot with statistical analysis by one-way ANOVA.

Disruption of the role of TEX264 as a SAR by TEX264"R" expression also led to
increased PARPI-induced genomic instability and hypersensitivity. To further validate
this, | used cells expressing short hairpin RNA (shRNA) against ATG7 under a
doxycycline-inducible promoter. This allowed the targeted knockdown of ATG7 to
disrupt LC3 conjugation to the autophagophore, thereby inhibiting selective autophagy
(Slobodkin & Elazar, 2013). As with TEX264"R’, shATG7 caused an accumulation of
yH2AX and RPA foci in response to talazoparib (Fig 28C-E). Autophagy has been
shown to maintain genomic stability (Rodriguez-Rocha, Garcia-Garcia, Panayiotidis,
& Franco, 2011) by regulating nucleotide availability (Vanzo et al., 2020), restricting
levels of damaging ROS (Karantza-Wadsworth et al., 2007; Mortensen et al., 2011)
and by controlling the levels of DNA repair factors accessible to lesions (Cahuzac et
al., 2022; J. H. Chen et al., 2015; Mucino-Hernandez et al., 2023; Robert et al., 2011;
Santiago-O'Farrill et al., 2020). However, | observed no effect of sShATG7 alone on
yH2AX and RPA foci when compared to WT. Further to this, ATG7 depletion caused
an increase in trapped PARP1 levels under trapping conditions to a similar extent as
p97 depletion (Fig 28F-H), validating its role in the removal of trapped PARP1.
Altogether, this supports that the increased genomic stability observed when
autophagy is inhibited in combination with PARPI is due to accumulated, unrepaired
trapped PARP1, rather than PARP-independent roles of autophagy in regulating

genome stability.
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5.4 Autophagy modulation affects cellular survival in response to PARPi

To maintain genome stability, TEX264-orchestrated p97-mediated selective
autophagy clears trapped PARP1 from chromatin. Due to this, disruption of either
TEX264 or p97 hypersensitised cells to treatment with trapping PARPI, talazoparib.
Combination therapies are being explored to improve use of PARPI in the clinical
setting, with a handful of studies pointing to autophagy as a potential target (Elshazly
et al., 2022). To explore this, | modulated autophagy both chemically and genetically
and assessed sensitivity to PARPI. Inhibition of autophagy through depletion of either
ATG7, involved in the early stages of autophagy, or syntaxin-17, a regulator of
autophagosome-lysosome fusion later in autophagy (ltakura et al., 2012), caused
increased sensitivity to talazoparib (Fig 29A, B). Similarly, Bafilomycin A1, an inhibitor
of lysosome acidification and substrate degradation, hypersensitized cells to
talazoparib (Fig 29C). To assess the effect of boosting autophagy flux, talazoparib
treatment was combined with Torin-1, an inhibitor of mTOR signalling to cause
increased autophagy flux (Thoreen et al., 2009). Strikingly, Torin-1 caused a stark
resistance to talazoparib (Fig 29C). Autophagy is important for maintaining cell fitness,
especially under stress. However, modulation of autophagy with bafilomycin or torin-1
had no effect on cellular sensitivity to non-trapping PARPI veliparib, even at high,
cytotoxic micromolar doses (Fig 29D). Altogether, this demonstrates that modulation
of the autophagy pathway affects sensitivity to PARPi and could be further explored

as a combination therapy.
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Figure 29: Autophagy modulation affects sensitivity to trapping PARPi. (A) Cell viability measured
by resazurin assay in Hela cells, either WT, dox-inducible ShATG7, or syntaxin-17 knockdown
(STX17KD), treated with talazoparib for 24 hrs, then allowed to recover for 48 hrs. (B) Immunoblotting
validating depletion of indicated proteins in (A). (C and D) Colony formation assay in HeLa cells treated
with talazoparib (C) or veliparib (D) and Bafilomycin A1 (25 nM) or Torin-1 (150 nM) for 24 hrs. Data from
at least 3 biological repeats with statistical analysis by 2-way ANOVA.

