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Abstract

The PSMC3IP-MND1 complex stimulates the formation of D-loops during meiosis
in both yeast and mammals by facilitating the recombinases' DNA strand exchange
activity. Surprisingly, genome-scale CRISPR-Cas9 mutagenesis and interference
screens in mitotic cells revealed that depletion of either PSMC3IP or MND1 led to
sensitivity to clinical Poly (ADP-Ribose) Polymerase inhibitors (PARPI).
Additionally, a retroviral mutagenesis screen in mitotic cells identified PSMC3IP
and MND1 as genetic factors for ionising radiation (IR) sensitivity. Depletion of
either PSMC3IP or MND1 led to an accumulation of toxic RAD51 foci in response
to DNA damage, a reduction in homology-directed DNA repair, and sensitivity to
PARRPI. Despite replication fork reversal also being affected, the disrupted D-loop
formation could be the major cause of PARPI sensitivity; a PSMC3IP p.Glu201del
D-loop formation mutant linked to ovarian dysgenesis was found to be ineffective
in reversing PARPI sensitivity. These findings suggest that meiotic proteins like
MND1 and PSMC3IP could play a greater role in determining the response to

therapeutic DNA damage in mitotic cells.
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Chapter 1. Introduction

1.1.The DNA damage response
The human genome is constantly damaged by a variety of intrinsic or exogenous
factors. For example, exogenous environmental sources of DNA damage include
ultraviolet (UV) light (Wang & Smith, 1986) and ionising radiation (IR) (Ward, 1988).
Intrinsic factors that cause DNA damage include the reactive-oxygen species
(ROS) formed by oxidative respiration (Lindahl, 1993; Lindahl & Nyberg, 1972). If
this DNA damage is not repaired, or if cells with persistent DNA damage continue
to divide, the overall fitness of cells is compromised and/or faithful transmission of
genetic material from parent to daughter cell is impaired (Jackson & Bartek, 2009).
For example, breaks in both strands of the DNA double helix (DNA double-strand
breaks, DSBs) can either lead to chromosomal translocations that alter the overall
structure of the genome (Gaillard et al., 2015) or, in extreme cases, can stimulate
the cell to enact a form of programmed cell death to prevent the transmission of
damaged DNA to daughter cells (Roos & Kaina, 2006; Wyllie et al., 1980). Given
the potentially critical effects of DNA damage, organisms have evolved a series of
molecular processes that sense and repair DNA damage, collectively referred to

as the DNA damage response (DDR) (Jackson & Bartek, 2009).

In broad terms, the DDR includes proteins that detect DNA damage (sensors),
proteins that are stimulated by sensors to recruit additional proteins to the site of
DNA damage (mediators or transducers) and proteins that enact the repair of the
double helix, upon recruitment to the site of DNA damage (effectors) (Zhou &
Elledge, 2000). In reality, many of the proteins involved in the DDR have multiple

functions, for example acting as both sensor and transducer or transducer and
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effector (Zhou & Elledge, 2000). For example, two key regulators of the DDR, the
closely related kinases Ataxia Telangiectasia Mutated (ATM) and Ataxia
Telangiectasia and Rad3-related (ATR) (Jackson and Bartek 2009), sense DNA
damage and recruit DNA repair effectors to the site of damage by phosphorylating
substrates (Lovejoy & Cortez, 2009). ATM is recruited to and activated at DSBs
(Andegeko et al., 2001), while ATR is activated by a broad spectrum of DNA
damage (examples of which will be discussed shortly in this thesis) in addition to
DSBs (Lovejoy & Cortez, 2009). In addition to repairing DNA, multiple proteins
within the DDR interact with proteins involved in distinct processes in the cell that
are also critical to maintain cellular homeostasis. For example, ATM and ATR also
instigate signalling pathways that either prevent the firing of latent DNA replication
forks (RFs) or stimulate the stalling of the cell cycle (Banin et al., 1998; Tibbetts et
al., 1999). The prevention of additional DNA replication and the stalling of the cell
cycle, whilst not directly involved in DNA repair per se, allow DNA repair to occur

prior to the normal progression of the cell cycle once repair is complete.

The range of different DNA lesions resulting from DNA damaging agents requires
a diverse set of DNA repair processes for their repair. Specifically, DNA damage
can manifest as breaks in one strand of the double helix (single-strand breaks,
SSBs), breaks in both strands of the double helix (DSBs), the oxidation of bases
(Demple & Harrison, 1994), the formation of covalent cross links between bases
on one strand of the helix, (intra-strand crosslinks), or between those on opposing
strands (inter-strand crosslinks), the imprecise replication of DNA leading to DNA
base mismatches or the covalent linking of proteins or small molecules to the

double helix. Matching this array of DNA lesions, a variety of ostensibly distinct
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molecular processes has evolved including single-strand break repair (SSBR)
(Caldecott, 2014) and double-strand break repair (DSBR) (Szostak et al., 1983)
pathways, for repair of SSBs and DSBs, respectively. Details of DSBR will be
discussed in detail in a subsequent section of this thesis. Base excision repair
(BER) pathway (Lindahl, 1974) repairs base adducts and oxidative lesions that can
occur upon base oxidation (Demple & Harrison, 1994). While inter-strand
crosslinks are repaired with a dedicated DNA repair pathway, inter-strand crosslink
(ICL) repair (Clauson et al., 2013), intra-strand crosslinks are repaired with
nucleotide excision repair (NER), which also removes bulky lesions (Clauson et al.,
2013; Sancar, 1996). Mismatch repair (MMR) repairs base mismatches that occur
during replication (Modrich & Lahue, 1996). In brief, BER, NER and MMR pathways

involve the excision of a damaged region and insertion of new DNA bases to fill the

gap.

As well as maintaining the overall fithess of the cell, the DDR also acts as a barrier
to tumourigenesis. Indeed, defective DDR, and the resulting genomic instability
that it causes, are regarded as one of the characteristic hallmarks of cancer
(Hanahan & Weinberg, 2011). Defective DDR can result in the accumulation of
DNA lesions and increase the mutational burden, contributing to tumour evolution
(Negrini et al., 2010). For example, many solid tumours exhibit either aneuploidy
(an abnormal number of chromosomes) (Taylor et al., 2018), a structurally
disordered genome (e.g. multiple copy number alterations, chromosome deletions,
translations, etc.) and/or a relatively high mutation rate (Beroukhim et al., 2010;

Zack et al., 2013). As such, it is suggested that the processes that maintain the
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integrity of the genome, such as the DDR, might be dysfunctional in tumours (Loeb

et al., 1974; Nowell, 1976).

The publication from Peter Nowell (Nowell, 1976) established the concept of
tumour progression as a genetic evolution process governed by Darwinian
principles of diversification and natural selection, referred to as clonal evolution.

The clonal evolution model postulates a series of clonal expansions, dependent on
the acquisition of oncogenic mutations which confer a fithess advantage (Fidler,
1978). As such, the mutant clones are able to outcompete and outgrow cells
lacking the specific mutation, so clonal selection drives the expansion of subclones
with distinct phenotypic traits and growth advantages (McGranahan & Swanton,
2017). The selection pressure exerted by the tumour microenvironment,
therapeutic interventions, and immune responses further shape the clonal
composition of the tumour, favouring the survival of subclones with specific
advantageous features. As in nature, genetic diversity is essential for evolution in
tumours. As such, DNA damage acts as a driver of genetic diversity, introducing
random mutations, chromosomal rearrangements, and copy number variation,
leading to tumour heterogeneity; the presence of diverse subpopulations of cancer
cells within a tumour. In addition to genetic alterations, DNA damage can influence
tumour heterogeneity through epigenetic modifications. DNA methylation patterns,
histone modifications, and chromatin remodelling can be altered in response to
DNA damage, leading to changes in gene expression patterns and cellular
phenotypes (Marusyk et al., 2012). A major consequence of the tumour
heterogeneity, which can be caused by a continuous cycle of DNA damage and

repair, is the development of subpopulations of cancer cells with different growth
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rates, migratory capacities, and responses to therapy (Marusyk et al., 2012). This
heterogeneity poses challenges in clinical management, as certain subclones may
acquire resistance to treatment while others remain sensitive, as such the survival
and expansion of treatment-resistant subclones can lead to disease relapse and
metastasis (Dagogo-Jack & Shaw, 2018). Moreover, the presence of diverse
subpopulations can contribute to the failure of targeted therapies, as specific
genetic alterations may only be present in a subset of cells (Lord & Ashworth,

2017).

Many of the high penetrance genetic disorders that are associated with cancer
predisposition, such as Bloom’s Syndrome (German, 1993; Wu & Hickson, 2003),
hereditary breast and ovarian cancer (HBOC) (Miki et al., 1994; Wooster et al.,
1995), and Fanconi’'s Anaemia (FA) (Schroeder & Kurth, 1971), are caused by
deleterious mutations in genes that encode DDR proteins (e.g. the BLM (Wu &
Hickson, 2002), BRCA1 or BRCAZ2 (Miki et al., 1994; Wooster et al., 1995), and the
FANC family of proteins (de Winter & Joenje, 2009)). Many of the highly recurrent
somatic gene mutations that are now known to be “driver” effects in cancer, i.e.
those mutations that are required for tumourigenesis (Stratton et al., 2009) are in
genes involved in the DDR; BRCA1 and BRCAZ are two such examples (Cancer
Genome Atlas, 2012). Finally, many of the approaches successfully used to treat
cancer work by exploiting DDR defects that exist in tumour cells, but are largely
absent in normal cells. These approaches include radiotherapy, DNA damaging
chemotherapy and more recently discovered targeted agents, such as

Poly (ADP-ribose) Polymerase inhibitor (PARPi) (Lord & Ashworth, 2017).
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1.2. Homologous recombination
Homologous recombination (HR) is a relatively error-free sub-pathway of DSBR,
which mediates the exchange of genetic information between the broken region of
DNA and identical or similar DNA sequences elsewhere in the genome (Szostak
et al., 1983). HR is conservative, restoring the pre-damaged DNA sequence back
at the site of the DSB. HR in somatic cells, summarised in Figure 1.1, aims to repair
DNA damaged-induced DSBs on one chromosome by using the undamaged sister
chromatid DNA as a template. Therefore, somatic HR occurs in S/G2 phase, after
chromosomes have been replicated and the sister chromatid generated (Kadyk &
Hartwell, 1992). Although less favoured than the sister chromatid due to possible
impact on genome integrity, homologous chromosomes can also be used as a
template for HR (Johnson & Jasin, 2000). Aside from its role in the repair of DNA
damage, HR is also used in meiotic cells, the process of which is summarised in in
Figure 1.2. Meiotic HR aims to recombine homologous regions of DNA on paternal
and maternal homologous chromosomes, as part of crossing over and the

generation of genetic variation during gametogenesis (Baudat et al., 2013).

HR is distinct from other, more mutagenic, forms of DSB repair. These include
non-homologous end joining (NHEJ), which involves direct ligation of broken DNA
ends independent of sequence homology (Lieber, 2010), or microhomology
mediated end joining (MMEJ), where DNA sequences with microhomology on
either side of a DSB align as a prelude to DNA ligation (Kramer et al., 1994; Robert
et al., 2009). Another form of DSB repair, single-strand annealing (SSA), involves
the alignment and annealing of regions of homology on either side of the DSB (Lin

etal., 1984). Although SSA successfully repairs the DSB, the intervening sequence
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Figure 1.1 Simplified schematic of initial stages of somatic homologous
recombination.

Somatic homologous recombination (HR) is initiated with resection of DNA ends at
the DSB to generate a DSB with single-stranded DNA (ssDNA) overhangs via
MRN-CtIP, then exonuclease 1 (EXO1). Replication protein A (RPA) rapidly coats
and stabilises the resulting 3’-ssDNA to protect it from degradation. In order to
terminate DNA end resection, RPA is replaced with the DNA recombinase, RAD51,
by BRCA2, with the help of PALB2. RAD51 is required for the later homology
search and strand invasion step of HR. Figure adapted from (Jiang & Chu, 2018).
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Figure 1.2 Simplified schematic of initial stages of meiotic recombination.
Meiotic homologous recombination (HR) is initiated by programmed introduction of
SPO11-mediated double-strand breaks (DSBs) (signified by yellow arrow). Target
sites for DSB induction by SPO11, recombination hotspots, are marked epigenetically
by PRDM9. DSB induction is further promoted by HORMAD1 and HORMAD?2.
Following exonuclease 1 (EXO1)-mediated resection of DNA ends, RAD51 and DMCA1
DNA recombinases bind single-stranded DNA (ssDNA). As such, nucleoprotein
filament can be formed, which recruits downstream factors to stimulate initiation of HR.
PSMC3IP-MND1 heterodimer  aids DSB resolution by promoting
RAD51/DMC1-mediated homology search in meiotic HR. Figure adapted from
(Sansam & Pezza, 2015) and (Feichtinger & McFarlane, 2019).
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is deleted, which result in deletions between repetitive elements. In the case of
DSBs occurring on more than one chromosome, chromosome translocations could
even result from SSA (Richardson & Jasin, 2000). As such, mammalian cells with
repetitive genomes would be at risk of genome instability with SSA. Although there
are multiple sub-types of HR, including the classical DSBR sub-pathway (Szostak
et al., 1983), and the synthesis-dependent strand annealing (SDSA) sub-pathway
(Nassif et al., 1994), as summarised in Figure 1.3, the initial steps are similar. HR
is initiated by resection of DNA ends at the DSB to generate a DSB with
single-stranded DNA (ssDNA) overhangs. This DNA structure provides a platform
for the recruitment of proteins required for HR, and also prevents loading of
Ku70/Ku80 heterodimer onto the DNA ends, which are required for NHEJ (Lieber,
2010). As such, initiation of HR via resection blocks NHEJ. Following DNA
damage, the MRN complex, which consists of three subunits MRE11, RAD50 and
Nibrin (NBS1), is recruited to the DSB site and binds DNA via RAD50 (Lisby et al.,
2004). BRCA1 tumour suppressor protein (described in detail later) further
promotes HR by ubiquitylating CtBP-interacting protein (CtIP), which when also
phosphorylated by cyclin dependent kinase 1 (CDK1), stimulates MRE11
endonuclease activity (Yun & Hiom, 2009). As CDK1-mediated phosphorylation of
CtIP is restricted to S/Gz phase, this ensures the availability of the sister chromatid
for use as a DNA template (Sartori et al., 2007). MRE11 endonuclease activity
generates a nick in double-stranded DNA (dsDNA), from which MRE11 3'-5'
exonuclease activity subsequently generates short (~100 nucleotides) 3'-ssDNA

overhangs (Mimitou & Symington, 2008). MRE11 has limited exonuclease activity.
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Figure 1.3 Schematic summarising the multiple sub-types of HR.
Following initial stages of homologous recombination (HR) comprising end resection,
strand invasion and DNA synthesis (A), HR can either proceed via the
synthesis-dependent strand annealing (SDSA, B) or the classical double-strand break
repair (DSBR, C) sub-pathway. (A) Following DSB formation, the DNA ends are
resected to generate 3’-single-stranded DNA (ssDNA) overhangs, which allows
HR-related proteins to mediate homology search and strand invasion of the DNA
template to form a nascent D-loop structure. This step is followed by DNA synthesis.
(B) In SDSA, the D-loop is dissolved, i.e., the D-loop is unwound, and the freed ssDNA
strand anneals with the complementary ssDNA strand associated with the other DSB
end. Gap-filling DNA synthesis and ligation concludes SDSA, to generate only
non-crossover products. (C) In DSBR, the second end of the DSB can be captured,
via second end capture, to form an intermediate with two Holliday junctions (HJ)s.
Gap-filling DNA synthesis and ligation concludes DSBR, to generate either
non-crossover products, if dissolved (black triangles), or crossover products (grey
triangles), if resolved with specialised endonucleases. Figure from (San Filippo et al.,
2008).
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The MRN complex, therefore, recruits exonuclease 1 (EXO1) and DNAZ2, which
are indeed capable of generating the long 3'-ssDNA overhangs required for the
later step of HR, involving strand invasion into a homologous template (Zhu et al.,
2008). Unlike MRE11 or EXO1, which are capable of degrading single strands
within dsDNA, DNAZ2 is only able to degrade ssDNA (Kao et al., 2004). As such,
DNA2 requires helicase activity of Bloom syndrome (BLM) protein (Mimitou &
Symington, 2008; Nimonkar et al., 2011) and Werner syndrome ATP-dependent
helicase (WRN), another RecQ family helicase for DNA unwinding (Sturzenegger
et al., 2014). Replication protein A (RPA) rapidly coats the ssDNA that is generated
during DNA resection to protect it from degradation (Sugiyama et al., 1997). RPA
also mediates checkpoint activation by ATR (Zou & Elledge, 2003), which functions
to prevent the firing of latent DNA RFs or stimulate the stalling of the cell cycle
(Tibbetts et al., 1999), as mentioned earlier in this thesis. In order to terminate DNA
end resection, RPA needs to be removed to allow localisation of the DNA
recombinase, RAD51, which mediates the subsequent step of HR; homology
search and strand invasion into the homologous template (Sharan et al., 1997,
Yang et al., 2002). RPA removal is regulated by BRCA2-DSS1 (Marston et al.,
1999). DSS1 is a small (70 residues) and highly acidic protein that allows removal
of ssDNA via ssDNA mimicry (Zhao & Sung, 2015). Furthermore, PALB2 plays a
role in ensuring the proper localisation of BRCA2 through its interaction with the
N-terminus of BRCA2 (Xia et al., 2006). BRCAZ2 interacts with DNA via its
DNA-binding domain (DBD) and RADS1 via its BRC repeat domain, to facilitate the
recruitment of RAD51 to the DSB to form RAD51-ssDNA filaments for strand
invasion (Sharan et al., 1997; Yang et al., 2002). RAD51, in its ATP-bound form,

undergoes a conformational change required for DNA binding via its N-terminus.
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Once localised, RAD51 monomers bind to the ssDNA in a cooperative manner,
forming small complexes of 2-5 monomers (Candelli et al., 2014; Hilario et al.,
2009; van der Heijden et al., 2007). These initial complexes serve as nucleation
sites for further RAD51 monomer binding. Only a subset of nucleation events result
in productive outcomes, as only a fraction of short RAD51 clusters that initially bind
to ssDNA in an unstable manner will undergo elongation through the addition of
RADS1 subunits at the filament ends (Kowalczykowski, 2015). As more RAD51
monomers are added to the complex, a helical nucleoprotein filament structure
begins to form on the ssDNA (Sharan et al., 1997). The filament grows in a 5’-3’
direction, with RAD51 monomers aligning along the ssDNA. This assembly
process is facilitated by the interaction between RAD51 and the BRC repeats of
BRCAZ2, which act as a scaffold for filament formation (Sharan et al., 1997). BRCA2
also stabilises RAD51 filaments by protecting RAD51 filaments from premature
disassembly and degradation (Sharan et al., 1997). The assembly of RAD51 into
filaments is also influenced by various regulatory factors. Cyclin-dependent kinase
13 (CDK13) has been implicated in promoting RADS1 filament formation, via
phosphorylation-mediated mechanisms (Quereda et al., 2019). E2F1, one of the
E2F family members which regulate cell cycle progression, have also been
observed to modulate RAD51 filament dynamics. E2F1 knockdown correlated with
loss of RAD51 expression and RAD51-dependent DSB repair in colon cancer cell
models (Choi & Kim, 2019). EGR1 (Hine et al., 2014) and p53 (Arias-Lopez et al.,
2006) have also been identified as RADS1 regulators. RAD51 monomers are
arranged into nucleoprotein filaments to allow homology search and strand
invasion of the 3’ overhang into the homologous template, yielding a DNA joint