5.5 Impairing TEX264-orchestrated nucleophagy re-sensitises resistant cells to

PARPi

Many patients treated with PARPi show de novo resistance or acquire resistance
during the course of treatment, with limited treatment options available to overcome
this. As inhibition of TEX264-orchestrated nucleophagy, either chemically or
genetically, appeared to hypersensitise cells to talazoparib, | wanted to explore how

resistant cells would respond if this pathway was impaired. RPE hTERT TP53"
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BRCA1+ cells were hypersensitive to Olaparib and talazoparib, due to loss of BRCA1
activity, but had acquired resistance by long-term treatment with escalating doses of
Olaparib (cells generated by collaborators in the laboratory of Madalena Tarsounas).
Resistance to both Olaparib and talazoparib was confirmed by measuring cell viability
(Fig 30A, B). To assess the effect of impaired trapped PARP1 nucleophagy, TEX264
or ATG7 were depleted by RNAI in resistant cells (Fig 30C). Strikingly, depletion of
either protein resulted in a strong re-sensitisation of resistant cells to both Olaparib
and talazoparib (Fig 30A, B). Interestingly, the strongest effect was observed with
talazoparib, the stronger trapper of the two PARPI, supporting that cytotoxicity caused

by impaired TEX264-orchestrated nucleophagy is reliant on PARP1 trapping.
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Figure 30: Inhibition of TEX264-mediated autophagy reverses acquired PARPi resistance. (A and
B) Cell viability measured by resazurin assay in RPE TP53* hTERT BRCA1+ cells, either naive or
resistant to Olaparib. Resistant cells are depleted of TEX264, ATG7 or a luciferase control. Treatment is
with talazoparib (A) or Olaparib (B) for 6 days. 12 technical replicates across 4 biological repeats with
statistical analysis by two-way ANOVA. (C) Immunoblotting validating depletion of TEX264 and ATG7 for
(A) and (B).

5.6 Concluding remarks

PARPI induce cytotoxicity through PARP1 trapping leading to genome instability. |

have shown that blocking the TEX264- and p97-mediated clearance of trapped PARP1

127



by selective autophagy causes increased PARPi-induced genome instability which is
responsible for hypersensitising cells to trapping PARPi. This was observed both
chemically, with p97 inhibition, and genetically, through mutation of TEX264 or RNA.i-
mediated depletion of autophagy factors ATG7 and syntaxin-17. Whilst the individual
functions of p97, TEX264 and autophagy in maintaining genome stability have been
previously explored, albeit with varying clarity, this study demonstrates the first
instance where selective autophagy, in this case mediated by TEX264 and p97,
modulates genome stability in response to PARPI by directly clearing trapped PARP1
from DNA lesions. Beyond elucidation of a new mechanism of trapped PARP1
clearance, understanding the importance of this pathway for maintaining genome
stability and cell survival has promising clinical implications in relation to PARPI
resistance as impairing trapped PARP1 clearance by TEX264 or ATG7 depletion

resensitised resistant cells to two clinically available PARPI.
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6. Discussion

6.1 Summary and model

The use of PARPi for treatment of HR-defective breast, ovarian, prostate and
pancreatic cancer has been a major breakthrough in terms of applying a synthetic
lethal approach to the clinic. However, as with many therapies, both acquired, and de
novo resistance threaten the efficacy of PARPI therapy. By investigating the cellular
response to trapped PARP1, the cytotoxic lesion caused by PARPI, it may be possible
to exploit this response to uncover better predictive biomarkers for resistance or
develop therapies that reduce or overcome resistance. In pursuit of this, | explored the
processing of trapped PARP1 lesions by the p97 system which relies on its co-factors.
| uncovered a novel role of p97 co-factor TEX264 in regulating trapped PARP1, as
modelled in Figure 31, thereby promoting tolerance specifically to clinically relevant
trapping PARPi. Mechanistic studies uncovered that TEX264 directly interacts with
trapped PARP1 and acts as a SAR, promoting the processing of trapped PARP1 by
selective nucleophagy. This pathway is not only TEX264-mediated, but also relies on
p97 activity and the ubiquitin and SUMO conjugation pathways. Impairment of this
process, either through TEX264 mutation or by chemical or genetic inhibition of
autophagy or p97, results in heightened DNA damage and replication stress in multiple
cell lines, underlying PARPI hypersensitivity induced by TEX264 loss. In line with this,
autophagy modulation by chemical inhibition or upregulation caused PARPI
hypersensitivity or resistance, respectively. Strikingly, PARPiI-resistant cells could be
re-sensitised to both talazoparib and Olaparib by inhibiting TEX264-mediated selective

autophagy, implying clinical relevance in relation to overcoming PARPI resistance.
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Figure 31: Model. TEX264-orchestrated p97-mediated selective nucleophagy of trapped PARP1 in
response to PARPI.