referred to as a D-loop (Sigurdsson et al., 2002).
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The DSBR sub-pathway of HR proceeds with the engagement of the second end
of the DSB, in a process referred to as second end capture, which is achieved
either by a second independent invasion or DNA annealing to the displaced strand
of the D-loop (Nimonkar & Kowalczykowski, 2009). RAD52 catalyses the annealing
of the second end, via its unique ability to anneal complementary ssDNA bound to
RPA (Sugiyama et al., 2006; Sugiyama et al., 1998). As a result, a joint DNA
molecule comprising two Holliday junctions (HJ)s, is formed (Holliday, 2007), which
requires removal prior to the onset of mitosis for faithful chromosome segregation
(West et al., 2015). HJs can be “dissolved” by BLM-Topoisomerase
[lla-RMI1-RMI2 (BTR) complex, to promote the migration of the two HJs towards
each other, giving rise to a hericenone (a conjoined DNA duplex) that can be
processed by topoisomerase-mediated dissolution (Wu & Hickson, 2003). In the
DSBR sub-pathway of HR, the HJs can alternatively be “resolved” by the
SLX1-SLX4-MUS81-EME1 (SLX-MUS) complex (Wyatt et al., 2013) or GEN1
nuclease (Garner et al., 2013; Ip et al., 2008) to cut HJs (Figure 1.4B). Gap-filling
DNA synthesis and ligation concludes the DSBR sub-pathway of HR. In the SDSA
sub-pathway of HR, the D-loop is dissolved after DNA synthesis, whereby the
D-loop is unwound, and the freed ssDNA strand anneals with the complementary
ssDNA strand associated with the other DSB end (Orr-Weaver et al., 1981;
Szostak et al., 1983). Gap-filling DNA synthesis and ligation concludes the SDSA
sub-pathway of HR. Similarly to BTR-mediated dissolution of a HJ within the DSBR
sub-pathway of HR, the D-loop dissolution within the SDSA sub-pathway of HR
results in the two ends of the DNA break being re-joined to the original sister
chromatid template; a “non-crossover event” (NCO) (Figure 1.4A). Although NCO

are also possible with HJ resolution, mediated by either SLX-MUS or GEN1, within
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Figure 1.4 Simplified schematic for the processing of Holliday junctions (HJs).
(A) Holliday junctions (HJs) can be “dissolved” by BLM-Topoisomerase
llla-RMI1-RMI2 (BTR) complex, to promote the migration of the two HJs towards each
other, giving rise to a hemicatenane (a conjoined DNA duplex) that can be processed
by topoisomerase activity. Dissolution generates non-crossover (NCO) products,
which avoids sister chromatid exchanged (SCE) and the potential for loss of
heterozygosity (LOH) upon recombination between homologous chromosomes. (B)
HJs can alternatively be “resolved” by the SLX1-SLX4-MUS81-EME1 (SLX-MUS)
complex or GEN1 nuclease, which cut HJs. HJ resolution results in either NCO or
crossover (CO) products. Figure from (West et al., 2015).
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the DSBR sub-pathway, the DNA ends of opposing sister chromatids can also be
re-joined, resulting in a “crossover event” (CO) or “sister chromatid exchange”
(SCE) (Figure 1.4B). HR-mediated DNA repair between sister chromatids is
genetically silent, even when associated with CO. However, despite their
importance for meiosis, CO between chromosome homologs can result in loss of
heterozygosity (LOH). As such, despite its reputation as an accurate form of DSB
repair, HR can be mutagenic (Al-Zain & Symington, 2021). Given the risk to
genome integrity from generating COs, the resolution pathways for HJ removal are
tightly regulated to favour BTR-mediated dissolution in the DSBR sub-pathway of
HR (Al-Zain & Symington, 2021). Despite the common outcomes of meiotic and
mitotic HR, the exchange of genetic information between the broken region of DNA
and identical or similar DNA sequences elsewhere in the genome, many factors
are uniquely expressed in meiotic HR, as summarised in Figure 1.2. In contrast to
the DNA lesions that occur sporadically in somatic cells, that require repair to
minimise the risk of DNA alterations, DSBs are introduced in a programmed
manner in meiotic cells to initiate the process of crossing over. PRDM9 mediates
epigenetic marking of recombination hotspots (Grey et al., 2011; Parvanov et al.,
2010; Powers et al., 2016), which are target sites for DSB induction by SPO11
(Neale & Keeney, 2006). The PRDM9 zinc-finger domain binds DNA, bringing the
PR/SET domain in a conformation to allow the trimethylation of histone H3 on
189 lysine 4 (H3K4me3) and histone H3 on lysine 36 (H3K36me3), resulting in the
disassembly of the nucleosomes and allows SPO11 binding (Grey et al., 2011,
Parvanov et al., 2010; Powers et al., 2016). SPO11 tyrosine residue attacks DNA
phosphodiester backbone, which ultimately disrupts the DNA backbone and

introduces a break site (Keeney et al., 1997). Besides SPO11, which is the
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catalytically active unit, IHO1, MEI4, MEI1 and REC114 are also required for DSB
introduction (Libby et al., 2003; Kumar et al., 2018; Kumar et al., 2010; Stanzione
et al., 2016); HORMA (Hop1, Rev7, Mad2)-domain protein HORMAD1 allows the
recruitment of IHO1 (Stanzione et al., 2016). Similarly to somatic HR, the process
of DNA end resection is then initiated, as previously described; the DNA ends at
the DSB are resected to generate a DSB with ssDNA overhangs, which are in turn
eventually bound by RADS51 (Sharan et al., 1997). In contrast with somatic HR,
another DNA recombinase, DMC1, is also involved (Bugreev et al., 2011). As such,
DMC1 is exclusively expressed in meiotic cells. As in the process of DNA
recombination in somatic cells, BRCAZ2 is required for proper loading of DNA
recombinases RAD51 or DMC1 (Sharan et al., 1997). RAD51 and DMC1 retain
~54% identical amino acid sequence in humans (Davies et al., 2001) and possess
shared functions of mediating homology search and strand invasion in meiotic HR,
as reported with strand exchange and strand assimilation (D-loop) assays
(Baumann et al., 1996; Li et al., 1997). However, the catalytic activity of RAD51 is
reportedly not required for the completion of meiosis, but rather has been
suggested to facilitate the loading of DMC1 onto the ssDNA (Cloud et al., 2012).
DMC1 functions as the predominant strand exchange protein during meiosis
(Cloud et al.,, 2012) to promote strand invasion, recombination between
homologous chromosomes and crossing over (Hong et al., 2013; Schwacha &
Kleckner, 1997). RAD51 also functions to repair residual DSBs after recombination
between homologous chromosomes and synapsis are complete (Cloud et al.,
2012; Da Ines et al., 2013). In contrast to somatic HR, accessory proteins MND1
and PSMC3IP support RAD51 and DMC1 functions in meiotic HR. MND1 and

PSMC3IP form a heterodimer complex, which acts in concert with RAD51 and
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DMCH1 to facilitate the homology search process (Chen et al., 2004; Tsubouchi &
Roeder, 2002). The C-terminus of PSMC3IP-MND1 interacts with RAD51/DMC1
and PSMC3IP binds ssDNA to orchestrate the localisation of DMC1 on the ssDNA
(Zhao et al., 2015), while the N-terminus of PSMC3IP-MND1 binds dsDNA to bring
the chromosome homologs in close juxtaposition together (Chen et al., 2004;
Pezza et al., 2007). As such, PSMC3IP-MND1 promotes recombination between

homologous chromosomes, rather than sister chromatids, which is desired for
meiotic recombination (Leu et al., 1998). This function of PSMC3IP-MND1 also
condenses dsDNA surrounding the filament to enhance the homology search
(Pezza et al. 2010). Overall, PSMC3IP-MND1 promote homology search and
facilitates stabilisation of the nucleoprotein complex, which ultimately allows DSB

resolution.

1.3.The DNA damage response in meiosis
As previously detailed, the DDR is a highly conserved mechanism that safeguards
genome integrity by sensing, signalling, and repairing DNA lesions (Jackson &
Bartek, 2009). While not as extensively studied as in somatic cells, the DDR in
meiosis, the specialised cell division process responsible for gamete formation, is
also important. Meiosis is a crucial biological process that ensures the faithful
transmission of genetic material from one generation to the next, via production of
genetically diverse and competent gametes (Zickler & Kleckner, 1999). The
interplay between the DDR and meiosis is crucial for maintaining chromosomal
stability and facilitating accurate genetic recombination. Besides ensuring faithful
transmission of DNA by actively repairing DNA damage that arises during meiosis,

the DDR also actively influences the meiotic recombination process by regulating
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DNA repair pathways, with a predominant emphasis on HR (Hunter, 2015). HR
facilitates the recombination of homologous regions of DNA on paternal and
maternal chromosomes, as part of crossing over and the generation of genetic

variation during gametogenesis (Baudat et al., 2013).

The DDR is also crucial for the initiation of meiotic recombination via DSB formation
by SPO11 (Keeney et al., 1997). The DSB ends are resected to release SPO11
and generate a DSB with ssDNA overhangs, which are in turn bound by either
RADS1 (Sharan et al., 1997) or meiosis-specific DMC1 (Bugreev et al., 2011),
forming a helical presynaptic nucleoprotein filament. During meiosis, DMC1
functions as the predominant strand exchange protein (Cloud et al., 2012) to
promote strand invasion, recombination between homologous chromosomes and
crossing over (Hong et al., 2013; Schwacha & Kleckner, 1997). RAD51, on the
other hand, functions to repair residual DSBs after completion of recombination
and synapsis between homologous chromosomes (Cloud et al., 2012; Da Ines et
al., 2013). Accessory proteins MND1 and PSMC3IP support the functions of
RADS51 and DMC1 in meiotic HR. Early studies regarding Hop2 and Mnd1 genes
(orthologs of the human PSMC3IP and MND1, respectively) were performed in
yeast. Hop2 was found to be meiosis-specific (Leu et al., 1998), and subsequent
studies showed that Hop2 forms a stable heterodimer with Mnd1 (Hop2-Mnd1);
co-purification of Hop2 with affinity-tagged Mnd1 was observed independent of
other proteins (Chen et al., 2004). Physical interactions between Hop2-Mnd1 and
Dmc1 were demonstrated (Pezza et al., 2007), and later confirmed to also involve
interactions with Rad51 via affinity pulldown experiments (Zhao et al., 2015). Zhao

et al. further identified specific domains in Hop2 and Mnd1 responsible for the
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interaction with Rad51 and Dmc1, showing that C-terminal deletions, but not
N-terminal deletions, impaired the interaction (Zhao et al., 2015). Moreover, studies
using DNA binding assays revealed that Hop2 and Mnd1 also bind DNA; Hop2
binds ssDNA through another C-terminus domain (Zhao et al., 2014), while
Hop2-Mnd1 directly binds dsDNA (Chen et al., 2004), specifically at the N-terminus
(Zhao et al., 2014). Together, these in vitro studies provide a functional model of
PSMC3IP-MND1 function in meiotic recombination, where the C-terminus of
PSMC3IP-MND1 interacts with RAD51/DMC1 and PSMC3IP binds ssDNA to
orchestrate the localisation of DMC1 on the ssDNA (Zhao et al., 2015), while the
N-terminus of PSMC3IP-MND1 binds dsDNA to bring the chromosome homologs
in close juxtaposition together (Chen et al., 2004; Pezza et al., 2007). As such,
PSMC3IP-MND1 promotes recombination between homologous chromosomes,
rather than sister chromatids, which is desired for meiotic recombination (Leu et
al., 1998). PSMC3IP-MND1 also condenses dsDNA surrounding the filament to
enhance the homology search (Pezza et al. 2010). Overall, PSMC3IP-MND1
complex supports the functions of RAD51 and DMCH1, facilitating homology search
and strand invasion during meiotic recombination (Chen et al., 2004; Tsubouchi &

Roeder, 2002).

Defects in the DDR during meiosis can result in profound consequences for
chromosomal stability and gamete formation via persistent DNA lesions, genomic
stability and aneuploidy (Hassold & Hunt, 2001). As previously detailed, SPO11 is
a key protein involved in the initiation of meiotic recombination by generating DNA
DSBs during meiosis; SPO11 mutations can lead to impaired or deficient DSB

formation during meiosis, disrupting the recombination process and compromising
44



genetic exchange between homologous chromosomes. Studies have
demonstrated that infertility can arise from SPO771 mutations. In mice, Spo11
disruption results in lack of DSB formation (whereby no Rad51/Dmc1 foci were
detected in meiotic chromosome spreads), and spermatocytes fail to undergo
synapsis, so ultimately undergo apoptosis (Romanienko & Camerini-Otero, 2000).
Preliminary studies have also indicated infertility in humans with SPO77 mutation
(Karimian et al., 2015). The infertility associated with SPO7171 mutations highlights
the essential role of the activation of the DDR via the generation and repair of DSBs
in ensuring the proper segregation of chromosomes and the generation of
genetically diverse and competent gametes in meiosis. Without functional SPO11,

the meiotic process is disrupted.

1.4.Cancer driver genes involved in homologous recombination
A number of the genes that encode proteins involved in HR and DSBR are
recurrently mutated in human cancers. These are now considered as cancer driver
genes that play “caretaker” roles, i.e., genes that contribute to the tumourigenic
phenotype by maintaining the integrity of the genome (Kinzler & Vogelstein, 1997;
Stratton et al., 2009). For example, BRCA1, BRCA2, PALB2, RAD51C, RAD51D,
BAP1, CDK12, ATM, FANCA, FANCC, FANCD2, FANCE, FANCF, NBS1, MRE11,
BLM, BRIP1 are either somatically mutated in cancer, or are causative mutations
in inherited disorders associated with a high degree of cancer predisposition (Lord

& Ashworth, 2016).

Included in this list are BRCA1 and BRCAZ2, originally identified by analyses of

families at high risk of breast and ovarian cancer (Miki et al., 1994; Wooster et al.,
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1995). BRCA1 and BRCAZ genes encode very large nuclear proteins of 1,863 and
3,418 amino acid residues, respectively. BRCA1 contains an N-terminal RING
domain, nuclear localisation signals (NLSs), and two C-terminal BRCT domains of
approximately 110 residues. Similarly to BRCA1, BRCA2 contains NLSs. BRCA2
also contains eight repeats of the ~40 residue BRC motifs. The fundamental roles
of BRCA1 and BRCAZ2 within HR were initially established with the observation that
mouse and human cells deficient for wild-type BRCA1 or BRCA2 demonstrated
increased sensitivity to DNA lesions which rely on HR for their repair (Patel et al.,
1998; Scully et al., 1999; Shen et al., 1998; Yu et al., 2000). BRCA1 N-terminal
RING domain, interacts with BRCA1-associated RING domain protein 1 (BARD1)
to form an E3-ubiquitin ligase (Hashizume et al., 2001), which mediates
ubiquitylation of CtIP (Yun & Hiom, 2009). CtIP is involved in the initial DNA DSB
resection step of HR through its association with the MRN complex (Lisby et al.,
2004). CtIP also interacts with the two BRCT domains located at the C-terminus of
BRCA1, which facilitate phospho-protein interactions. BRCA1-BARD1 interaction
with the DNA recombinase RAD51 (Zhao et al, 2017), to promote
RADS1-mediated homology search and strand (Sharan et al., 1997; Yang et al.,
2002), indicates an additional downstream function of BRCA1 within HR. Following
DNA end resection, and the resulting generation of 3'-ssDNA overhangs, BRCA1
coiled-coil domain (residues 1393-1424) binds N-terminus coiled-coil domain
(residues 9-42) of PALB2 (Sy et al., 2009) which is bound to N-terminus BRCAZ2.
Given that RAD51 is bound to BRCA2 via BRCA2 BRC repeats, and BRCA2 binds
DNA via its DBD, RAD51 can be recruited to the DSB to form RAD51-ssDNA
filaments for strand invasion. In contrast to the HR-specific function of BRCA2,

BRCA1 possesses more diverse functions, such as in checkpoint activation
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(Yarden et al., 2002). BRCA1 BRCT domains regulate the phosphorylation status,
and consequential activation of CHK1, which partly regulates G2/M checkpoint

control.

The discovery that BRCA1 and BRCAZ contribute to cancer predisposition through
roles in DNA repair originated from the observation of spontaneous chromosome
aberrations in cells deficient in the murine BRCA1 (Shen et al., 1998) or BRCA2
(Patel et al., 1998) homologs. Similar observations were reported in human cancer
cells deficient in either BRCA1 or BRCAZ2 (Tirkkonen et al., 1997). These
observations established the function of BRCA1 and BRCAZ2 as caretakers which
suppress genome instability. BRCA717 and BRCAZ contribution to cancer
predisposition has also been reported clinically. BRCA1 or BRCA2 mutation
carriers exhibit up to 80% risk of developing breast or ovarian cancer prior to
reaching 70 years of age (Easton et al., 1995). The risk of ovarian cancer up to the
age of 80 is 44% and 17% for BRCA1 and BRCAZ2 mutations carriers, respectively
(Kuchenbaecker et al., 2017). The risk of breast cancer is also increased; 72% for
BRCA1 and 69% for BRCAZ2 mutation carriers (Kuchenbaecker et al., 2017). A
single defective copy of BRCA1 or BRCAZ is sufficient for predisposition of breast
and ovarian cancers (Tutt & Ashworth, 2002; Tutt et al., 1999). Somatic loss of the
remaining wild-type allele has been confirmed in primary breast tumours from
individuals with BRCA1 and BRCAZ2 mutations (Collins et al., 1995; Cornelis et al.,
1995; Merajver et al., 1995). In general, individuals with germline mutations in
either BRCA1 or BRCAZ typically present with disease earlier in life, compared to
those whose disease occurs sporadically (Lux et al., 2006; Petrucelli et al., 1993).

In addition, the risk of developing prostate cancer for BRCA1 mutation carriers is
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8.6% by the age of 65 (Leongamornlert et al., 2012), while the lifetime risk of
prostate cancer in BRCAZ2 mutation carriers has been estimated to be 20% (Breast
Cancer Linkage, 1999). Compared to the general population, a two- to three-fold
increased risk of pancreatic cancer has been estimated in BRCA1 mutation carriers
(Stadler et al., 2012; Thompson et al., 2002). The estimated cumulative risk in
BRCAZ2 mutation carriers for pancreatic cancer by the age of 80 is 6.9% for males
and 2.8% for females (van Asperen et al., 2005). 15-30% of all BRCA1 and BRCA2
mutations represent somatic mutations, which are only detected in tumour cells.
Somatic BRCA1 or BRCAZ2 mutations have been associated with 3% of breast
cancer cases (Winter et al., 2016), and over 12% of advanced prostate cancer
cases (Decker et al., 2016). In a study containing 235 ovarian cancer cases,
BRCA1 or BRCA2 somatic mutations were detected in 19% of patients (Hennessy

et al., 2010).

1.5.PARP1 function
As | will describe later, one of the more recent advances in the treatment of
BRCA1/2-associated cancer has been the discovery and development of small
molecule inhibitors of a DNA repair protein, Poly (ADP-Ribose) polymerase 1

(PARP1), as a treatment for cancers with defects in HR.