6.2 A novel TEX264 substrate

In this study, | have uncovered a novel p97-co-factor functional complex, whereby
TEX264 orchestrates p97-dependent selective nucleophagy of trapped PARP1, reliant
upon both its p97- and LC3-interacting regions. Both p97 and autophagy-related
functions of TEX264 have been previously identified in relation to TOP1cc repair
(Fielden et al., 2020; Lascaux et al., 2024) and reticulophagy (An et al., 2019; Chino
etal., 2019). However, this study bridges these two roles and identifies a new substrate
of TEX264. Whilst | conclusively demonstrated that TEX264 interacts with trapped
PARP1, with a strong PLA signal implying a proximity of less than 40 nm, the nature
of this interaction is still unclear. During TOP1cc repair, TEX264 binds TOP1 through
a bona fide TOP1 binding surface close to the Gyrl-like domain, which is disrupted
through mutation of the Glu194 residue and other nearby residues (Fielden et al.,
2020). Whilst it has not been explored, TEX264-PARP1 interaction could occur directly
through a similar binding surface. The Gyrl-like domain of TEX264 is a promising

candidate for substrate binding as the crystal structure of other Gyrl proteins shows it
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forms a solvent-exposed surface (Romanowski, Gibney, & Burley, 2002), and it
contains an SHS2 fold, highly conserved across all TEX264 orthologs (Fielden et al.,
2022) and shown to mediate protein-protein interactions in a diverse array of protein
superfamilies (Anantharaman & Aravind, 2004). This region of TEX264 is lesser
explored so mutational profiling could improve understanding of its relevance for

trapped PARP1 processing.

The activity of TEX264 in reticulophagy also depends upon direct interaction with its
substrate, whereby an N-terminal transmembrane domain directly links it to the
damaged ER membrane (An et al., 2019; Chino et al., 2019; Fielden et al., 2020). This
makes TEX264 a ubiquitin-independent SAR, in contrast to ubiquitin-dependent SARs
such as p62 and OPTN (Vargas et al., 2023). Interestingly, | found both ubiquitination
and SUMOylation to be essential for selective nucleophagy of trapped PARP1, raising
the possibility that these PTMs regulate the interaction between TEX264 and PARP1.
Analysis of TEX264 structure previously uncovered two SIMs, but an absence of
ubiquitin-binding regions (Fielden et al., 2020). Through these motifs, TEX264 readily
binds SUMO1, with SIM2 shown to be the most relevant for binding to SUMOylated
TOP1 (Fielden et al., 2020). PARP1 is also modified by SUMO1, with its PARPI-
induced enrichment in the PARP1 interactome suggesting this modification occurs
preferentially on trapped PARP1 (Krastev et al., 2022). Interestingly, SUMO1 has been
implicated in the recognition of a handful of other selective autophagy substrates,
including Ataxin-3 aggregates (Hwang & Lee, 2017), and Lamin A/C (Y. Li et al., 2019).
In the case of nucleophagy of the nuclear lamina, DNA damage-induced modification
of Lamin A/C by SUMO1 promotes its interaction with LC3 for clearance by
nucleophagy (Y. Li et al., 2019). Whilst these processes don’t implicate a receptor for

mediating the autophagic processing of the SUMOylated substrates, SARs have been
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shown to act through ubiquitin-like modifications, such as HYPK which serves as a
SAR during proteotoxic stress-induced aggrephagy by binding to aggregates modified
by the ubiquitin-like modifier NEDD8 (Ghosh & Ranjan, 2022). Whether TEX264 relies
on SUMOylation for PARP1 binding remains to be shown, but research may focus on
SUMO E3 ligases that target trapped PARP1. Whilst not essential for SUMOylation to
occur, various SUMO E3 ligases have been characterised that give substrate
selectivity (W. Wang & Matunis, 2023). PIAS4 has already been shown to modify
trapped PARP1. However, as it is highly linked to proteasomal degradation, residual
SUMOylation remains in its absence (Krastev et al., 2022) so other ligases may

regulate this modification.