PARP1 is a DNA-binding protein from the poly (ADP-ribosyltransferase) (ART)
family (Luscher et al., 2022). Although multiple functions have been reported for
PARP1, its role in DNA repair is the most well-studied (Fisher et al., 2007; Heale
et al., 2006). As part of this process, PARP1 binds damaged DNA (Bramson et al.,

1993; D'Silva et al., 1999; Weinfeld et al., 1997), having a particularly strong affinity
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for apurinic/apyrimidinic (AP) sites, also known as abasic sites (Khodyreva et al.,
2010). AP sites are one of the more frequent lesions in the genome, occurring
>10,000 times per mammalian cell per day (Lindahl, 1993). DNA binding activates
PARP1’s catalytic activity; once active, PARP1 uses nicotinamide adenine
dinucleotode (B-NAD+) to add multiple ADP-ribose units (originally termed
“(ADP-ribose)n”) onto substrate proteins, generating poly (ADP-ribose) chains
(PAR), as part of the process of PARylation (Hilz & Stone, 1976; Luscher et al.,
2021; Purnell et al., 1980). Early studies identified PARP1’s function in the DDR by
showing that DNA damaging agents decreased cellular levels of 3-NAD+ and
increased levels of PAR (Davies et al., 1978; Durkacz et al., 1980; Skidmore et al.,
1979). This phenotype was reversed by toolbox PARP1 inhibitors, such
3-aminobenzamide (3AB) (Durkacz et al., 1980; Purnell et al., 1980). Inhibition of
PARP1 activity with 3AB also enhanced sensitivity of cells to alkylating agents,
such as dimethyl sulphate, which was reasoned to be caused by inhibition of
PARP1-mediated DNA repair (Durkacz et al., 1980). A PARP1 “shuttle
mechanism” was proposed, whereby PARP1 catalytic activity was originally

attributed to its DNA binding and dissociation (Zahradka & Ebisuzaki, 1982).

When not bound to DNA, the catalytic activity of PARP1 is inhibited by an
interaction between the autoinhibitory helical domain (HD) and the catalytic (CAT)
domain (Dawicki-McKenna et al., 2015). When PARP1 binds DNA (which occurs
via N-terminal zinc fingers (ZnF)), a conformational change in PARP1 disturbs the
HD/CAT interaction, such that B-NAD+ can now access the CAT domain and

catalysis ensues (Dawicki-McKenna et al., 2015; Eustermann et al., 2015). This

49



increase in PARYylation of substrate proteins enables their recruitment to- and
retention at the site of DNA damage, or in the case of histone PARYylation, drives
changes in chromatin structure that facilitate DNA repair (Leung, 2014; Ray
Chaudhuri & Nussenzweig, 2017). At the end of the repair process, PARylation of
PARP1 itself (autoPARYylation) results in the dissociation of PARP1 from DNA. The
negatively charged PAR has been suggested to cause electrostatic repulsion of
PARP1 from DNA (Satoh & Lindahl, 1992). Correspondingly, PAR glycohydrolase
(PARG), which counteracts PARYylation by hydrolysing ribose-ribose bonds within
PAR (Hatakeyama et al., 1986; Wielckens et al., 1982), increases the retention of
PARP1 on DNA. Although structurally unrelated to PARG, ARH3 also degrades
poly (ADP-ribose) to generate ADP-ribose monomers, albeit at only ~10% of the
activity observed for PARG (Oka et al., 2006). Another proposed mechanism by
which cells regulate PARP1 activation in response to DNA damage, involves the
E3 ubiquitin ligase called checkpoint with forkhead-associated (FHA) and RING
finger domain protein (CHFR). CHFR is recruited to DSBs by PAR, where it
ubiquitinates PARYylated, but not unPARylated, PARP1. As such, CHFR has been
proposed as important for PARP1 dissociation from DNA damage sites (Kashima
et al., 2012; Liu et al., 2013). More recently, PARP1 SUMOylation/ubiquitinylation
has been reported to regulate removal of PARP1 from chromatin. The
PIAS4-mediated SUMOylation and subsequent RNF4-mediated ubiquitinylation of
PARP1 promotes the recruitment of p97 ATPase (also known as valosin-containing
protein, VCP), which has been shown to promote the removal of PARP1 from

chromatin (Krastev et al., 2022).
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We now know that PARP1 plays a role in several DNA repair processes (reviewed
by (Ray Chaudhuri & Nussenzweig, 2017)), such as repair of SSBs, DSBs,
stabilisation of RFs, and chromatin modification. For example, SSBs can result
from failed ligation of Okazaki fragments, which are discontinuous DNA fragments
synthesised on the lagging strand of DNA during replication. Single-strand DNA
(ssDNA) gaps in-between Okazaki fragments are normally filled by the activity of
DNA ligase | (LIG1) and flap endonuclease | (FEN1). In instances where Okazaki
fragments are incompletely processed, the resultant ssDNA gaps are normally
bound by PARP1 and repaired by a PARP1-dependent process (Hanzlikova et al.,
2018; Maya-Mendoza et al., 2018). Upon sensing DSBs, PARP1 promotes repair
via HR, which is the relatively error-free sub-pathway of DSB repair, by inhibiting
the alternative error-prone DSB repair pathway which | described in Section 1.2,
NHEJ. PARP1-mediated PARylation of Ku70/80 NHEJ complex decreases
Ku70/80-DNA affinity (Li et al., 2004). PARP1 also competes with Ku70/80 for DNA
ends, which may provide additional suppression of NHEJ activity (Wang et al.,
2006). Upon binding to DSBs, PARP1 is involved in the prompt recruitment and
activation of MRE11 and NBS1 factors of the MRN complex (Haince et al., 2008),
which are involved in sensing DNA damage and generating the 3'-ssDNA
overhangs required for HR, as described in a previous section of this thesis (Lisby
et al., 2004). Another major activator of DSB repair pathways, ATM, is influenced
by PAR chain interaction (Aguilar-Quesada et al., 2007; Haince et al., 2007). PAR
chains are also recognised by BRCT domain of BRCA1, thus the recruitment of

BRCA1 to DSBs is also highly dependent on PARP1 activity (Li & Yu, 2013).
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1.6. PARP inhibitors
After establishing the function of PARP1 in DNA repair, as well as that of the closest
related paralog, PARP2, small molecule PARP1/2 inhibitors were discovered with
the initial intention of being used to potentiate chemo- or radiotherapy. In 1980, a
PARP1/2 inhibitor, 3AB, was identified that enhanced the cytotoxicity of the DNA
methylating agent, dimethyl sulphate (Durkacz et al., 1980; Purnell et al., 1980).
As part of the PARYylation reaction, B-NAD+ is consumed and PAR chains are
produced, with nicotinamide generated as a by-product. 3AB has a nicotinamide
structure, suggesting that it inhibited PARP1 by competing with 3-NAD+ for binding
within the catalytic site (Durkacz et al., 1980; Purnell et al., 1980). However, the
chemical properties of 3AB do not make it suitable for use as a drug, so, later,
drug-like PARPi were designed to structurally mimic nicotinamide, including
rucaparib (AG014699, PF-01367338/Pfizer/Clovis, now Rubraca), veliparib
(ABT-888/Abbott Pharmaceuticals), olaparib (AZD2281, KuDOS/AstraZeneca,
now marketed as Lynparza), and niraparib (MK-4827, Merck/Tesaro, marketed as
Zejula) (reviewed in (Lord & Ashworth, 2017)). These first-generation clinical
PARPi have PARP1 ICsp within the nanomolar range. A more potent PARPI, with
a PARP1 ICso within the picomolar range, was later discovered — talazoparib
(BMN 673, Biomarin/Medication/Pfizer) (Shen et al., 2013). Each PARPI differs in
its ability to trap PARP1 onto DNA (Krastev et al., 2021; Murai et al., 2012), which
correlates with cytotoxic potency (described in more detail later); talazoparib is the
most potent PARP1 trapping inhibitor and veliparib is the least potent. Recently

reported agents pamiparib (BeiGene) (Xiong et al., 2020) and AZD5305
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(AstraZeneca) (Johannes et al., 2021) are not only highly potent, but are also highly

selective for PARP1.

1.7.PARPi mechanism of action
By structurally mimicking the PARP1/2 product, nicotinamide, pharmacological
PARPi have two general mechanisms of action for its anti-tumour activity (i)
catalytic inhibition of PARP1, which abrogates PARylation responsible for
recruitment and retention of DNA repair proteins at the site of damage; (ii)
“trapping” or locking PARP1 onto damaged DNA, which induces PARP1
conformational changes to increase DNA avidity (Murai et al., 2012; Murai, Zhang,
et al., 2014). The nucleoprotein complex caused by PARP1 trapping was proposed
to provide a steric barrier to the normal function of DNA and impair the normal
progression of the RF, resulting in replication stress and ultimately RF collapse
(Krastev et al., 2021; Murai et al., 2012). A correlation between trapping ability and
cytotoxicity has been proposed; the scale of cytotoxicity observed with a weak
trapper, such as veliparib, is diminutive compared to an effective trapper, such as
talazoparib, even if PARP activity is effectively inhibited by both (Shen et al., 2013;
Murai, Huang, et al., 2014; Pommier et al., 2016). Recent work has demonstrated
PARPi-mediated trapping of PARP1 at Okazaki fragments (Hanzlikova et al., 2018;
Maya-Mendoza et al., 2018). As detailed in the earlier section regarding PARP1
function, PARP1 functions in the repair of DNA lesions resulting from failed ligation
of Okazaki fragments, ssDNA breaks. Upon PARPi exposure, and therefore
PARPi-mediated PARP1 trapping, ssDNA gaps remain unrepaired, and the cells
undergo mitosis with persistent SSBs. In the proceeding S phase, fork stalling and

collapse results from the trapped PARP1 at the persistent SSBs, forming a
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replication barrier (Hanzlikova et al., 2018; Maya-Mendoza et al., 2018). This
model of PARPi-mediated cytotoxicity has been observed in cells deficient in either
LIG1, which ligates Okazaki fragments or FEN1, which processes Okazaki
fragments to allow their re-ligation. Enhanced PARPI sensitivity has been observed
upon deficiency of genes which result in increased ssDNA gaps, providing further
evidence for this model of PARPi-mediated cytotoxicity. Loss of RNASEHZ2-family
genes, RNASEHZ2A, RNASEH2B or RNASEHZ2C, which are usually involved in
ribonucleotide excision repair (RER), results in accumulation of topoisomerase 1
(TOP1)-cleaved ribonucleotides, and ultimately increased ssDNA gaps. This
increase in PARP1-trapping lesions, ssDNA gaps, results in increased PARPI
efficacy (Zimmermann et al., 2018). The trapping model of PARPi-mediated
cytotoxicity is supported by observations of PARPI resistance with point mutations
in PARP1 DNA-binding ZnF domain (Pettitt et al., 2018) or upon genetic depletion
of PARP1 (Murai et al., 2012). In addition, a PARP1 mutation, which resulted in
failure to trap to DNA upon PARPI exposure, has also been identified in a patient

with de novo PARPI-resistance (Pettitt et al., 2018).

PARPI therapeutic efficacy has also been attributed to the activation of the immune
response. Innate immune response stimulation via cyclic GMP-AMP (cGAMP)
synthetase (cGAS)- stimulator of interferon genes (STING) signalling, has been
reported upon PARPi exposure (Chabanon et al., 2019; Ding et al., 2018; Oh et
al., 2020; Pantelidou et al., 2019; Parkes et al., 2017). PARPi promote the
accumulation of cytosolic DNA fragments, due to unresolved DNA lesions.
Following recognition of cytosolic DNA generated via PARPi-induced DNA

damage, cGAS activates the STING signalling pathway, which in turn activates
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innate immune signalling responses (Chabanon et al., 2019; Ding et al., 2018; Oh
et al., 2020; Pantelidou et al., 2019; Parkes et al., 2017). The adaptive immune
system has also been suggested to participate in the anti-tumour activity of PARPi;
anti-CD8 antibody-mediated neutralisation or depletion of CD8" T cells in
tumour-bearing mice abrogates PARPI activity on tumour growth (Ding et al., 2018;

Pantelidou et al., 2019).

1.8. PARP inhibitor synthetic lethality
In 2005, two studies demonstrated that PARPI selectively killed tumour cells
lacking BRCA1 or BRCAZ2 (Bryant et al., 2005; Farmer et al., 2005). Farmer and
colleagues demonstrated that RNA interference (RNAi)-mediated silencing of
PARP1 resulted in reduced cell survival specifically in BRCA71- and
BRCAZ2-deficient cells (Farmer et al., 2005). Enhanced PARPI sensitivity was also
observed upon RNAi-mediated depletion of BRCA1 in MCF7 human breast cancer
cells (Farmer et al., 2005). BRCA1- or BRCAZ2- deficient cell lines were sensitive
to PARP1 inhibitors, while cells with only heterozygous loss of BRCA1 or BRCA2,
or those without BRCA1/2 defect, were not (Farmer et al., 2005). Compared to
wild-type embryonic stem (ES) cells, BRCA71- or BRCAZ2-deficient cells
demonstrated 57-fold or 133-fold enhanced sensitivity, respectively. Similar results
were demonstrated in BRCAZ2-deficient Chinese hamster ovary (CHO) cells, which
demonstrated 1000-fold enhanced sensitivity compared to BRCA2-complemented
CHO cells (Farmer et al., 2005). Similar conclusions were reported in a
back-to-back publication, whereby depletion of BRCAZ levels via short interfering

RNA (siRNA) sensitised cancer cells to PARPI (Bryant et al., 2005).
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The concept of synthetic lethality, whereby a cell can tolerate the loss of function
of either one of two genes, but not both (Lucchesi, 1968), was proposed as the
underlying explanation of PARPi-mediated cytotoxicity in BRCA1- or
BRCAZ2-deficient cells (Bryant et al., 2005; Farmer et al., 2005). These studies
showed that treatment of cells with PARP inhibitors resulted in a large increase in
DNA damage that required HR for repair, demonstrated by induction of RAD51 foci
(in BRCA1/2 wild-type cells). Therefore, it was hypothesised that PARP inhibitors
result in an increased level of damage that persists into S phase where it impairs
RF progression that needs to be repaired by HR, which BRCA1/2 mutant cells are
not capable of. This damage may result from deficient SSB repair in the presence
of PARPI, lack of Okazaki fragment ligation or PARP1 trapping, as described
above. Cells deficient in other HR mediators (such as RAD571C or PALB?2) were
also reported to be sensitive to PARPI treatment, referred to as BRCAness (Hoppe
et al., 2018; Lord & Ashworth, 2017). Deficiency in genes involved in HR increases
the dependency for other DDR pathways. In the absence of functional HR, repair
is instead attempted with alternative DNA repair mechanisms, primarily via NHEJ.
While HR-mediated repair would accurately restore the native DNA sequence,
NHEJ is an error-prone DNA repair pathway. Therefore, BRCA1 and BRCA2
deficiency, or BRCAness, also renders the cells vulnerable to PARPi-mediated

cytotoxicity via PARP trapping and NHEJ.

1.9. PARRPI clinical development
Given the ability of PARPI to potentiate the effects of alkylating chemotherapies,
the first PARPI clinical trial assessed the PARPI rucaparib in combination with the

alkylating agent temozolomide (Plummer et al., 2013). However, following the
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observation of PARPI synthetic lethality with either BRCA71 or BRCAZ2 defects
(Bryant et al., 2005; Farmer et al., 2005), the prospect of using PARPI as a single
agent was regarded as feasible, as assessed in a phase | trial using olaparib as a
single agent (NCT00516373) (Fong et al., 2009). In this trial, the dose-limiting
toxicities, such as myelosuppression and fatigue, was determined to be relatively
minor compared to standard chemotherapy. In addition to safety, analysis of
pharmacokinetic and pharmacodynamic characteristics of olaparib was performed.
Pharmacokinetic (PK) studies determined that olaparib absorption was rapid, with
peak plasma concentrations between one and three hours after dosing.
Pharmacodynamic (PD) studies confirmed PARP inhibition in tumour tissue,
whereby a reduction in PAR chain formation was used as a PD biomarker. PD
analysis was also carried out by measuring yH2AX foci formation following PARPI
treatment, indicative of DNA damage (Mah et al., 2010), as predicted by the
preclinical model (Farmer et al., 2005). The maximum tolerated dose (MTD) was
established as 400 mg twice daily. Within the expansion phase, which involves
recruitment of additional patients with different eligibility criteria, cancer patients
with germline BRCA1 or BRCA2 mutations (gBRCAm) were included
(NCT00516373) (Fong et al., 2009). 12/19 of the patient population (63%) were
reported to demonstrate clinical benefit with single agent PARPi (Fong et al., 2009),
providing clinical evidence for the preclinical observation of PARP-BRCA synthetic

lethality (Bryant et al., 2005; Farmer et al., 2005).

Following the phase | trial, two parallel phase |l trials assigned patients into two
cohorts with different olaparib doses to test PARPI efficacy and expand insights

into PARPI tolerability, in the separate contexts of ovarian cancer (Audeh et al.,
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2010) and gBRCAm breast cancer (Tutt et al., 2010). In the phase Il trial conducted
in the context of gBRCAm HGOC (NCT00494442), those who received the MTD,
400 mg twice daily (b.i.d.) had a higher objective response rate (ORR) of 33%,
compared to the 13% reported in those who received the biologically active dose
(100 mg b.i.d.) (Audeh et al., 2010). Similar findings were reported from the
phase Il trial comprising women with confirmed BRCA1 or BRCAZ2 mutations and
recurrent, advanced breast cancer (NCT00494234). Subjects who received the
MTD, 400 mg b.i.d.) had a higher ORR of 41% compared to the 22% reported in

those who received the biologically active dose (100 mg b.i.d.) (Tutt et al., 2010).

The promising results from all these trials led to additional trials, including Study 19
(NCTO00753545), the results of which ultimately led to the first clinical approval of a
PARRPI, olaparib. This randomised phase Il trial assessed maintenance treatment
using olaparib 400 mg twice daily versus placebo in high-grade serous ovarian
cancer (HGSOC) patients who had previously demonstrated platinum-sensitivity.
In this trial, patients with germline or somatic BRCA1/2 deleterious mutations were
included, as well as “wild-type BRCA” patients, which includes patients with no
known BRCA1 or BRCAZ2 mutation, and those with a BRCA71 or BRCAZ2 mutation
of unknown significance. As shown in Figure 1.5A, all patients (n=265) who
received olaparib MTD, rather than placebo, exhibited superior progression free
survival (PFS) (8.4 months vs. 4.8 months, hazard ratio, 0.35) (Ledermann et al.,
2012; Ledermann et al., 2014). Stratifying patients for germline or somatic
BRCA1/2 deleterious mutations revealed the most pronounced improvement in
PFS, as shown in Figure 1.5B (11.2 months vs. 4.3 months, hazard ratio 0.18)

(Ledermann et al., 2012; Ledermann et al., 2014). As shown in Figure 1.5C, even
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Figure 1.5 Kaplan-Meier survival plots of progression free survival (PFS) in all
patients and according to BRCA1 or BRCA2 mutation status in Study 19.

265 patients in total were included in the study and the progression free survival (PFS)
for olaparib (blue) vs. placebo (red) cohorts for all patients was summarised (A). 136
patients were stratified for germline or somatic BRCA1 or BRCAZ2 deleterious
mutations and classified as “patients with BRCA mutation”. PFS for olaparib (blue) vs.
placebo (red) cohorts for “patients with BRCA mutation” was summarised (B). 118
patients were stratified into “patients wild-type BRCA” group which includes patients
with no known BRCA1 or BRCA2 mutation and those with a BRCA1 or BRCA2
mutation of unknown significance. PFS for olaparib (blue) vs. placebo (red) cohorts for
“patients with wild-type BRCA” was summarised (C). Figure from (Ledermann et al.,
2014).
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‘wild-type BRCA” subjects who received olaparib MTD rather than placebo
exhibited superior PFS (7.4 months vs. 5.5 months, hazard ratio, 0.54) (Ledermann
et al., 2012; Ledermann et al., 2014). Results from this trial led to the licensing of
olaparib. Initially, olaparib was granted approval for maintenance treatment of
BRCA1/2-mutated patients in 2014, and this eligibility was expanded to all
platinum-sensitive patients in 2018, regardless of BRCA1 or BRCA2 mutation
status. Approvals beyond olaparib to other PARPI, as well as beyond ovarian
cancer, has followed since the landmark Study 19. The eligibility criteria for PARPI
have also refined with the compendium of data from the numerous clinical trials.
As of the time of writing, clinical use of PARPI has been approved by the Food and

Drug Administration (FDA) for several indications, as summarised in Table 1.

The following subsections will summarise the phase Il clinical trials from which
PARRPI clinical approval was granted, according to each histology; ovarian, breast,

metastatic prostate cancer and pancreatic ductal adenocarcinoma.

1.9.1. Development of PARPI for ovarian cancer
Based on the results of the phase Ill SOLO-2 trial (NCT01874353) trial (Pujade-
Lauraine et al., 2017), and those of SOLO-1 (NCT01844986) (Moore et al., 2018),
olaparib was approved as maintenance therapy for ovarian cancer patients who
had demonstrated recurrent platinum sensitivity (Pujade-Lauraine et al., 2017).
Beyond the maintenance setting, olaparib was also approved for advanced ovarian
cancer patients with germline BRCA1 or BRCAZ2 mutations, progressing with prior
treatment using three or more lines of chemotherapy (Moore et al., 2018). Another

PARPI, niraparib (Zejula) was approved by the EMA and FDA as maintenance
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therapy for platinum-sensitive HGSOC, regardless of BRCA1 or BRCAZ2 status,
following a double-blind phase Il trial (ENGOT-OV16/NOVA) (NCT01847274). A
superior PFS was reported in the niraparib-treated patients compared to placebo
in both cohorts of patients, regardless of BRCA71 or BRCA2 mutation status
(21 months vs 5.5 months in gBRCAm patients, 9.3 vs 3.9 in patients with no
detectable BRCA mutation) (Mirza et al., 2016). The ARIEL3 phase Il trial
(NCT01968213) aimed to assess the PARPI rucaparib as a potential maintenance
therapy for platinum-sensitive HGSOC (Coleman et al., 2017). The placebo PFS
was reported to be 5.4 months. An improved PFS was reported in all
rucaparib-treated cohorts: 16.6 months in BRCA1- or BRCA2-mutation positive;
13.6 months in HR defect-associated signature based on LOH; and 10.8 months
in the intention-to-treat population. The association between rucaparib sensitivity
and an LOH-based signature was identified in the rucaparib phase Il trial ARIEL2
trial (NCT01891344), whereby patients with high LOH had a much higher PFS
compared to those with low LOH (10.2 months vs 5.6 months) (Swisher et al.,
2017). The FDA and the EMA approved rucaparib as a maintenance treatment for
HGSOC regardless of BRCA1 or BRCAZ2 mutation status based on these results.
Rucaparib is additionally approved for BRCA1- or BRCA2-mutated HGSOC with

prior treatment of two or more lines of chemotherapy (Oza et al., 2017).

1.9.2. Development of PARPi for breast cancer
The promising results from the previously mentioned initial proof of concept
phase Il trial (Tutt et al., 2010) eventually led to a randomised phase Il trial,
OlympiAD (NCT02000622), comprising patients with gBRCA1m, HER2-negative,

metastatic breast cancer (Robson et al., 2017). Olaparib demonstrated superior
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Table 1 FDA labels for approved PARPi with clinical trial data (2022).

Drug Site Indication Relevant trial NCT Relevant trial name Relevant publication
. . ) ’ . . . NCT02000622; OlympiAD; (Robson et al., 2017)
Olaparib Breast Germline BRCA-mutant, HER2-negative, with prior chemotherapy NCT02032823 OlympiA (Tuttetal., 2021)
(Lynparza) Maintenance: first line BRCA-mutant advanced cancer (platinum sensitive) NCT01078662 N/A (Kaufman et al., 2015)
Maintenance: recurrent platinum sensitive NCT01874353 SOLO-2 (Pujade-Lauraine et al., 2017).
Ovarian Malptenance: in comblnatlor} 'Wlth VEGF inhibitor (bevacizumab) for first line NCT02477644 PAOLA-1 (Ray-Coquard et al., 2019)
platinum sensitive HRD-positive advanced cancer
Treatment: Germline BRCA-mutant advanced cancer, 3+ lines of chemotherapy NCT01844986 SOLO-1 (Moore et al., 2018)
Pancreatic Malnten?nce treatment of germline BRC.A-mutant metastatic PDAC with no NCT02184195 POLO (Golan etal., 2019)
progression after at least 16-weeks of platinum
Prostate Germline or somatlc HRR gene mutant (e.g. ATM, CDK12, CHEK1/2) mCRPC, NCT02987543 PROfound (de Bono et al, 2020)
after enzalutamide or abiraterone
Talazoparib (Talzenna) Breast Germline BRCA-mutant, HER2-negative, locally advanced or metastatic NCT01945775 EMBRACA (Litton et al., 2018)
Rucaparib (Rubraca) Maintenance: recurrent platinum sensitive NCT01968213 ARIEL3 (Coleman et al., 2017)
ORI i ol BREA T Era e e 2 e oienematiasmy [VET B ARIEL2 (Oza etal., 2017)
Prostate Germline or somatic BRCA-mutant mCRPC, prior androgen-receptor and taxane NCT02952534 TRITON2 (Abida et al., 2020)
therapy (Accelerated approval)
Niraparib Maintenance: recurrent platinum sensitive NCT01847274 ENGOT-OV16/NOVA (Mirza et al., 2016)
(Zejula) Ovarian Maintenance: first line platinum sensitive advanced cancer NCT02655016 PRIMA (Gonzalez-Martin et al., 2019)
Treatment: HRD-positive, 3+ lines of chemotherapy NCT02354586 QUADRA (Moore et al. 2019)
L NCT01560104; (Ramalingam et al., 2017)
VO ASISite el e CILE LT NCT02106546 (Ramalingam et al., 2021

Abbreviations: BRCA breast and ovarian cancer associated; HER2 human epidermal growth factor receptor 2; VEGF vascular endothelial growth factor, HRD
homologous recombination deficient; PDAC pancreatic ductal adenocarcinoma; HRR homologous recombination repair; ATM Ataxia Telangiectasia mutated;
CDK12 cyclin dependent kinase 12; CHEK1/2 checkpoint kinase 1/2; mCRPC, metastatic castration-resistant prostate cancer; NSCLC non-small cell lung

cancer.
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median PFS compared to standard chemotherapy in these patients (7.0 vs 4.2
months, hazard ratio 0.58 (95% confidence interval (Cl) 0.43-0.80)) (Robson et al.,
2017). In addition, a delayed quality of life deterioration was apparent with olaparib
(hazard ratio 0.44; 95% CIl 0.25-0.77) (Robson et al., 2017). The FDA also
approved talazoparib for BRCA1/2-mutant advanced breast cancer in 2018
following results from a phase Il trial, EMBRACA (NCT01945775); median PFS
was significantly longer in the talazoparib-treated patients than the patients treated

with standard-of-care chemotherapy (8.6 vs. 5.6 months) (Litton et al., 2018).

In early breast cancer, the recently reported OlympiA phase Ill trial (NCT02032823)
demonstrated significantly longer survival free of invasive or distant disease in the
olaparib group compared to placebo in BRCA1/2-mutant, HER2-negative patients
with breast cancer, as an adjuvant treatment subsequent to standard-of-care
chemotherapy (Tutt et al., 2021). The three-year invasive disease-free survival was
85.9% in the olaparib group and 77.1% in the placebo group. Three-year distant
disease-free survival was 87.5% in the olaparib group and 80.4% in the placebo
group (Tutt et al., 2021). As a result of the OlympiA trial, olaparib has been granted
approval for use in high risk, early-stage breast cancers with germline BRCA1 or
BRCAZ2 mutation; initially by the FDA then European Medicines Agency (EMA) and
subsequently the UK regulator Medicines and Healthcare products Regulatory

Agency (MHRA) in September 2022.
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1.9.3. Extending the utility of PARPi to other HR-defective tumour
types

Beyond gynaecological and breast cancers, clinical trials have demonstrated that
other HR-defective tumours could be suitable for PARPI treatment. Initially, a
basket trial in gBRCA1/2m patients reported 21.7% and 50% response rates in
pancreatic and prostate cancers, respectively (Kaufman et al., 2015). In the
randomised, double-blind POLO phase Il trial (NCT02184195) (Golan et al.,
2019), eligibility criteria comprised gBRCAm metastatic pancreatic cancer patients
who had not progressed following at least 16 weeks of platinum-based
chemotherapy. Subjects were randomised 3:2 to olaparib (300 mg) or placebo. The
olaparib group were reported to have significantly longer median PFS than the
placebo group (7.4 months vs. 3.8 months) (Golan et al., 2019). As a result of this
trial, olaparib was approved for clinical use according to the eligibility criteria for the
POLO trial; BRCA1/2-mutant metastatic pancreatic cancer which has not
progressed following at least 16 weeks of platinum treatment. Due to the
PROFOUND trial (NCT02987543), olaparib has been approved for germline or
somatic HR-mutant prostate cancer following enzalutamide or abiraterone
treatment (de Bono et al., 2020). In the case of mMCRPC with germline or somatic
BRCA1/2 mutation, rucaparib has been approved following prior
androgen-receptor and taxane therapy, as assessed in the TRITON2 trial

(NCT02952534) (Abida et al., 2020).

1.9.4. Understanding clinical PARPi response
The aforementioned clinical trials have been successful in providing clinical

evidence for the preclinical observation of PARP-BRCA synthetic lethality (Bryant
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et al., 2005; Farmer et al., 2005) in multiple histologies, including ovarian, breast,
prostate, and pancreatic cancers. As a result, PARPi represent the first
DDR-targeting agents approved as anti-cancer therapies, and the first targeted
agents used in an inherited disorder. Further preclinical work is ongoing to identify
further genes responsible for altering PARPI response, for various reasons as set

out below.

In the HR-deficient setting, identification of genes whose perturbation mediates
PARPiI sensitivity or resistance could provide further refinement of PARPI
mechanism of action in the clinically relevant contexts for which PARPI are already
approved. Since most patients with advanced disease eventually progress on
PARPI, resistance to PARPi also needs to be better understood. Despite the
progress made for patients with BRCA 1 or BRCAZ2 mutations, the possible reasons
for the PARPI efficacy observed in BRCA1/2 wild-type patients (for example, Figure
1.5C) have not been fully worked out. Further pre-clinical studies will help to
optimise the current use of PARPI in the clinic by informing future trials, and
potentially extend the utility of PARPi beyond BRCA-PARP synthetic lethality. The
question of what determines PARPI sensitivity beyond BRCA1, BRCAZ2 and other
HR gene mutations, is what | sought to answer through the work described in this

thesis.

1.10. Determinants of PARPiI sensitivity
Early studies used a candidate-based approach to identify determinants of PARPI
response. Building on the work of Farmer et al. and Bryant et al., demonstrating

BRCA/PARP1 synthetic lethality, a later publication identified mediators of PARPI
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sensitivity beyond BRCA1/2 for the first time (McCabe et al., 2006). Compared to
scrambled control-transfected cells, RAD51 siRNA-depleted cells demonstrated
>1000-fold enhanced olaparib sensitivity, an effect which was even more profound
than upon siRNA-mediated depletion of BRCA71 or BRCA2 (McCabe et al., 2006).
Similarly, McCabe et al. observed increased olaparib sensitivity with
siRNA-mediated depletion of DSS1, RPA1, CHK1, CHK2, ATM, ATR in BRCA1/2
wild-type Hela cells compared to scrambled control-transfected cells (McCabe et
al., 2006). These findings were strengthened by comparison of PARPi sensitivity
in isogenic models. Rad54-deficient ES cells demonstrated 9-fold increased PARPI
sensitivity compared to wild-type (McCabe et al., 2006). McCabe et al. also
demonstrated that the olaparib sensitivity of human fibroblasts deficient in NBS1
was more profound than the same cells complemented with NBS1 cDNA (McCabe

et al., 2006).

1.10.1. Early genetic perturbation screens for identifying
determinants of PARPi sensitivity

Genetic perturbation screening approaches, which have historically been used to
identify genetic elements which are important for a specific biological process, were
subsequently established to identify genes responsible for altering PARPI
response. The earliest examples utilised RNAIi technology as a method of genetic
perturbation. RNAi screening using a library of siRNA targeting the kinome
identified CDK5, MAPK12, PLK3, PNKP, STK22c and STK36 as modifiers of
PARPI sensitivity, in addition to known HR mediators (Turner et al., 2008). A
parallel RNAIi screen using a library of DDR genes identified DDB71 and XAB2 as

novel drivers of PARPI sensitivity (Lord et al., 2008). Later, a genome-wide RNAI
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screen identified genes involved in replication and cell cycle progression (MCM
proteins, TOP3A, POLB, CDK?7), as well as genes involved in the DDR (BRCAT,
NBN, FANCD, FANCC, RAD51, LIG3, RAD51C, RAD51D, RAD21, ESCO1, and
SMC3) (Bajrami et al., 2014). This latter screen also identified CDK12 defects as
a cause of PARPI sensitivity. Post-screen validation confirmed short hairpin RNA
(shRNA)-mediated CDK12 depletion sensitised a panel of different ovarian cancer
models, including profoundly olaparib-resistant OV90. Suppression of HR was
demonstrated in these CDK12-depleted cells via observation of decreased RAD51
foci upon IR and decreased green fluorescent protein (GFP)-positive cells with
DR-GFP assay. A correlation between PARPI sensitivity and CDK12 expression in
ovarian tumour cell lines was also reported. These in vitro results were confirmed
in vivo; improved PARPI efficacy was demonstrated in CDK12-depleted tumour
cells compared to cells expressing control shRNA in mouse experiments. Given
that CDK12 is one of a small number of highly recurrently mutated driver genes in
HGSOC, this observation provided the rationale for assessing CDK712 as a
clinically relevant biomarker of PARPI sensitivity in subsequent clinical trials
(Bajrami et al., 2014). Although these RNAi screens proved informative, the
off-target effects of RNAIi suggested refined technologies could be used for the
identification of synthetic lethal effects (Jackson et al., 2003). As such, clustered
regularly interspaced short palindromic repeats (CRISPR)/Cas9 technology has

more recently been used to identify synthetic lethal effects.

1.10.2. Overview of CRISPR/Cas9
CRISPR/Cas9 exploits a nuclease (Cas9) first identified in bacteria and archaea

for adaptive immune protection against exogenous, and potentially deleterious
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DNA, such as those introduced by viruses (Barrangou et al., 2007). The
components of this system have been adapted for genome engineering in
eukaryotes (Cong et al., 2013). A 20 nucleotide single-guide RNA (sgRNA) is
designed to guide the Cas9 to its 2- to 5- bp recognition site, protospacer adjacent
motif (PAM) sequence (NGG) 3’ of the target DNA (Jinek et al., 2012), where it
induces a DSB (Ran et al., 2013). The DDR present within cells attempts to repair
these lesions to restore the native DNA sequence. Occasionally, however,
mutations can be introduced. This potential mutagenic consequence is exploited
to disrupt the endogenous DNA sequence, resulting in perturbed or even complete
loss of protein translation; in the case of frameshift insertion/deletion (indel)
mutations, loss-of-function alleles are generated (Cong et al.,, 2013). The
aforementioned iteration of CRISPR-Cas9 mutagenesis is referred to as CRISPRn
(Figure 1.6). Development of a catalytically-inactive Cas9 mutant (dCas9) fused to
effector proteins for effective transcriptional enhancement or repression, allows
adaptation of conventional CRISPRn to CRISPR technologies referred to as
CRISPR activation (CRISPRa) (Mali et al., 2013) or CRISPR inference (CRISPRI)
(Gilbert et al., 2013), respectively. Similarly to CRISPRn, CRISPRi/a mediated
targeting involves the sgRNA guiding the dCas9 to the promoter region of the gene
of interest. Given the catalytically-inactive nature of dCas9, no DSBs are
generated, and there is no modification of the DNA sequence with CRISPRI/a,
(unlike CRISPRn). Instead, dCas9-bound effectors proteins, VP64-p65-Rta (VPR)
in the case of CRISPRa (Gossen & Bujard, 1992) or Krlppel associated box
(KRAB) domain of Kox1 in the case of CRISPRIi, promote or repress gene

expression (Chavez et al., 2015; Gilbert et al., 2013), respectively (Figure 1.7).
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Figure 1.6 Schematic diagram of CRISPR-Cas9 gene editing system.

20 nucleotide single-guide RNA (sgRNA) directs Cas9 to its 2- to 5- bp recognition
site, protospacer adjacent motif (PAM) sequence (NGG) 3’ of the target DNA, where it
induces a double strand break (DSB). Non-homologous end joining (NHEJ)-mediated
repair of the Cas9-generated DSB leads to insertion/deletion mutations due to its
inherent error-prone nature. As such, loss-of-function alleles are generated via
complete loss of protein translation. Upon introduction of a DNA template, homologous
recombination (HR)-mediated repair allows incorporation of the desired sequence into
the genome. Figure modified from (Ran et al., 2013).

69



CRISPRKO 9

Cas9 —

CRISPRi

dCas9 — @) Transcription

CRISPRa

dCas9 — . Transcription

I elevated

Figure 1.7 Schematic of modified CRISPR/Cas9 systems (CRISPRIi/a).

A catalytically inactivated Cas9 (dCas9) is guided to the region of interest via
single-guide RNA (sgRNA) but does not generate a double-strand break (DSB).
Instead, effector proteins fused to dCas9 alters expression. Fusion to transcription
repressor Kriippel associated box (KRAB) domain of Kox1 allows silencing of a target
gene at the transcriptional level via CRISPRI. Fusion of dCas9 with transcription
activators (VPR — RTA, p65, VP64) (VPR) allows upregulation of gene transcription
(CRISPRa). Figure adapted from (Gebre et al., 2018).
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Given that Cas9 targeting specificity is determined by sgRNA, which can be easily
generated at high-throughput, thousands of genes can be systematically modified
by sgRNA-directed loss-of-function. Consequently, the role of thousands of genes
to a phenotype of interest can be simultaneously determined in a single
experiment, referred to as a screen. The entire coding genome can be targeted in
genome-wide screens using such sgRNA libraries, which can consist of more than
200,000 sgRNAs. In order to minimise off-target effects, 5-10 sgRNAs are
designed to target each gene. In a pooled format, libraries of sSgRNA expression
constructs are stably integrated into mammalian cell genomes via lentiviral
transduction of a large population of cells, either Cas9- or dCas9-expressing cells,
depending on the desired type of CRISPR screen (CRISPRn or CRISPRI/a,
respectively). In order to ensure that each cell only contains a single sgRNA, a very

low multiplicity of infection (MQOI) is required.