6.3 Mechanisms of Nucleophagy

As described in the introduction, a handful of nucleophagy substrates have previously
been described including the nuclear lamina during senescence (Dou et al., 2015;
Lenain et al., 2015; Y. Li et al., 2019) and, more recently, TOP2cc which co-localise
with autophagic machinery in nuclear buds in response to TOP2 poisons (Mucifio-
Hernandez et al., 2023). However, unlike for trapped PARP1, these studies do not
implicate a SAR in nucleophagy. Interestingly, parallel work undertaken by our group
identified a similar pathway of p97-mediated TEX264-orchestrated selective
nucleophagy in the processing of TOP1cc (Lascaux et al., 2024). One outstanding
question in relation to selective nucleophagy is the way in which substrates exit the
nucleus and how autophagy is initiated here. In the case of nuclear lamina, extraction
of Lamin A/C (Y. Li et al., 2019) and B1 (Dou et al., 2015) from the nuclear envelope
relies on their direct interaction with LC3, so autophagy machinery appears to be
directly recruited. Some SARs, such as p62 and OPTN, not only bridge substrates to
the growing autophagophore but also aid in its formation through recruitment of
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machinery such as the ULK1 complex, ATG9A vesicles and ATG5-ATG12-ATG16L1
complex (Vargas et al., 2023), as was described in the introduction. However, this has
not been explored for TEX264. Trapped PARP1, which occurs directly on chromatin,
must first be localised to the nuclear periphery, and then exit the nucleus to associate
with an autophagophore. PARP1-TEX264 interaction was concentrated around the
nuclear periphery by PLA, supporting that trapped PARP1 localises here. Localisation
of lesions to the nuclear periphery is best described for DSBs (Oza, Jaspersen, Miele,
Dekker, & Peterson, 2009; Ryu et al., 2015) and stressed replication forks (N. Lamm
et al., 2020) as nuclear pore complexes and other nuclear envelope components can
aid in homology-directed repair (Noa Lamm, Rogers, & Cesare, 2021; Lemaitre et al.,
2012). Localisation of lesions to the nuclear periphery is an active process which relies
upon the nuclear cytoskeleton (Caridi et al., 2018; N. Lamm et al., 2020; Shokrollahi
et al., 2024). Interestingly, this process is promoted by ATR and mTORC1 kinase
signalling (N. Lamm et al., 2020), which are both known and shown in this study to be
increased by PARPI, as well as SUMOylation (Horigome et al., 2016; Kramarz et al.,
2020; Nagai et al., 2008; Ryu et al., 2015), a PTM | found to be essential for trapped
PARP1 nucleophagy. As trapped PARP1 is highly associated with DSBs and stressed
replication forks, these lesions could localise to the nuclear periphery in a similar
manner. A recent study uncovered interaction between DSBs and nuclear envelope
repair factors linked to lamin B1 tubules that infiltrate the nucleus (Shokrollahi et al.,
2024). Strikingly, these tubules were observed in BRCA1-defective TNBC cells upon
Olaparib treatment (Shokrollahi et al., 2024), supporting that PARPI-induced lesions

can contact nuclear envelope structures.

In relation to nuclear exit, microscopy experiments showed trapped PARP1, as well as

other targets of selective nucleophagy, TOP1cc (Lascaux et al., 2024) and TOP2cc
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(Mucino-Hernandez et al., 2023), localise with autophagic machinery in the cytosol
without severe defects in nuclear architecture or cell death occurring, implying the
nuclear envelope remains intact. In the case of selective nucleophagy of TOP1cc, the
nuclear pore complex is not involved in mediating substrate exit. However, high
resolution imaging of the nuclear envelope by electron microscopy showed blister
structures form where TOP1 was found to localise, implying TOP1cc could exit the
nucleus by local disruption of the nuclear envelope (Lascaux et al., 2024). It would be
interesting to observe whether the same occurs for trapped PARP1. Interestingly,
replication stress and associated ATR signalling were recently shown to cause local
rupture of the nuclear envelope through phosphorylation of lamin A/C (Kovacs et al.,
2023) so it is possible that PARPi-induced ATR signalling aids in nuclear exit of trapped
PARP1 by driving nuclear envelope rupture. Local rupture caused by this
phosphorylation event was driven by connections between the nuclear lamina,
cytoskeleton and chromatin (Kovacs et al., 2023), supporting that movement of lesions
to the nuclear periphery is concurrent with their nuclear exit. Interestingly, HR-deficient
cancer cells had higher incidence of nuclear envelope rupture (Kovacs et al., 2023),
so nucleophagy-mediated lesion repair could be of significant relevance for these

cancers.