CRISPR screens can be designed to examine many different biological questions.
In order to study sensitivity to a particular drug, the Cas9/dCas9-sgRNA expressing
cells can also be exposed to a low dose of the drug of interest. Deep sequencing
of genomic DNA extracted from the surviving population allows for the estimation
of relative decreases in sgRNA frequency, compared to dimethyl sulphoxide
(DMSO) control, following drug exposure (Hartenian & Doench, 2015; Wang et al.,
2014). Theoretically, the genes targeted by these sgRNAs cause drug sensitivity,
upon their loss. In contrast, the Cas9/dCas9-sgRNA expressing cells can also be
exposed to a high dose of the drug of interest to study drug resistance. Deep
sequencing of genomic DNA extracted from the surviving population allows for the

estimation of relative increases in sgRNA frequency (compared to DMSO control)
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following drug exposure (Hartenian & Doench, 2015; Wang et al., 2014).
Theoretically, the genes targeted by these sgRNAs cause drug resistance, upon
their loss. Using the aforementioned approaches, CRISPR screens were
pioneered by Shalem et al. to identify genes whose loss is involved in BRAF
inhibitor (vemurafenib) resistance (Shalem et al., 2014). The remaining sections of
this introductory Chapter will outline examples in which CRISPR screens were

used to specifically identify mediators of PARPI sensitivity and resistance.

1.11. Genetic determinants of PARPi resistance
The development of resistance, which is typical of targeted therapeutic strategies,
negates the initial PARPi-induced anti-tumour activity in patients with
BRCA1/2-mutated tumours (Lord & Ashworth, 2017). De novo PARPI resistance is
also possible. CRISPR screens have validated previously identified mechanisms
of PARPI resistance and further refined the responsible pathway mechanisms. As
summarised in Figure 1.8, these include restoration of HR function, including
secondary mutations which restore the open reading frame of HR repair genes, or
via removal of barriers to DNA end resection; protection of the RF; PARP1
mutations; and pharmacological alteration. In the preceding sections, | will provide
more details into each of these PARPI resistance mechanisms, in context of their

recent confirmation with CRISPR screens.

1.11.1. Restoration of HR capacity
“Reversion mutation” and restoration of HR repair gene reading frame.

The reversion of BRCA-truncating mutations was initially observed in vitro with
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Figure 1.8 Summary of mechanisms of PARPI resistance.

Schematic summarising mechanisms of PARPi resistance. These comprise
restoration of homologous recombination (HR) function, including secondary
mutations which restore the open reading frame of HR repair genes, or via removal of
barriers to DNA end resection; protection of the RF; mutations in the DNA-binding
domains of PARP1 and mechanisms rewiring the DNA damage response (DDR).
Figure from Kim et al. (2021).
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BRCAZ2-mutated pancreatic and ovarian cancer cell lines (Edwards et al., 2008;
Sakai et al., 2009; Sakai et al., 2008). Resistant clones were generated with
long-term exposure with PARPi or platinum salt, in which the majority of clones
acquired secondary BRCAZ2 mutations; these constituted restoration of full-length
BRCAZ2, or BRCAZ2 protein with intact C-terminal domains required for HR function.
HR competency was confirmed in these cells, as well as resistance to both PARPI
and platinum salts. Similar observations in patient-derived xenograft (PDX) models
of BRCA1-mutated and BRCA-methylated triple-negative breast cancer have been
made (Sakai et al., 2008). BRCA1 re-expression was demonstrated in 31 out of 42
resistant cases after chemotherapy or PARPi exposure. In a BRCA1-mutated PDX
model, acquired secondary mutations restored the reading frame, while those with
BRCA1 epigenetic silencing demonstrated demethylation of the promoter region
(Ter Brugge et al., 2016). Intriguingly, BRCA1 re-expression in four resistant cases
was attributed to de novo gene fusions, resulting in BRCA1 being positioned under
the transcriptional control of a heterologous promoter, while BRCA1 promoter
methylation was conserved. As such, it was determined that the mechanism of
BRCA1 restoration was dependent on the type of BRCA1 inactivation (Sakai et al.,
2008). Clements et al. further refined this mechanism of PARPI resistance, with a
genome-wide CRISPRn screen demonstrating that loss of ubiquitin ligase HUWE 1
caused PARRPI resistance in BRCAZ2-deficient cells by increasing RAD51 levels to

partially restore HR (Clements et al., 2020).

Multiple clinical cases have been reported where PARPI exposure has resulted in
selective pressure for functional BRCA1/2 restoration in resistant breast (Barber et

al., 2013), ovarian (Barber et al., 2013; Edwards et al., 2008; Goodall et al., 2017,
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Lheureux et al., 2017) and pancreatic (Pishvaian et al., 2017) cancers. Similarly,
in patients with breast (Afghahi et al., 2017), ovarian (Norquist et al., 2011; Patch
et al., 2015; Sakai et al., 2009; Sakai et al., 2008) and pancreatic (Pishvaian et al.,
2017) cancers, somatic BRCA recovery has been evidenced in patients with
acquired resistance to platinum-based drugs. Several independent reversion
events have been observed in some patients. Notably, Patch et al. (2015) detected
12 independent reversions from a chemoresistant BRCA2-mutated ovarian cancer
patient. This suggests intra-patient heterogeneity and multiclonal evolution of
resistant disease. Reversion mutations in genes beyond BRCA1/2 genes have also
been detected. In PARPI-resistant ovarian cancer patients, reversion mutations in
RADS51C (Kondrashova et al., 2017) and PALBZ2 (Goodall et al., 2017) have been
identified in ovarian cancer patients. Despite the fact that reversions are the only
clinically-demonstrated resistance mechanism thus far, they only explain a fraction
(up to 40% in ARIEL2 trial) of PARPI resistance cases (Pettitt et al., 2020), while

the resistance mechanisms of remaining cases remain unaccounted for.

Restoration of DNA end resection

Studies from Bouwman et al., Bunting et al. and Jaspers et al. (Bouwman et al.,
2010; Bunting et al., 2010; Jaspers et al., 2013) found that restoration of DNA end
resection, via loss of 53BP1, mediates PARPI resistance in BRCA 1-deficient cells.
As such, restoration of DNA end resection restores HR, which impedes synthetic
lethality. Bouwman and colleagues utilised the piggyBac transposon system to
carry out an insertional mutagenesis screen for factors that could restore the
defective proliferation associated with loss of Brca1. Trp53bp1 loss-of-function

mutation was reported to rescue Brca7-null cell clonal outgrowth. Correspondingly,
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shRNA-mediated Trp53bp1 depletion rescued the enhanced cisplatin sensitivity of
Brca1-deficient ES cells (Bouwman et al., 2010). More relatedly, in the presence
of PARPI, Brca1-mutant cells with Trp53bp1 deletion (Brca12”A"": Trp53bp1~")
demonstrated increased cell viability compared to cells with only Brca? mutation
(Brca1A?A11) (Bunting et al., 2010). Loss of Trp53bp1 was shown to partially
restore defective HR associated with Brcaf-mutant cells. In the
Brca121"A11; Trp53bp 17~ cell model, RAD51 foci were induced upon damage and
GFP-positive cells were observed via DR-GFP assay, both of which are indicative
of HR, which were not observed in Brca14’"4"" cells. Ultimately, Bunting and
colleagues demonstrated that loss of Trp53bp1 resulted in increased DSB end
resection (Bunting et al., 2010). Given that NHEJ-mediated ligation can occur with
unresected DNA ends, while 5°-3’ end resection is obligatory for HR, DNA end
protection mediated by 53BP1 (Trp53bp1) stimulates NHEJ. During S phase, this
is inhibited by BRCA1. Given the inability to process DSB ends, BRCA 7-deficient
cells are unable to initiate HR (Shibata, 2017). In vivo mouse models have
supported Trp53bp71-mediated PARPI resistance in Brca7-defective tumours,
whereby acquired PARPI resistance was linked to de novo protein-truncating

mutations in Trp53Bp1 (Jaspers et al., 2013).

Noordermeer et al. further refined this model to demonstrate that loss of
components of a 53BP1-effector complex, referred to as Shieldin, mediates PARPI
resistance in BRCA1-deficient setting (Noordermeer et al., 2018). Comprised of
C200rf196 (SHLD1), FAM35A (SHLD2), CTC-534A2.2 (SHLD3) and REV7,
Shieldin’s role in mediating PARPi response was emphasised in an independent

publication, which confirmed that loss of SHLD1 induced PARPI resistance in
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BRCA1-deficient cells (Noordermeer et al., 2018). SHLD2 binding to ssDNA via
three predicted OB (oligonucleotide/oligosaccharide-binding) fold domains
(Noordermeer et al., 2018) has been proposed as the mechanism by which
Shieldin inhibits DNA end resection (Noordermeer et al., 2018). Several other
studies also identified the role of Shieldin in suppressing resection (Dev et al.,

2018; Ghezraoui et al., 2018; Gupta et al., 2018; Mirman et al., 2022).

An additional contributory factor involved in the observed maintenance of
Shieldin-mediated DSB resection was identified by Barazas et al., who carried out
several CRISPR screens (Barazas et al., 2018). In Brca7-deficient mouse cells,
Barazas et al. performed genome-wide and focused screens with an sgRNA library
containing DDR-associated genes. They also performed a genome-wide screen in
the human BRCA1-mutant SUM149 cell model. They identified that loss of CTC1
drives PARPI resistance to a similar degree as a known mediator of PARPI
resistance, 53BP1. Post-screen validation demonstrated that in addition to CTC1,
loss of STN1 and TEN1, which collectively comprise the CST complex, mediate
PARPi resistance in BRCA7-deficient cells. By visualising RPA loading with
immunofluorescence, they attributed the observed PARPI resistance to restoration
of DNA end processing (Barazas et al., 2018). The POLA-dependent fill-in DNA
synthesis, in which the CST complex mediates its well-established function at the
telomere, could also explain the mechanism behind CST-mediated inhibition of end
resection at non-telomeric DSBs. An independent manuscript confirmed these

observations (Mirman et al., 2022).
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Another CRISPR screen demonstrated a similar mechanism of PARPI resistance
of restoration of DNA end resection, but independent of 53BP1. In BRCA 1-deficient
cells, loss of Dynein light chain 1 protein (DYNLL1) has been attributed with
olaparib or cisplatin resistance in BRCA-deficient ovarian cancer cell lines (He et
al., 2018). As detailed in an earlier section of this thesis, MRE11 catalyses
short-range resection, limited to the vicinity of the DSB, as part of the MRN complex
(Yun & Hiom, 2009), which is an essential step to initiate HR. Post-screen
mechanistic experiments determined that DYNLL1 binds directly with MRE11 to
inhibit its end resection activity (He et al., 2018). As such, loss of DYNLL1 restores

HR in BRCA-deficient cells (He et al., 2018).

1.11.2. Protection of the replication fork
The results from the genome-wide CRISPRn screen performed in BRCA-mutant
background by Clements et al. validated earlier observations of PARPI resistance
resulting from protection of the RF via reduced MRE11 recruitment to stalled RFs
(Ray Chaudhuri et al., 2016). Given that BRCA1 and BRCAZ2, independent of their
HR function, impart vital protective functions for stalled RFs (Berti et al., 2013;
Lomonosov et al., 2003; Schlacher et al., 2012), their absence leads to extensive
degradation of protected forks. Independent of its function in 53BP1-mediated DSB
repair, PTIP or MLL3/4 in BRCAZ2-mutant cells restored RF protection by
preventing MRE11 recruitment to stalled RFs (Ray Chaudhuri et al., 2016). Ptip
loss not only rescued the viability of Brca2-deficient murine ES cells, it also
maintained genome stability with exposure to PARPI, as well as other replication
poisons such as HU and cisplatin (Ray Chaudhuri et al., 2016). Similarly,

downregulation of nucleosome remodelling factor CDH4 in BRCA2-mutant PEO1
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cells rewired RF protection via decreased MRE11-RF association, resulting in
partial PARPi and cisplatin resistance (Guillemette et al., 2015; Ray Chaudhuri et

al., 2016).

Upon their inactivation, further factors have been identified to contribute to RF
progression in the absence of functional BRCA17/2. Inhibition of the
methyltransferase EZHZ2 has been shown to stabilise RFs independently of
MRE11, via restricted recruitment of MUS87, in partially PARPi- and
cisplatin-resistant BRCAZ2-deficient cells (Rondinelli et al., 2017). MRE11- and
EXO1 nuclease-mediated RF degradation may be initiated by fork reversal, which
results from replication stress (Lemacon et al., 2017; Mijic et al., 2017).
Correspondingly, ZRANB3, SMARCAL1 and HLTF are fork remodellers which
have been shown to stimulate MRE11-dependent RF degradation (Kolinjivadi et
al., 2017; Taglialatela et al., 2017; Vujanovic et al., 2017). Loss of the
aforementioned factors restored RF integrity in BRCA71/2-deficient cells.
SMARCAL1 depletion has also been shown to decrease the sensitivity of
BRCA1-deficient tumour cells to PARPi and chemotherapy agents (Kolinjivadi et

al., 2017; Taglialatela et al., 2017).

Although all these factors mediate partial PARPI resistance in BRCA-deficient cells
via protection of reversed RFs from nucleolytic degradation, further work is
required to establish the coordination of all these processes to promote fork
stability in the absence of BRCA1/2. Given that genomic instability is prevented,
rather than reverted, with RF rewiring, the partial therapy resistance conferred by

these factors is justified. The evasion of cisplatin toxicity by restoration of RF
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protection seems conceivable, while the mechanism underlying PARPI resistance
seems more complex. Increased premature, RECQ1-dependent restart of
reversed RFs has been demonstrated upon PARPi exposure. As such, RF
stabilisation is abrogated, which is required for subsequent RF degradation (Berti
et al., 2013; Mijic et al., 2017; Ray Chaudhuri et al., 2012). The genome-wide
CRISPRn screen performed by Clements et al. further refined this model to
demonstrate that loss of acetyl-transferase KAT5 mediates PARPI resistance via
rescue of fork degradation defect in BRCAZ2-deficient cells. They demonstrated this
via DNA fibre assay; as expected, RF progression was slower in BRCAZ2-deficient
cells than in wild-type cells. siRNA-mediated KAT5 depletion rescued the speed of
RF progression in BRCA2-deficient cells, to a similar rate observed in the wild-type

cells (Clements et al., 2020).

1.11.3. Pharmacological alteration
The genome-wide CRISPRa screen performed in a BRCAZ2-deficient background
by Clements et al. (Clements et al.,, 2020) validated earlier findings from
Rottenberg et al. that overexpression of ABCB1 results in PARPi resistance
(Rottenberg et al., 2008). Increased drug efflux is a well-established phenomenon
of pharmacological resistance in cancer therapy (Borst et al., 2000), resulting in
insufficient accumulation of compound. Correspondingly, PARPi resistance
became evident in mammary tumours arising from genetically engineered mouse
models for Brca1-mutated breast cancer, which was attributed to upregulation of
Abcb1a/b genes, which encode the drug efflux transporter P-glycoprotein (P-gp)
(Rottenberg et al., 2008). Simultaneous administration of olaparib and P-gp

inhibitor (tariquidar) restored PARPI sensitivity (Rottenberg et al., 2008). In the
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clinic, the extent of P-gp-mediated PARPI resistance remains unclear. P-gp
upregulation, resulting from ABCB1 gene fusions and translocations, was identified
in 8% of chemoresistant ovarian cancers in a large-scale whole-genome
sequencing study (Patch et al., 2015). Given that PARPi have been approved for
ovarian cancers on the condition of previous exposure to chemotherapy, further

efforts are required to evaluate the significance of P-gp as a biomarker.

1.11.4. PARP1 mutations
The genome-wide CRISPRn screen performed by Pettitt et al. in 2018 (Pettitt et
al., 2018) corroborated prior observations by Murai et al.; PARP1-deficient cells
were more resistant to PARPI than wild-type cells in a HR-proficient setting (Murai
et al., 2012). This was also corroborated by a prior genome-wide shRNA screen
(Bajrami et al.,, 2014) in BRCA1/2-proficient MCF7 cells, and in a genetic
perturbation screen utilising the piggyBac transposon system in
BRCA1/2-proficient haploid ES cells (Pettitt et al., 2013). In a panel of 30 isogenic
mutant avian DT40 cell lines with a variety of different DNA repair deficiencies,
Murai et al. assessed PARPI response (Murai et al., 2012). Compared to wild-type
cells, DT40 cells with PARP1 deletion were more resistant to all PARPi assessed;
olaparib, MK-4827, and to a lesser extent, veliparib. They utilised a fluorescence
anisotropy binding assay whereby DNA substrate is labelled with Alexa Fluor488.
PARP1 binding to DNA substrate results in slow rotation with a high fluorescence
anisotropy readout whereas unbound DNA substrate rotates fast with a low
fluorescence anisotropy readout. Murai and colleagues demonstrated
dose-dependent increased fluorescence anisotropy readout with the PARP

inhibitors MK-4827 and olaparib. As such, PARPi-induced cytotoxicity was
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attributed, at least partly, to trapping of PARP1/2 onto DNA. As a result of this
preclinical study, PARP1 has been established as a key mediator of PARPI
response (Murai et al., 2012). PARPI binding to the catalytic pocket of PARP1 was
hypothesised to enhance interaction between PARP1 N-terminal DNA-binding
domain and DNA (Murai, Huang, et al., 2014). Consistent with this hypothesis,
Pettitt et al. demonstrated that point mutations in the PARP1 DNA-binding ZnF
domains abrogated PARP1 trapping, with observed decreased PARPI
(talazoparib) sensitivity (Pettitt et al., 2018). Beyond the DNA-binding domain of
PARP1, further candidate residues have been identified as important for PARPI
cytotoxicity via CRISPR-mediated PARP1 mutagenesis (Pettitt et al., 2018). Other
intramolecular interactions were reported to manipulate PARP1 binding and
activation, and consequently affect PARPi-mediated PARP1 trapping. In this study,
a PARP1 mutation was identified in a PARPi-resistant patient, which resulted in

failure to trap to DNA upon PARPI exposure (Pettitt et al., 2018).

1.11.5. CRISPR screens identify determinants of PARPi
sensitivity

From the compendium of the aforementioned preclinical work, including CRISPR
screens, various candidate genes and mechanisms have been suggested to
contribute to PARPI resistance; these include reversion mutations, which have
even been demonstrated in the clinic. In comparison, preclinical work regarding
mechanisms for PARPI sensitivity is reported less frequently; most likely due to the
more technically challenging ability to detect genes which mediate PARPI
sensitivity with CRISPR screens — up until recently, CRISPR screens had primarily

been used to screen only for resistance mechanisms. Recently, a few groups have
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reported several candidate genes, beyond BRCA1 and BRCAZ2, responsible for

altering PARPI response by CRISPR screening.

Zimmerman and colleagues performed multiple CRISPR screens to identify
genetic determinants of PARPI sensitivity (Zimmermann et al., 2018). Following
genomic DNA extraction and sequencing of the olaparib-selected and control
DMSO-selected cell populations, use of the DrugZ algorithm (Colic et al., 2019)
revealed genes whose inactivation might mediate olaparib sensitivity. 73 such
genes were identified, including three RNASEHZ2-family genes, RNASEHZ2A,
RNASEH2B, RNASEH2C. In post-screen validation experiments, RNase H2
deficiency was demonstrated to cause defective RER and consequently
accumulation of topoisomerase 1 (TOP1)-cleaved ribonucleotides. Ribonucleotide
processing results in nicks, covalent TOP1-DNA adducts, as well as ssDNA gaps.
These can act as PARP1-trapping lesions so impart PARPI efficacy (Zimmermann
et al., 2018). As with the PARPI olaparib, similar phenotypes were reported with
the PARPI talazoparib, which imparts enhanced ability to trap PARP1 onto DNA
(Krastev et al., 2021; Murai et al., 2012). This screen was performed in multiple cell
line models, each of which are representative of a different type of cancer: HelLa
derived from a human papilloma virus-induced cervical adenocarcinoma;
RPE1-hTERT, a telomerase-immortalised retinal pigment epithelium cell line; and
SUM149PT, originating from a triple-negative breast cancer with a hemizygous
BRCA1 mutation (Elstrodt et al., 2006). Therefore, the findings from this screen are
likely highly penetrant and have furthered our understanding of the

PARP1-trapping model for PARPI cytotoxicity.
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Another group aimed to identify genes responsible for altering PARPi response,
specifically in a HR-proficient context, via CRISPR screening. C12orf5 was
identified as a mediator of olaparib sensitivity upon its CRISPRn-mediated
dysfunction. C120rf5 encodes a metabolic regulator, TP53-induced glycolysis and
apoptosis regulator (TIGAR). In post-screen mechanistic dissection, elevated ROS
were reported upon siRNA-mediated T/IGAR depletion, which in turn enhances
DNA damage (Fang et al., 2019). In addition, the downregulation of BRCA1 was
observed upon TIGAR KD, inducing “BRCAness” (Fang et al., 2019). The A2780
ovarian cancer cell line was used for the initial CRISPR screen, and two other
ovarian cell lines for validation. Given the limited range of cancer cell models used
to demonstrate the reported phenotypes, the penetrance of the identified

PARPI-C120rf5 synthetic lethality remains to be evaluated.