6.4 Relevance of trapped PARP1 nucleophagy

As TOP1cc and trapped PARP1 are cleared by a similar pathway of TEX264-
orchestrated nucleophagy, it follows that TEX264 may serve a more general purpose
as a SAR for DPC and DPC-like lesions. In accordance with this, TOP1, along with
accompanying DNA fragments which make up the TOP1cc lesion, were identified in
the lysosome in a way which depended upon the SHP and LIR domains of TEX264
(Lascaux et al., 2024), similar to trapped PARP1. Similar to trapped PARP1
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nucleophagy, this was relevant for maintaining genome stability and prevention of
TOP1cc-induced mutations. To further understand this, it would be interesting to
investigate if trapped PARP1-associated DNA is also shuttled to the lysosome by
TEX264-orchestrated nucleophagy, in a similar way to TOP1cc DNA fragments.
Studies in mouse models (Chabanon et al., 2019; Ding et al., 2018; Pantelidou et al.,
2019), and through in-depth analysis of clinical trial data (Chopra et al., 2020) have
found that PARPI induce accumulation of cytosolic DNA which is recognised by the
DNA sensor cGAS and activates STING signalling, inducing a pro-inflammatory
response and immune cell infiltration. This has been proposed to drive PARPI
cytotoxicity (Wicks et al.,, 2022) and is tightly linked to trapping as immune cell
infiltration is suppressed in PARP1-null cells (Chabanon et al., 2019). It would
therefore be interesting to investigate whether PARPi-induced cytosolic DNA is
associated with TEX264-orchestrated nucleophagy of trapped PARP1 and how
modulation of this pathway effects the immune response. In the case of TOP1cc
clearance, accumulation of aggregates containing TOP1 seemed to underly
cytotoxicity when TEX264-mediated nucleophagy was impaired (Lascaux et al., 2024),
as autophagy has long been associated with clearance of aggregates (Ravikumar,
Duden, & Rubinsztein, 2002). It is unclear whether the same is true for trapped PARP1
clearance but as p97 is known to be involved in aggregate formation by unfolding and
extracting proteins (Kobayashi, Manno, & Kakizuka, 2007; Mukkavalli, Klickstein,
Ortiz, Juo, & Raman, 2021), it is a possibility that PARP1 aggregates form as a result
of p97-mediated extraction from chromatin and that TEX264-orchestrated autophagy

is required to resolve this.
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6.5 Targeting TEX264-orchestrated nucleophagy in the clinic

In this study, | observed that inhibition of autophagy had detrimental effects on cancer
cell survival in response to PARPI, whilst boosting autophagy caused resistance to
PARPI. This effect has been observed by numerous other studies in multiple cancers
and with all clinically available PARPi (Cahuzac et al., 2022; Elshazly et al., 2022; Y.
Liu et al., 2019; Pai Bellare et al., 2021; Pai Bellare & Sankar Patro, 2022; Ren et al.,
2020; Santiago-O'Farrill et al., 2020; Uddin et al., 2022), suggesting autophagy
inhibition in combination with PARPI therapy could be a promising target. However, as
described in the introduction, CQ and its derivatives, already approved for treatment
of malaria, show mixed responses when used in combination with other cancer
therapies (Amaravadi, Kimmelman, & Debnath, 2019), and there is some evidence
suggesting their autophagy inhibitory effect are weak (Rosenfeld et al., 2014). By
better understanding how autophagy regulates PARPI response, it may be possible to
specifically target the underlying pathway. | demonstrated that depletion of TEX264 or
ATGY7 to inhibit TEX264-orchestrated selective nucleophagy of trapped PARP1 could
re-sensitise resistant cells to PARPI, a promising result due to the lack of therapies
available to overcome PARPI resistance in the clinic. The association of autophagy
with resistance is validated in the literature, where autophagy upregulation has been
linked to Olaparib resistance in breast (Uddin et al., 2022) and pancreatic cancer cells,
with the latter shown both in vivo and in vitro (Xiao et al., 2024), although it remains to

be seen if the same is true in patients.