Several groups have also performed genome-wide screens in HR-deficient cell
lines, with the aim to identify genes which potentiate PARPi therapy to overcome
resistance. In HR-deficient MUS81” cells, PARPI sensitivity was observed upon
loss of DNPH1 (2'-deoxynucleoside 5-monophosphate N-glycosidase), which is
involved in nucleotide salvage pathways (Fugger et al., 2021). Interestingly, inosine
triphosphatase (ITPA), another nucleotide sanitiser, was also identified.
Post-screen validation demonstrated that the PARPi-DNPH1 synthetic lethality is
also applicable to BRCA1-mutant and BRCAZ2-defective cells. Although DNPH1
was known to hydrolyse deoxyribonucleoside monophosphates (dNMPs) in vitro,
Fugger et al. identified that DNPH1 specifically acts upon cytotoxic
hydroxymethyl-deoxyuridine (hmdU) monophosphate (hmdUMP) in the nucleotide

pool to limit genomic DNA incorporation. As such, loss of DNPH1 was found to
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increase hmdU levels, which they attributed to PARPI sensitivity. Cotreatment with
hmdU and olaparib induced strong synthetic lethality in various BRCA17- and
BRCAZ2-deficient cells, increasing the therapeutic window by up to three-fold

(Fugger et al., 2021).

Aiming to elucidate loss-of-function mutations in chromatin regulators which
mediate PARPI sensitivity, Verma et al. (Verma et al., 2021) performed a focused
CRISPR screen using an sgRNA library targeting chromatin regulators in three
different BRCA-mutant cell lines. ALC1 loss resulted in olaparib sensitivity in all
assessed cell lines; BRCA1 exon 11 mutant ovarian UWB1.289 and breast
SUM149 cell lines, as well as BRCA2-mutant pancreatic cell line CAPAN1.
Follow-up mechanistic experiments with ATAC-seq were used to assess global
accessibility of chromatin. Compared to ALC1 loss alone, or talazoparib treatment
alone, ALC1 depletion in combination with talazoparib resulted in greater reduction
of chromatin accessibility. As such, the association of base damage repair proteins
on the chromatin is decreased, leading to increased replication-associated DNA
damage and reliance on HR. ALC1 loss as a driver of olaparib sensitivity in
HR-deficient cells was also confirmed with genome-wide CRISPR screens in an
independent publication (Hewitt et al., 2021), whereby depletion of HR factors
(BRCA1, RAD51, RAD51C, CHD4) reduced the viability of ALC7-defective cells
upon olaparib treatment. Additionally, depletion of factors involved in DSB
resection (RAD50, UBE2N/UBC13, and DNAZ2), or the DSB-sensing kinase ATM

confer PARPI sensitivity when combined with ALC17 loss (Hewitt et al., 2021).
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Although the cancer cell line models used in the aforementioned CRISPR screens
(e.g. HelLa, U20S etc.) represent a practical choice to facilitate the experimental
execution of CRISPR screens, given their high proliferation rate which allows quick
generation of the large cell numbers required for a genome-wide CRISPR screen
(typical 1000X representation requires approximately 100 million cells with sgRNA
libraries e.g. Yusa), they may not represent the most suitable cell line model choice
for CRISPRn screens. Cancer cells are inherently heterogenous and frequently
demonstrate varying levels of aneuploidy (Cohen-Sharir et al., 2021). Therefore,
cancer cell lines may not represent the most suitable cell lines to assess the effects
of altering gene expression on drug response (Soule et al., 1990), and also pose
problems of copy number dependent toxicity of sgRNAs observed with CRISPRn;
a phenomenon which can lead to false positives (Aguirre et al., 2016). In addition,
the utilised cell line models may not be clinically relevant, and the penetrance of
the identified synthetic lethal effects has not been fully explored. The
aforementioned factors may provide an explanation as to why none of the
candidate genes identified from the CRISPR screens for PARPI sensitivity have

been demonstrated clinically.

All the published CRISPR screens reporting determinants of PARPI sensitivity
utilise CRISPR mutagenesis (CRISPRn). While CRISPRn-mediated mutagenesis
results in gene “knockout”, whereby expression of the target gene is completely
ablated, CRISPRi-mediated transcriptional repression reduces expression of the
target gene. Determinants of PARPi sensitivity upon transcriptional repression

(CRISPRI) remains to be explored.
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1.12. Aims and approaches
Despite the progress made for patients with BRCA1 or BRCAZ2 mutations, the
possible reasons for the PARPI efficacy observed in BRCA1/2 wild-type patients
(for example, Figure 1.5C) have not been fully worked out. Further pre-clinical
studies will help to optimise the current use of PARPI in the clinic by informing
future trials, and potentially extend the utility of PARPi beyond BRCA-PARP
synthetic lethality. Therefore, the aim of my project was to identify novel
determinants of PARPI sensitivity to potentially address the question of what
determines PARPi sensitivity beyond BRCA1, BRCA2 and other HR gene
mutations. Overall, this thesis aims to contribute to the mechanistic insight of our
understanding of how PARPi response is controlled in mitotic cells in order to

potentially overcome the current limitations of PARPI in the clinic.

In order to achieve this, | decided to use an unbiased genetic screening approach.
By performing two parallel CRISPR screening approaches of parallel CRISPR
mutagenesis and interference screens, | aimed to minimise the issue of off-target
effects that have been reported with CRISPR screens. | also aimed to use two
different clinical PARPI to minimise drug-specific effects. In order to ensure that the
findings of my CRISPR screen could be potentially translated into the clinic, | used
a p53 mutant breast cell line which more accurately reflects the disease context in
which clinical PARPI are typically used. Using this approach, CRISPR mutagenesis
and interference screens identified the meiotic recombination heterodimer

PSMC3IP-MND1 as controlling PARPI response in mitotic cells.
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Since MND1 and PSMC3IP are conventionally thought to be involved in meiosis, |
aimed to establish whether these proteins are commonly expressed in mitotic
tumour cells and human tumours. Once | had confirmed that this was indeed the
case, | validated the findings of my screen using CRISPR-Cas9 gene editing

technology to generate MND1- or PSMC3IP-defective cell lines.

| aimed to assess the effect of MND1 and PSMC3IP dysfunction on a common
readout for HR-mediated DNA repair, RAD51 foci formation. Using this approach,
| found that MND 1- or PSMC3IP-deficient cells accumulate RAD51 foci in response
to DNA damage, which is in direct contrast to the findings in other genotypes that
confer PARPI sensitivity such as BRCA1 or BRCA2 mutant cells. Finally, | aimed
to deduce the functions which MND1 and PSMC3IP contribute to in the context of
PARPI sensitivity. To this end, | demonstrated that PSMC3IP-MND1 heterodimer
may support RAD51-mediated D-loop formation, which mediates PARPI response.
This is corroborated by the fact that a PSMC3IP p.Glu201del D-loop formation
mutant associated with ovarian dysgenesis fails to reverse PARPI sensitivity. The
hypothesis of impaired D-loop formation being responsible for the HR defect and
toxic RADS1 foci formation in MND1 or PSMCS3IP defective cells are strengthened
with our experiments demonstrating rescue of PARPI sensitivity of MND1- and
PSMC3IP-defective cells using small molecule RADS1 inhibitor, B02, which
specifically inhibits ssDNA and dsDNA binding, as well as strand exchange activity

of RADS1.
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Chapter 2. Materials and Methods

Reagents

2.1.General chemicals and solutions
PBS: 137 nM NaCl, 2 mM KCI, 8 mM Na:HPOQO4, 1.5 mM KH2PO4 in H20, pH
adjusted to 7.4 with HCI.
10x TBS: 200 mL 1M Tris pH 7.5, 300 mL 5M NaCl made up to 1L with H20.
Sulphorhodamine B (SRB): 0.057% sulphorhodamine B (w/v) in 1% acetic acid.
TCA: 10% trichloroacetic acid (TCA) in H20.
PFA: 4% (w/v) paraformaldehyde in PBS.
Transfer buffer: 14.4 g glycine, 3.03 g Tris, 200 mL methanol, made up to a final
volume of 1 L with H20.
Permeablisation solution: 20 mM TRIS-HCI, 50 mM NaCl, 3 mM MgCl,,
1M sucrose, 0.5% Triton X-100 made up to a final volume of 50 mL with H2O.
Blasticidin: (A1113903, Thermo Fisher Scientific, Thermo).
Puromycin: (A1113803, Thermo).
EDTA 0.5M: di-sodium salt of ethylenediaminetetraacetate in H-O, pH adjusted to
8.0 with NaOH.
MOPS: 3-(N-morpholino)propanesulfonic acid (Thermo).
TRIS: tris(hydroxymethyl)aminomethane (Thermo).
10X TAE: 48.4 g Trizma base, 20 mL 0.5 M EDTA pH 8.0, 11.43 mL glacial acetic

acid made up to a final volume of 1 L with H20.
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2.2.Cell lines and growth media

Table 2.1 Cell lines and corresponding growth medium used in this thesis.

Cell line Origin Source Media Media additives
5% horse serum
(Thermo,
MCF10A : 16050-122);
TP53" DMEMQHZam ®  EGF (20 ng/mL);
ATCC (Gibco hydrocortisone
MCF10A 11330_03’,2) (0.5 mg/mL);
TP53" RB1” cholera toxin
(100 ng/mL);
insulin (10 pg/mL)
Breast . 10 % FBS
CAL51 (human) DSMZ DME'}"QES%')bCO’ (Thermo,
10437028)
. 10 % FBS
MDAMB-231 ATCC DME'}"QES%')bCO’ (Thermo,
10437028)
5 % FBS (Thermo,
Asterand Ham’s F-12 10437028);
SUM149 Bioscience medium 10 pg/mL insulin;
(11765054) 1 ug/mL
hydrocortisone
10% foetal calf
serum
(FCS, Sigma);
50 units/mL
penicillin-
streptomycin
KBIP-G3 . DMEM/MHam's  (&1PC0); 5 pg/ml
ammary Barazas et . Insulin (Sigma,
(mouse)  al, 2019 L 12(GIbCO 546y s ng/mlL
KB1P-G3B1 ” 11330-032) ’ :
cholera toxin
(Sigma, #C8052);
5 ng/mL murine
epidermal
growth-factor
(EGF, Sigma,
#E4127).
i o)
os  one I ouew o, 35TES (e
DR-GFP (human) Stark 11960) 10437028)
: Iscove’s
Chronic Modified .
myelogengus . Dulbecco's 10./0 FBS (Thgrmo
HAP1 leukaemia Horizon Medium Fisher Scientific,
(CML) (IMDM 10437028)
(human) 12440053)
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HEK293T

Phoenix-
ECO

10 % FBS (Thermo

ATCC DME'}"QES%')bCO’ Fisher Scientific,
10437028)
. 10% foetal calf
(E:Jdn::z) serum (FCS,
ATCC DMEM (Gibco, Sigma) and 50
11960) units/mL penicillin-

streptomycin
(Gibco).

Abbreviations: ATCC American Type Culture Collection; CML Chronic myelogenous leukaemia;
DMEM FBS Foetal bovine serum; EGF epidermal growth-factor; FCS Foetal calf serum; IMDM
Iscove’s Modified Dulbecco’s Medium.

2.3. Antibodies

Table 2.2 Details of antibodies used in this thesis.

Antibody

Application

Dilution

Product

Manufacturer
code

Rabbit
polyclonal
anti-RAD51

Mouse
monoclonal
Anti-
phospho-H2AX
(Ser139), clone
JBW301

Goat
anti-mouse IgG
(H+L) cross-
adsorbed
secondary
antibody, Alexa
Fluor 555

Goat anti-rabbit
IgG (H+L)
cross-adsorbed
secondary
antibody, Alexa
Fluor 488

Immunofluorescence

Santa Cruz sc-8349

1:2,000

Millipore 05-636

A-21422

Thermo Fisher

1:1,000 Scientific

A-11034

Mouse
monoclonal
CRISPR-Cas9

Rabbit
polyclonal
anti-PSMC3IP

Rabbit
polyclonal
anti-MND1

Monoclonal
rabbit
anti-V5-Tag

Immunoblotting

Novus NBP2-36440

Atlas HPA044439

1:1,000

Atlas HPA043499

Cell Signaling

Technology 13202
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Rabbit
monoclonal
anti-RAD51

Monoclonal
rabbit
anti-HA-Tag
(C29F4)

Mouse
monoclonal
anti-B-Actin

Anti-rabbit IgG,
HRP-linked
secondary

Anti-mouse
IgG,
HRP-linked
secondary

IRDye 800CW
anti-rabbit 1IgG
donkey
secondary

IRDye 800CW
anti-Mouse 1gG
goat
secondary

IRDye 680RD
anti-mouse IgG
Goat
secondary

Abcam

ab133534

Cell Signaling
Technology

3724

Sigma

A2228

1:10,000

Cell Signaling
Technology

7074

Cell Signaling
Technology

7076

LI-COR

926-32213

LI-COR

925-32210

LI-COR

926-68070

Mouse
monoclonal
anti-BrdU/IdU

Rat
monoclonal
Anti-BrdU/CIdU

Goat Anti-
Mouse IgG
(H+L) highly
cross-adsorbed
secondary,
Alexa Fluor
488

Donkey
anti-Rat IgG
(H+L) Cy3
AffiniPure
F(ab'),
Fragment

DNA fibre assay

30 uM

BD Biosciences

347580

150 uM

Abcam

ab6326

1:300

Thermo Fisher
Scientific

A-11029

1:150

Jackson

ImmunoResearch

712-165-513

Abbreviations:

BrdU Bromodeoxyuridine;

peroxidase; IdU 5-iodo-2'-deoxyuridine.

CldU 5-chloro-2'-deoxyuridine; HRP Horseradish
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2.4.Oligonucleotides

Table 2.3 Details of oligonucleotides used in this thesis.

Oligonucleotide Oligonucleotide sequence (5’-3’) or

type Application Cat #
MCF10A TP53" MND1 CTTGCATGAAGAGCTTTACT
CRISPR-targeting. CGGAACTTCTAATTATTATT
/-
CRISPRRNA [ VCTIORTPOS GCTGACCTTCAAGTCCTAGA
(crRNA) ) GTGAGGTTGAACACTTACTT
targeting.
MCF10A TP53"
CRISPR non-targeting GATACGTCGGTACCGGACCG
control
MCF10A TP53" MND1
CRISPRI targeting GCGGCGAAGCCCACACACTA
(sgMND1-1)
MCF10A TP53" MND1
CRISPRI targeting GGTAGCCTCAGTCCTTACCA
(sgMND1-2)
MCF10A TP53"
PSMC3IP CRISPRI GCGGGAAAGGCGATGAGTAA

targeting (sgPSMC3IP-1)
SaRNA MCF10A TP53"
9 PSMC3IP CRISPRI GAAGCTGCGGCGGGAGGTAA
targeting (sgPSMC3IP-2)
KB1P-G3B1 MND1

CRISPR-targeting GACAAACATACCGTCTCTTGC
(sgMnd1-1)
KB1P-G3B1 MND1
CRISPR-targeting GTCATGCCAGGAAGCGCAAGT
(sgMnd1-2)
KB1P-G3B1 CRISPR TGATTGGGGGTCGTTCGCCA

non-targeting control
Forward primer for
KB1P-G3B1 MND1
CRISPR-targeting AACACAAGCTAAGCCAACAGTC
(sgMnd1-1)
Reverse primer for
KB1P-G3B1 MND1
CRISPR-targeting TCCCCATGTAACAACTGAGAAA
TIDE analysis (sgMnd1-1)
primer Forward primer for
KB1P-G3B1 MND1
CRISPR-targeting GCTGCTTAACTTAGCGTCTGTG
(sgMnd1-2)
Reverse primer for
KB1P-G3B1 MND1
CRISPR-targeting GCGTTGAGCCCAAATAAGAA
(sgMnd1-2)
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Forward primer for
PSMC3IP site-directed
mutagenesis (PSMC3IP

p.Glu201del)

GCAAGAAGCAGTTCTTTGAGGTTG
GGATAGAGACGGATGAAG

PCR primer R .
everse primer for
PSMCS3IP site-directed
mutagenesis (PSMC3IP CTCAAAGAACTGCTTCTTGCTCTTG
p.Glu201del)
Horizon, D-014779-01
Horizon, D-014779-02
MND1 silencing Horizon, D-014779-03
Horizon, D-014779-04
Horizon, M-014779-00
Horizon, D-018726-01
siRNA Horizon, D-018726-02
PSMC3IP silencing Horizon, D-018726-03
Horizon, D-018726-04
Horizon, M-018726-01
PLK1 silencing Horizon, M-003290
BRCA1 silencing Horizon, M-003461
BRCA1 silencing Horizon, M-003462
Forward primer for GAAATCCAGGAGTTAAAGAAG
DNA Sanger R PSMCT’;IP ;
sequencing pibeg i GGCCAGAGCTGCCAGGAAAC
primer Forward M13 primer GTAAAACGACGGCCAG-
Forward primer U6 GGCCTATTTCCCATGATTCCTTC
Forward primer for 1st
HiSeq PCR CRISPRI GACTTGTGGGAGAAGCTCGG
Reverse primer for 1st
HiSeq PCR CRISPR TGCATGGCGGTAATACGGTT
Primer for 2nd HiSeq CAAGCAGAAGACGGCATACGAGAT
PCR CRISPRI CGACTCGGTGCCACTTTTTC
Barcode primer aatgatacggcgaccaccgagatctacacgatcg
sequence for 2nd HiSeq = gaagagcacacgtctgaactccagtcacCTTG
PCR CRISPRIi iPCRtag1 TAgcacaaaaggaaact caccct
Barcode primer aatgatacggcgaccaccgagatctacacgatcg
sequence for 2nd HiSeq  gaagagcacacgtctgaactccagtcacGCCA
HiSeq PCR PCR CRISPRIi iPCRtag2 ATgcacaaaaggaaact caccct

CRISPRI primer

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI iPCRtag3

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacAGTT
CCgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI iPCRtag4

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacTAGC
TTgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI iPCRtag5

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacTTAG
GCgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI iPCRtag6

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacATCA
CGgcacaaaaggaaact caccct
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Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI iPCRtag7

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacGAGT
GGgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI iPCRtag8

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacAGTC
AAgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI iPCRtag9

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacACAG
TGgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag10

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacTGAC
CAgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag11

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacCAGA
TCgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag12

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacGGCT
ACgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag13

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacGATC
AGgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag14

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacCGAT
GTgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag15

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacCCGT
CCgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag16

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacGTCC
GCgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag17

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacACTT
GAgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag18

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacCGTA
CGgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag19

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacATTC
CTgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag20

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacATGT
CAgcacaaaaggaaact caccct
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Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag21

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacGTGA
AAgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag22

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacGTGG
CCgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag23

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacGTTT
CGgcacaaaaggaaact caccct

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRI
iPCRtag24

aatgatacggcgaccaccgagatctacacgatcg
gaagagcacacgtctgaactccagtcacACTG
ATgcacaaaaggaaact caccct

Index reading primer for
HiSeq CRISPRI

GTGTGTTTTGAGACTATAAGTATCCCT
TGGAGAACCACCTTGTTGG

HiSeq PCR
CRISPRn primer

Forward primer for 1st
HiSeq PCR CRISPRn

ACACTCTTTCCCTACACGACGCTCT
TCCGATCTCTTGTGGAAAGGACGA
AACA

Reverse primer for 1st
HiSeq PCR CRISPRn

TCGGCATTCCTGCTGAACCGCTCT
TCCGATCTCTAAAGCGCATGCTCC
AGAC

Forward primer for 2nd
HiSeq PCR CRISPRn

AATGATACGGCGACCACCGAGATC
TACACTCTTTCCCTACACGACGCTC
TTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag1

CAAGCAGAAGACGGCATACGAGAT
AACGTGATCGGTCTCGGCATTCCT
GCTGAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag?2

CAAGCAGAAGACGGCATACGAGAT
cctectgaCGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag3

CAAGCAGAAGACGGCATACGAGAT
ggtagcacCGGTCTCGGCATTCCTGC
TGAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag4

CAAGCAGAAGACGGCATACGAGAT
cagatctgCGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag5

CAAGCAGAAGACGGCATACGAGAT
tagcttgtCGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag6

CAAGCAGAAGACGGCATACGAGAT
cgatgtt CGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT
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Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag7

CAAGCAGAAGACGGCATACGAGAT
gccaatgtCGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag8

CAAGCAGAAGACGGCATACGAGAT
acagtggtCGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag9

CAAGCAGAAGACGGCATACGAGAT
gatcagcgCGGTCTCGGCATTCCTGC
TGAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag10

CAAGCAGAAGACGGCATACGAGAT
tagtgactCGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag11

CAAGCAGAAGACGGCATACGAGAT
ttaggcatCGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag12

CAAGCAGAAGACGGCATACGAGAT
ggctacagCGGTCTCGGCATTCCTGC
TGAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag13

CAAGCAGAAGACGGCATACGAGAT
cttgtactCGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag14

CAAGCAGAAGACGGCATACGAGAT
acttgatgCGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag15

CAAGCAGAAGACGGCATACGAGAT
tgaccactCGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag16

CAAGCAGAAGACGGCATACGAGAT
tggttgt CGGTCTCGGCATTCCTGCTG
AACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag17

CAAGCAGAAGACGGCATACGAGAT
gatctcttCGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag18

CAAGCAGAAGACGGCATACGAGAT
ggtcgtgt CGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT

Barcode primer
sequence for 2nd HiSeq
PCR CRISPRn
iPCRtag19

CAAGCAGAAGACGGCATACGAGAT
gaatctgtCGGTCTCGGCATTCCTGCT
GAACCGCTCTTCCGATCT
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Barcode primer

. CAAGCAGAAGACGGCATACGAGAT
sequence for 2nd HiSeq

gtacatctCGGTCTCGGCATTCCTGCT

PCR CRISPRn
iPCRtag20 GAACCGCTCTTCCGATCT
Index reading primer for AGATCGGAAGAGCGGTTCAGCAGGAA
HiSeq CRISPRn TGCCGAGACCG
U6-lllumina-seq2 SE TCTTCCGATCTCTTGTGGAAAGGACGA
AACACCG

Abbreviations: CRISPR Clustered Regularly Interspaced Short Palindromic Repeats; crRNA
CRISPR RNA; PCR Polymerase Chain Reaction; sgRNA single-guide RNA; siRNA Small
interfering RNA; TIDE Tracking of Indels by Decomposition; tracrRNA Trans-activating CRISPR
RNA.

2.5.Plasmids

Table 2.4 Details of plasmids used in this thesis.

Plasmid Source Product code
plentiCRISPR v2 Addgene 52961
pOZ MND1 This thesis N/A
Edit-R Inducible Lentiviral hEF10-Blast-Cas9 .
Nuclease Plasmid DNA Horizon CAS11229
Human genome-wide Ientlylral CRISPR gRNA library Addgene 67989
version 1
Lenti-dCas9-KRAB-blast Addgene 89567
Human genome-wide CRISPRI-V2 library Addgene 83969
CRISPRIi sgRNA backbone Addgene 50946
psPAX2 Addgene 12260
pMD2.G Addgene 12259
pLX302 Addgene 25896
pCBAScel Addgene 26477

Abbreviations: CRISPRi CRISPR interference; gRNA guide RNA; N/A Not available

2.6.Drugs
Talazoparib was purchased from Selleckchem and RAD51i B02 was purchased
from Sigma. Olaparib was provided by AstraZeneca. Drug stock solutions were

prepared in 100% DMSO and aliquots stored in -20°C.
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Protocols
2.7.General tissue culture conditions

All tissue culture was performed under sterile conditions in a laminar flow cabinet.
Tissue culture was carried out under standard conditions (37°C, 5% CO3), except
for KB1P-G3 cells lines, which were cultured under low oxygen (3%) conditions.
Cells were maintained at sub-80% confluency before passaging according to the
following procedure: (i) growth media was aspirated from the cells; (ii) cells were
washed once with 1X PBS; (iii) cells were detached via incubation at 37°C with a
covering volume of trypsin-EDTA (Sigma); (iv) cells were resuspended in foetal
bovine serum (FBS)-containing growth media and seeded at an appropriate
density in a new flask. Cells were counted for cell viability and clonogenic assays
using a Countess automated cell counter (Thermo Fisher Scientific). Cell lines
were resuspended in freezing media (90% FBS, 10% DMSO) and stored in liquid
nitrogen for long-term storage. Testing for mycoplasma contamination was

performed using the MycoAlert kit (Lonza) fortnightly.

2.8.Cell lines
MCF10A TP53” cells and MCF10A TP53” RB17 daughter cells generated by
CRISPR-Cas9 mutagenesis were purchased from Horizon. MCF10A cells were
cultured in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12,
Gibco) supplemented with 5% horse serum; epidermal growth factor (EGF,
20 ng/mL); hydrocortisone (0.5 mg/mL); cholera toxin (100 ng/mL); insulin
(10 pg/mL). DR-GFP U20S (kindly gifted by Jeremy Stark (City of Hope, USA)),
HEK293T (ATCC), CAL51 (DSMZ) and MDAMB-231 (ATCC) were maintained in

Dulbecco's Modified Eagle Medium (DMEM, Gibco) supplemented with 10% FBS.
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SUM149 cells (Asterand Bioscience) were maintained in Ham’s F-12 medium
supplemented with 5% FBS, 10 ug/mL insulin and 1 yg/mL hydrocortisone. The
KB1P-G3 cell line was previously established from a K74cre;Brca1™F;Trp53F
(KB1P) mouse mammary tumour and cultured as previously described (Jaspers et
al., 2013). The KB1P-G3B1 cell line was derived from the KB1P-G3 cell line which
was reconstituted with human BRCA1 by (Barazas et al., 2019). KB-derived cell
lines were grown in DMEM/F12, supplemented with 10% foetal calf serum (FCS),
5 pg/mL insulin, 5 ng/mL cholera toxin and 5 ng/mL murine EGF (Sigma, #E4127).
The HEK293T cell line, as well as the Phoenix-ECO cell line, were cultured in
DMEM (Gibco). The DMEM media for the HEK29T and Phoenix-ECO cell lines
was supplemented with 10% FBS or 10% FCS, respectively. HAP1 cells were
purchased from Horizon and were cultured in Iscove’s Modified Dulbecco’s

Medium (IMDM) containing 10% FBS (Gibco).

2.9. CRISPR mutagenesis

MCF10A MND1 and PSMC3IP mutant cell lines were generated using the Edit-R
Gene Engineering System (Horizon). Cells were seeded at a density of
1x10° cells/well in 6-well plates. After 24 hours, cells were transfected with 40 pM
Edit-R Cas9 nuclease protein NLS (CAS11729) mixed with 20 yM 2X CRISPR
RNA (crRNA) and 10 uyM trans-activating CRISPR RNA (tracrRNA) using
Lipofectamine CRISPRMAX transfection reagent (Thermo Fisher Scientific),
according to manufacturer's instructions. Target sequences for crRNA
used: 5-GCTGACCTTCAAGTCCTAGA-3 and

5-GTGAGGTTGAACACTTACTT-3 to target PSMCS3IP,

5-CTTGCATGAAGAGCTTTACT-3 and 5-CGGAACTTCTAATTATTATT-3" for
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MND1 targeting, 5-GATACGTCGGTACCGGACCG-3’ for non-targeting control.
Four days after transfection, cells were FACS-sorted into 96-well plates at one cell
per well. Targeted genome modifications were analysed by Sanger sequencing
(Forward M13 primer, 5-GTAAAACGACGGCCAG-3’) of PCR products cloned into
pCR-TOPO-blunt (Thermo Fisher Scientific). Constructs were introduced into
MCF10A TP53" cells expressing inducible Cas9, which was generated by lentiviral
transduction with hEF1a-Cas9 (#CAS11229, Dharmacon). The procedure for
lentiviral transduction is described in 2.12. Cas9 expression was induced with

1 pyg/mL doxycycline.

MCF10A MND1 and PSMC3IP CRISPRI cell lines were generated by cloning
sgRNAs into the Bbsl site of the pKLV5-U6sgRNA5-PGKPuroBFP (Addgene,
#50946), as previously described (Tzelepis et al., 2016). sgRNA sequences are as
follows: sgMND1-1: 5-GCGGCGAAGCCCACACACTA-3’; sgMND1-2:
5-GGTAGCCTCAGTCCTTACCA-3’; sgPSMC3IP-1:
5-GCGGGAAAGGCGATGAGTAA-3; sgPSMC3IP-2:
5GAAGCTGCGGCGGGAGGTAA-3'. These constructs were introduced into cells
generated by lentiviral transduction of MCF10A TP537 cells with
lenti-BLAST-dCas9-KRAB (Addgene, #89567), followed by selection with
10 ug/mL blasticidin. The procedure for lentiviral transduction is described in

Section 2.12.

In order to generate cells expressing a PSMC3I/P mutant associated with D-loop
defect (PSMC3IP p.Glu201del), a human PSMC3IP ORF (Dharmacon) was

PCR-amplified using primers designed to result in a deletion of glutamic acid (E)
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at amino acid position 201
Fw-GCAAGAAGCAGTTCTTTGAGGTTGGGATAGAGACGGATGAAG;
Rev-CTCAAAGAACTGCTTCTTGCTCTTG. In-fusion reaction was performed to
re-circularise the vector. PSMC3IP p.Glu201del or wild-type PSMC3IP cDNA was
cloned into pLX302 (Addgene, #25896) expression vector. These constructs were
introduced into wild-type MCF10A TP537 cells or MCF10A TP53"- PSMC3IP
CRISPRI cell lines via lentiviral transduction, the procedure for which is described

in Section 2.12.

CRISPR/SpCas9 plasmids for MND1 targeting in KB1P-G3 and KB1P-G3B1 cell
lines were generated using a modified version of the lentiCRISPR v2 backbone
(Addgene, #52961), in which a puromycin resistance ORF was cloned under the
hPGK promoter. sgRNA sequences were cloned into the modified lentiCRISPR v2
backbone using custom DNA oligos (Microsynth), which were melted at 95°C for
5 minutes, annealed at room temperature for 2 hours and subsequently ligated with
quick-ligase (NEB) into BsmBI-digested (Fermantas) lentiCRISPR v2 backbone.
sgRNA sequences are as follows for KB1P-G3 and KB1P-G3B1 cell lines.
Non-targeting control: 5-TGATTGGGGGTCGTTCGCCA-3’;

sgMnd1-1: 5-GACAAACATACCGTCTCTTGC-3};

sgMnd1-2: 5-GTCATGCCAGGAAGCGCAAGT-3'. The target site modifications of
the polyclonal cell pools were analysed by Tracking of Indels by Decomposition
(TIDE) analysis, as described in Section 2.10. All construct sequences were

verified by Sanger sequencing using primers outlined in Table 2.3.
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2.10. TIDE analysis
In order to assess the modification rate in CRISPR-mutagenised polyclonal murine
KB1P-G3 cell lines, cells were pelleted and genomic DNA was extracted using the
QIAmp DNA mini kit (Qiagen), according to the manufacturer’s protocol. Target loci
were PCR-amplified using Phusion High Fidelity Polymerase (Thermo Fisher
Scientific) using a 3-step protocol: (1) 98°C for 30 seconds, (2) 30 cycles at 98°C
for 5 seconds, 63.3°C for 10 seconds and 72°C for 15 seconds, (3) 72°C for
5 minutes. Reaction mix consisted of 10 pL of 2X Phusion Mastermix (Thermo
Fisher Scientific), 1 uL of 20 yM forward and reverse primer and 100 ng of DNA in
20 L total volume. Primers are detailed in Section 2.4. PCR products were purified
using the QIAquick PCR purification kit (Qiagen), according to the manufacturer’s
protocol, and submitted with corresponding forward primers for Sanger sequencing

to confirm target modifications using the TIDE algorithm (Brinkman et al., 2014).

211. CRISPR screen
In order to perform the CRISPR screen, cell lines were generated in the desired
MCF10A background to achieve knockout (CRISPRn) or knockdown (CRISPRI),
by initial transduction with a CRISPR plasmid with a low MOI to minimise the risk
of multiple integrations of the CRISPR construct into a single cell, which can lead
to genotoxicity or clonal selection bias. The MOI was titrated to ensure that a
sufficient number of cells were infected with the CRISPR construct to achieve
effective gene knockout, while avoiding excessive toxicity or off-target effects;
MOI 0.3 was used. For the CRISPRn screen, inducible Cas9 MCF10A TP53" cells
were generated by lentiviral transduction of MCF10A TP53” cells with Inducible

Lentiviral hEF1a-Blast-Cas9 Nuclease Plasmid DNA (Horizon, #CAS11229). In
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order to assess Cas9 function, the Cellecta CRISPRtest™ assay was utilised. This
assay involves sequential transduction of the Cas9-expressing cells with two
lentivirus mixes; one lentivirus construct expresses an sgRNA targeting an
essential gene and GFP fluorescent protein. A second non-targeting sgRNA
construct expresses red fluorescent protein (RFP) marker. Upon transduction, cells
expressing the sgRNA with the GFP marker undergo knockout of the essential
target gene, leading to cell death. The difference in depletion between
GFP-positive cells with the lethal sgRNA and non-targeting sgRNA expressing
cells with the RFP marker provides a quantitative measurement of Cas9 activity.
GFP and RFP fluorescence of the cells was measured using a flow cytometer.
Following antibiotic selection with 10 ug/mL blasticidin, Cas9-expressing cells were
infected at MOI 0.3, with a previously published genome-wide human lentiviral
CRISPR library (Addgene, #67989) (Tzelepis et al., 2016). The library contains
90,709 sgRNAs targeting 18,010 genes. Following 2 yg/mL puromycin selection
for 72 hours, doxycycline was added for 72 hours to induce Cas9 expression. The
cell line used for CRISPRIi screen was generated by lentiviral transduction of
MCF10A TP53” cells with lenti-BLAST-dCas9-KRAB plasmid DNA (Addgene,
#89567). In order to assess dCas9-KRAB function, Cellecta CRISPRiTest™ was
utilised. The assay involves sequential transduction of both dCas9-KRAB and
parental cells with two lentivirus mixes. One lentivirus construct expresses an
sgRNA targeting the CMV-GFP transcription start site and GFP fluorescent protein,
while the second non-targeting sgRNA construct expresses an RFP fluorescent
marker. Upon transduction, parental cells should express high levels of both RFP
and GFP, while dCas9-KRAB expressing cells should exhibit low levels of GFP

(due to CRISPRi-mediated depletion of GFP), but high levels of RFP.
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Transcriptional repression efficiency in the dCas9-KRAB cell line is calculated as
the ratio between the normalised GFP intensity of parental cells and the normalised
GFP intensity of dCas9-KRAB cells (normalisation to RFP-transduced cells). GFP
and RFP fluorescence of the cells was measured using a flow cytometer. Following
antibiotic selection with 10 pg/mL blasticidin. dCas9-KRAB expressing cells were
infected at MOI 0.3 with a previously published genome-wide human lentiviral
CRISPRI library (Horlbeck et al., 2016). The library contains 104,535 sgRNAs
targeting 18,905 protein coding genes. In both CRISPRn and CRISPRI screens,
cells were collected for an early time point sample of initial library representation
(To) following selection. 100 million CRISPR-mutagenised cells were exposed to
concentrations that caused a 20% reduction in cell survival (Surviving Fraction 80,
SFgo) of either olaparib or talazoparib. In total, cells were exposed to drug or DMSO
for 14 days (10 population doublings), after which the cells were recovered (T+1).
The olaparib and talazoparib arms of the CRISPRn screens were performed
simultaneously, so the same To sample was used for comparison with the T4
samples, whereas the olaparib and talazoparib arms of the CRISPRI screens were
performed at different times, so different To samples were used for comparison with
the respective T1 sample. In order to identify genes, i.e., CRISPR sgRNAs, that
increased the sensitivity of cells to PARP inhibition, sgRNA depletion was identified
in cells that survived PARPi or DMSO exposure using massively parallel
sequencing. In brief, genomic DNA was extracted from To and T, cells using the
DNeasy blood and tissue kit (Qiagen), according to the manufacturer’s protocol.
sgRNA sequences were PCR amplified for lllumina sequencing (HiSeq 2500) in a
two-step process; the first PCR reactions involve amplifying sgRNA region, which

is then barcoded in the second PCR step. PCR primer sequences are detailed in
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Section 2.4. In order to maintain 1000X representation during the first PCR step, a
specific amount of genomic DNA requires amplification. Given both Yusa and
Weissman sgRNA libraries contain approximately 100,000 sgRNAs, and that a
diploid human genome is approximately 6.6 pg, 1000X representation required
660 ug genomic DNA for these PCR amplifications. For each PCR reaction, 1.5 pg
DNA was amplified with Q5 polymerase (New England Biolabs) in 5X buffer, with
10 uM forward and 10 uM reverse primer and dNTPs in excess. Thermocycler
settings were as follows, (1) 98°C for 1 minute, (2) 25 cycles at 98°C for
30 seconds, 62°C for 30 seconds and 72°C for 20 seconds, (3) 72°C for 5 minutes.
~600 individual PCR reactions were required per genome-wide CRISPR screen,
and these PCR reactions were pooled together for the second PCR reaction to
maintain 1000X representation. Following PCR purification with SPRI beads
(AMPure XP, Beckman Coulter), according to the manufacturer’s instructions, a
second PCR step involved PCR primers with unique index sequences for
barcoding. 250 ng genomic DNA was amplified with Q5 polymerase (New England
Biolabs) in 5X buffer, with 10 yM primer, 10 yM barcode primer, and dNTPs in
excess. In order to maintain representation in this second PCR step, a number of
precautionary steps were taken. Equimolar amounts of each sample were used to
ensure that all samples were represented equally in the final sequencing library
and was accomplished by normalising the concentration of each sample prior to
pooling for the barcoding step. In addition, optimised PCR conditions were used,
including annealing temperature, extension time, and primer concentration.
Specifically, limiting the number of PCR cycles avoids overamplification and
ensured efficient and unbiased amplification of the target DNA sequences.