Inhibition of p97 with CB-5083 was previously shown to hypersensitise mouse and
patient-derived BRCA1-mutant breast cancer organoids to PARPi (Krastev et al.,
2022). However, this inhibitor failed in clinical trials for advanced solid tumours and
multiple myeloma due to off-target effects. Targeting the p97 co-factor TEX264 may
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allow specific inhibition of p97-mediated trapped PARP1 repair without affecting other
p97 functions. However, targeting TEX264 is complicated as it appears to act as a
scaffolding factor with no catalytic domain to exploit. One strategy may be to develop
a proteolysis-targeting chimera (PROTAC) molecule against TEX264. This technology
utilises the UPS, bridging ubiquitination machinery to a specific substrate to allow the
targeted degradation of previously undruggable targets. PROTACs against androgen
and oestrogen receptors in prostate and breast cancer, respectively, have proven to
be safe and effective in clinical trials (Békés, Langley, & Crews, 2022; Petrylak et al.,
2020; Snyder et al., 2021), supporting the exploration of PROTACs as an approach to

targeting substrates such as TEX264.

TEX264 could also be targeted by inhibiting its interaction with p97 and autophagy
machinery. Other p97 inhibitors have been developed that target specific co-factors,
such as CuET which acts against NPL4. It binds to the zinc-finger domain of NPL4,
causing the co-factor to form nuclear aggregates which impairs p97 function by
immobilising it at these aggregates and leads to cell death by triggering a heat shock
response (Skrott et al., 2017). In this way, CUET demonstrates how inhibitors can have
tumour anti-proliferative effects (Skrott et al., 2017) by indirectly inhibiting p97 function
through immobilisation of one of its co-factors. In a similar manner, inhibition of
selective autophagy could be achieved by targeting the interaction between LC3 and
specific SARs. This has been explored for p62, with the discovery that the antibiotic
novobiocin and its derivatives impair p62-LC3 interaction by binding the LIR-docking
site of LC3 (Hartmann et al., 2021). Their initial approach used an assay to detect the
interaction between LC3 and a polypeptide that included the p62-LIR sequence in vitro
when exposed to a library of approved drugs (Hartmann et al., 2021). If this strategy

was applied for other co-factors, such as TEX264, further inhibitors could be

137



uncovered that impair specific pathways of autophagy for improved therapeutic

targeting.

Overall, | have uncovered a novel pathway of trapped PARP1 clearance by p97-
mediated TEX264-orchestrated nucleophagy which is critical in the PARPI response
and promotes resistance to PARPI. Uncovering biomarkers of PARPI resistance and
developing therapies to overcome it is of major clinical need so further work may focus

on whether this pathway could be exploited in patients.
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Publications

| currently have a first author paper under review in Nature Cell Biology, which contains

much of the work presented in this thesis. | have also contributed to several

publications during my DPhil, which are listed below.

Original Scientific Articles

1.

Krastev, D. B., Li, S., Sun, Y., Wicks, A. J., Hoslett, G., Weekes, D., . . .
Ramadan, K. & Lord, C. J. (2022). The ubiquitin-dependent ATPase p97
removes cytotoxic trapped PARP1 from chromatin. Nat Cell Biol, 24(1), 62-73.
doi:10.1038/s41556-021-00807-6

Lascaux, P., Hoslett, G., Tribble, S., Trugenberger, C., Anti¢evi¢, I., Otten, C., .
.. & Ramadan, K. (2024). TEX264 drives selective autophagy of DNA lesions
to promote DNA repair and cell survival. Cell, 187, 1-21.

doi:http://doi.org/10.1016/j.cell.2024.08.020
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Torrecilla, 1., Ruggiano, A., Kiianitsa, K., Aljarbou, F., Lascaux, P., Hoslett,
G., . . . & Ramadan, K. (2024). Isolation and detection of DNA-protein
crosslinks in mammalian cells. Nucleic Acids Res, 52(2), 525-547.
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