Appropriate no template and positive controls were used during this PCR step, to
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help detect and correct for potential sources of bias, such as primer dimers or PCR
artefacts. Thermocycler settings were as follows, (1) 98°C for 30 seconds, (2)
8 cycles at 98°C for 10 seconds, 65°C for 30s and 72°C for 30 seconds, (3) 72°C
for 5 minutes. Next-generation sequencing (NGS) was performed from the
resulting PCR amplicons on an lllumina (HiSeq 2500) platform, which generated
>1,000 short-reads for each sgRNA in the library. Analysis of the CRISPR screen

is described in the Section 2.28.

212, Lentiviral transduction
Lentiviral stocks for stable cell lines in human MCF10A were generated by transient
transfection of HEK293T cells. On day 0, 3x10% HEK293T cells were seeded in a
6-well plate and on the next day transiently transfected with lentiviral packaging
plasmids psPAX2 (Addgene, #12260) and pMD2.G (Addgene, #12259) with
plasmid DNA. For instance, the CRISPRi cell lines in the MCF10A TP53"
background were generated by using viral particles expressing
pKLV-U6gRNA(BbsI)-PGKpuro2ABFP vector containing the respective sgRNA or
a non-targeting sgRNA with Lipofectamine 2000 transfection reagent (Thermo
Fisher Scientific), according to the manufacturer's protocol. After 30 hours,
virus-containing supernatant was harvested and filtered (0.45 um). For lentiviral
transduction, 150,000 cells were seeded in 6-well plates. 24 hours later, lentivirus
was applied. Virus-containing medium was replaced with medium containing
puromycin (2 ug/mL, Gibco) 24 hours later. Puromycin selection was performed for

three days; cells were subsequently expanded and frozen down at early passage.
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Lentiviral stocks for stable cell lines in murine KB1P-G3/KB1P-G3B1 were
generated by transient transfection of HEK293T cells. On day 0, 8x10® HEK293T
cells were seeded in 150 cm cell culture dishes. The next day, the HEK293T cells
were transiently transfected with lentiviral packaging plasmids psPAX2 (Addgene,
#12260) and pMD2.G (Addgene, #12259), with the plentiCRSIPRv2 (Addgene,
#52961) vector containing the respective sgRNA or a non-targeting sgRNA using
2xHBS (280nM NaCl, 100mM HEPES, 1.5mM NaxHPOs, pH 7.22), 2.5M CaCl;
and 0.1x TE buffer (10 mM Tris pH 8.0, 1 mM EDTA pH 8.0, diluted 1:10 with
dH20). After 30 hours, virus-containing supernatant was concentrated by
ultracentrifugation at 20,000 RPM for 2 hours in a SWA40 rotor and the virus was
finally resuspended in 100 yL PBS. The virus titre was determined using a
RT-gPCR Lentivirus Titration Kit (Applied Biological Materials). For lentiviral
transduction, 150,000 target cells from both cell lines were seeded in 6-well plates.
24h later, virus at a MOI of 25 was applied with 8 ug/mL Polybrene (Merck
Millipore). Virus-containing medium was replaced with medium containing
puromycin (3.5 uyg/mL, Gibco) 24 hours later. Puromycin selection was performed
for three days; cells were subsequently expanded and frozen down at an early
passage. The target site modifications of the polyclonal cell pools were analysed

by TIDE analysis, which in Section 2.10.

In order to achieve Mnd1 reconstitution in the murine KB1P-G3/KB1P-G3B1 cells,
lentiviral stocks were generated using the Phoenix-ECO cells. On day 0, 1x108
cells were seeded in 10 cm cell culture dishes. The next day, the Phoenix-ECO
cells were transiently transfected with MND1-pOZ plasmid (expressing

interleukin-2 receptor a chain (IL2Ra/ CD25) as selection marker) using
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Turbofectin transfection reagent. On days 2 and 3, virus-containing supernatant
was harvested and filtered (0.45 pm). Transduction of the target cells was
performed on last day of harvest by adding 7 uyg/mL Polybrene (Merck Milipore) to
the retroviral supernatant, which was applied to the target cells (9 mL/10 cm cell
culture dish). Selection of the target cells was performed using the Dynabeads®
CD25 (Invitrogen) according to the manufacturer's protocol. In order to generate
the Mnd1-pOZ plasmid, the Mnd1 coding sequence was cloned into pOZ-N-FH

plasmid (Nakatani & Ogryzko, 2003)) using the in-fusion HD cloning kit (Takara).

2.13. Retroviral mutagenesis screen
The retroviral mutagenesis screen was performed and analysed as described in
(Francica et al., 2020) and (Blomen et al., 2015). Briefly, wild-type HAP1 cells were
mutagenised using a retroviral gene-trap cassette. 1x10% mutagenised HAP1 cells
were seeded in 14X T175 cell culture flasks. Cells were exposed to IR after
24 hours (day 1), 72 hours (day 3) and 120 hours (day 5) with 1.5 Gy each time,
which led to a confluency of 70-80% on day 10. Cells were subsequently harvested
and fixed, then stained for FACS-mediated 1n DNA content sorting. Sequencing
data processing, insertion site mapping to GRCh37 human genome assembly, and
subsequent analysis of sense and antisense integrations was performed, following
Linear Amplification Mediated (LAM)-PCR of isolated genomic DNA, as described
in (Blomen et al., 2015). Four independent wild-type control datasets were used
for normalisation (Blomen et al., 2015). The retroviral mutagenesis screens were

performed twice with individual mutagenised HAP1 batches.
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2.14. Site-directed mutagenesis
The PSMCS3IP coding sequence was ordered from Eurofins. Yeast p.Glu201del
was mapped to GRCh37 human genome assembly to design the primers for
amplification of the linear construct. In order to generate PSMC3IP p.Glu201del
DNA, 10 ng wild-type PSMC3IP cDNA was amplified with the generated forward
and reverse primers and Q5 polymerase (New England Biolabs) using a 3-step
protocol: (1) 98°C for 30 seconds, (2) 30 cycles at 98°C for 10 seconds, 60°C for
10 seconds and 72°C for 90 seconds, (3) 72°C for 5 minutes. Sequences for
primers used are provided in Table 2.3. PCR products were purified using the
QIAquick PCR purification kit (Qiagen) according to manufacturer’s protocol; PCR
amplification was confirmed via gel electrophoresis. The PCR amplified DNA was
incubated with Dpnl restriction enzyme (NEB, R0176S). Following In-fusion
reaction, using the in-fusion HD cloning kit (#12141, Takara), DNA was
transformed in Stellar Competent cells (Takara, t# 636763), according to
manufacturer’s protocol. DNA was isolated and purified (Qiagen) before gateway
cloning (using Gateway™ LR Clonase™ Il Enzyme mix (Thermo Fisher Scientific,
11791020) to introduce either PSMC3IP or PSMC3IP p.Glu201del into pLX302
expression vector (Addgene, #25896). The reaction mixture was transformed into
competent cells for antibiotic selection on agar plates. Plasmid DNA was isolated
from bacterial colonies with miniprep (QIAprep Spin Miniprep Kit), and
subsequently maxiprep (HiSpeed Plasmid Maxi Kit). PSMC3IP-pLX302 or
PSMC3IP p.Glu201del-pL.X302 DNA was introduced into MCF10A TP53" cells via

lentiviral transduction, as detailed in 2.12.

110



2.15. Drug survival assays
Cells were seeded into 384-well plates at a concentration of 300 cells per well in
50 pL growth medium. After 24 hours, drug or vehicle (DMSO) dilutions in growth
media were added to the cells using an Echo liquid handler (Beckman). In 384-well
format, cells were continuously exposed to drug for a total of 5 days. MCF10A or
HAP1 cells were also plated in 96-well plates at a density of 1,500 cells/well in
100 uL medium and treated with the indicated drug at the indicated dosages after
24 hours. In 96-well format, cells were continuously exposed to drug for a total of
ten days. Cell viability was assessed using CellTiter-Glo luminescent cell viability
assay (Promega). Media was removed from the plate and 20 yL of CellTiter-Glo
(diluted 1:4 with 1X PBS) was added to each well. Plates were continuously shaken
and incubated in the dark for 10 minutes at room temperature. Luminescence was
measured using the Victor X5 Multilabel plate reader (Perkin Elmer). Cell viability
(surviving fraction, SF) was calculated as a fraction of luminescence in
vehicle-treated (DMSO) cells. Dose/response curves plotted using GraphPad

Prism graphing software.

2.16. Clonogenic drug survival assays
MCF10A or HAP1 cells were seeded into 6-well plates at a concentration of
500 cells per well in 2 mL growth medium. After 24 hours, media was replaced with
media containing drug or vehicle (DMSO) at the indicated concentrations. Drug
was replenished every three days for up to 14 days, at which point colonies were
fixed with 10% TCA for 1 hour at 4°C and stained with SRB for 1 hour at room
temperature. Excess dye was removed by washing plates with 1% acetic acid.

Colonies counting was automated with the “analyze particles” command in Fiji.
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KB1P-G3B1 cells were seeded in 10 cm dishes at a density of 100 cells/dish. Cells
were exposed to PARPI 24 hours later. Cells were selected in PARPI for 15 days
in total, and PARPi was replenished every three days. At day 15, colonies were
fixed with 4% formalin and stained with 0.1% crystal violet. All colonies were

counted in an automated manner using the colony counter tool with Image J.

2.17. DR-GFP assay
1.5x10° U20S cells expressing a synthetic HR reporter substrate (DR-GFP; (Gunn
& Stark, 2012)) were reverse transfected with 200 nM indicated siRNA using
Lipofectamine RNAIMAX (Thermo Fisher Scientific) in Opti-MEM (Gibco). Details
for siRNA reagents used are provided in 2.4, which include non-targeting control
siRNAs to serve as transfection controls; for baseline comparison to evaluate the
effects of gene silencing to help distinguish the specific effects of the target siRNA
from any non-specific or unintended consequences arising from the siRNA
transfection process itself. In order to serve as a positive control, a population of
cells were transfected with a DNA construct known to result in a reduction of HR
upon gene silencing (siRNA targeting either BRCA1 or BRCAZ2) to validate the
sensitivity and functionality of the assay, as well as providing a reference for
comparing HR activity in experimental conditions. A population of cells also
remained untransfected. After 24 hours, cells were forward transfected with 2.5 pg
pCBAScel plasmid (Addgene, # 26477) using Lipofectamine 3000 (Thermo Fisher
Scientific) in Opti-MEM (Gibco). In order to serve as controls, cell populations
remained untransfected with pCBAScel plasmid. After 5 days from initial cell
seeding, the cells were fixed in 4% PFA. Flow cytometry was performed with BD

LSR Il Flow Cytometer (BD Biosciences) with at least 10,000 events measured.
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Single-cell gating strategy was established using untransfected cell sample as
follows: during acquisition of the sample, the forward scatter and side scatter
voltages were adjusted to visualise the cell population of interest, and a gate was
applied to exclude debris and aggregates. Fluorescence gating strategy was
established by overlaying the GFP histogram plot of the positive control cell
samples (cells transfected with siRNA targeting BRCA1 or BRCAZ2) with negative
control cell sample (cells transfected with non-targeting control siRNA); the events
in the positive control sample represent background fluorescence level, so the gate
was set to include events present in the negative control sample, but absent in the
positive control sample, to capture the GFP-positive population. The GFP
fluorescence of the target siRNA was normalised to that of the non-targeting
control, in order to differentiate specific gene silencing effects from non-specific or
unintended consequences. As such, the reduction in GFP fluorescence could be

calculated.

2.18. Immunofluorescence
75,000 cells were plated onto coverslips pre-coated with 50 pg/mL poly-L-lysine
(Sigma Aldrich) in 24-well plates. The following day, cells were fixed either 16 hours
post 10 uM olaparib treatment or 3 hours post IR (10 Gy) exposure. Control cells
were either exposed to DMSO or no IR. Prior to fixation, cells were permeabilised
for 5 minutes at room temperature in permeablisation buffer (20 mM TRIS-HCI, 50
mM NaCl, 3 mM MgCl,, 1M sucrose, 0.5% Triton X-100) following a PBS wash
step. Cells were fixed in 4% PFA (Sigma Aldrich) for 20 minutes at room
temperature. Fixed cells were washed with PBS and then permeabilised for 20

minutes in permeablisation buffer (20 mM TRIS-HCI, 50 mM NaCl, 3 mM MgCly,
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1M sucrose, 0.5% Triton X-100). For staining of micronuclei only, coverslips were
mounted onto glass slides using ProLong™ Diamond Antifade Mountant with DAPI
(Thermo Fisher Scientific). RAD51 and yH2AX staining was performed as follows.
Following the final aforementioned permeabilisation step, cells were washed three
times in PBS and blocked with 5% BSA in PBS with 0.2% Tween for 30 minutes at
room temperature, incubated with the primary antibodies overnight at 4°C; rabbit
anti-RAD51 (Santa Cruz, 8349 (H-92) and mouse-anti-phospho-H2AX (Milipore,
05-636) at 1:2,000 dilution. Coverslips were washed 3 times, then incubated with
the secondary antibodies for 1 hour at room temperature; Goat polyclonal
anti-Rabbit 1IgG (H+L) Highly Cross-Adsorbed Alexa Fluor 488 (Thermo Fisher
Scientific, A-11034) and Goat Anti-Mouse IgG (H+L), Alexa Fluor 555 (Thermo
Fisher Scientific, A-21422) at 1:1,000 dilution. Coverslips were washed 3 times in
PBS before mounting onto glass slides using ProLong™ Diamond Antifade
Mountant with DAPI (Thermo Fisher Scientific). Z-stack images were acquired
using the Marianas advanced spinning disk confocal microscope (3i) and multiple
different fields were imaged per sample (63x objective). Integrated density per
nucleus was determined using the Fiji image processing package of Imaged

(1.8.0). Data was checked to ensure signal saturation has not occurred.

2.19. Protein extraction and quantification
Cells were cultured and pelleted at 1500 RPM for 5 minutes following harvest via
trypsinisation. Cells were lysed for 30 minutes on ice using RIPA lysis buffer
(ab156034, Abcam) with protease and phosphatase inhibitors (Roche) and
sonicated for 5 seconds at 5 amps. Lysates were centrifuged at 4°C and

supernatants collected for storage at -80°C and used for Western blotting. Protein
114



concentration was determined using the Pierce BCA Protein Assay Kit (Thermo

Fisher Scientific, 23225) according to manufacturer’s instructions.

2.20. Western blotting
50-100 pg of whole cell lysate was electrophoresed on NuPage Novex 4-12%
gradient precast gel (Invitrogen, NP0321BOX) using NuPage MOPS SDS Running
Buffer (Invitrogen, NP0001). All gels were run with full range rainbow molecular
weight protein marker (NEB, p7712) as a size reference. Proteins were transferred
at 100 volts (V) for 1 hour at room temperature (on ice) onto nitrocellulose
membranes (GE Healthcare). Membranes were blocked with 5% milk and probed
with primary antibody diluted 1:1,000 in 5% milk overnight at 4°C (Table 2.2).
Fluorescent secondary antibodies were diluted 1:10,000 in 5% milk and incubated
at room temperature for 1 hour (Table 2.2). Protein bands were visualised using

the Li-cor Odyssey Fc imaging system.

2.21. DNA/RNA extraction and quantification
RNA was isolated using the Qiagen RNAeasy kit and genomic DNA was extracted
using QIAGEN DNeasy cell and tissue kit, according to the manufacturer’s
instructions. DNA and RNA was quantified at 260 nm using a spectrophotometer

(NanoDrop, Thermo Fisher Scientific).

2.22. Polymerase chain reaction (PCR) and gel electrophoresis
10-100 ng DNA was typically used for PCR reactions. PCR was performed using
Q5 polymerase (New England Biolabs) according to manufacturer’s protocol using

the primers described in Table 2.3. PCR was carried out on a thermocycler as
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follows, unless otherwise detailed: 98°C for 30 seconds, followed by 30 cycles of
98°C for 10 seconds (melting), 60°C for 10 seconds (annealing) and 72°C
20-30 seconds per kb (elongation), followed by a final step at 72°C for 5 minutes.
The annealing temperature and elongation times were adjusted for each reaction,
according to primer requirements and length of product, respectively. All primers
were ordered from Integrated DNA Technologies as lipolysed powder, which was
resuspended in DEPC-treated H2O (Ambion) to a concentration of 100 yM and
stored at -20°C. Primers were then diluted to 10 yM for use in PCR reactions. PCR
products were analysed by agarose gel electrophoresis by mixing with 6X gel
loading dye (New England Biolabs) and separation by gel electrophoresis. Agarose
gels were made as follows: 1% ultra-pure agarose (Life Technologies) dissolved in
1x TAE buffer with GelRed nucleic acid stain (Biotium). Hyperladder 1 (Bioline)
was used to estimate length of PCR products. DNA was visualised using an

ultraviolet transilluminator (Syngene).

2.23. TOPO cloning and Sanger sequencing of mutant clones
100 ng purified PCR product was cloned into the pCR-Blunt [I-TOPO vector using
the Zero Blunt TOPO PCR Cloning kit (Thermo Fisher Scientific), following the
manufacturer’'s protocol. The final mix was incubated for 1 hour at room
temperature and transformed according to the following protocol (i) 150 pyL of
competent cells (DH5a) were mixed gently with 5 uL of cloned product; (ii) after
30 minutes of incubation on ice, tubes were heated at 42°C for 45 seconds and
cooled back on ice; (iii) 300 pL of outgrowth SOC media (Thermo Fisher Scientific)
was added and the tubes were placed in a shaking incubator for 1 hour at 37°C;

(iv) bacteria were streaked out on kanamycin-containing Petri dishes and
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incubated overnight at 37°C; (v) single colonies were picked and expanded in
kanamycin selective media overnight at 37°C. DNA was extracted using the
Qiaprep Spin Miniprep/Midiprep kit (Qiagen). TOPO vectors were sequenced using
M13 forward primer (2 yL 10 uyM) with 15 yL 10 ng/uL purified DNA (Table 2.3).
Sequencing with an appropriate forward primer was performed to confirm CRISPR-

mediated modifications via Sanger sequencing methodology outsourced to

Eurofins.
2.24, Quantitative reverse transcription polymerase chain reaction
(RT-qPCR)

Total RNA was isolated (Qiagen RNAeasy) and 1000 ng RNA was reverse
transcribed with High Capacity cDNA Reverse Transcription Kit (#4368814,
Thermo Fisher Scientific), as per kit instructions. 25 ng cDNA was amplified with
125 nM Hs01552130_g1 MND1 TagMan probe human (Thermo Fisher Scientific,
4351372) or Hs00917175_g1 PSMC3IP TagMan probe human (Thermo Fisher
Scientific, 4351372) and Hs02786624 g1 GAPDH TagMan probe human (Thermo
Fisher Scientific, 4448489) with TagMan master mix (Thermo Fisher Scientific).
QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific) used for
quantification. Fold depletion for CRISPR-mutagenised cells or each siRNA
treatment was determined as 222¢, for which the cycle threshold (Ct) value for the
target MRNA was subtracted by Ct value for GAPDH (mean of duplicate
amplifications from the same RT-qPCR reaction) to calculate the ACt value, which
was then subtracted from the corresponding ACt from wild-type or siCTRL treated

cells to calculate AACH.
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2.25. DNA fibre assay
Fork progression was measured as described previously in (Schmid et al., 2018)
with a few modifications. Briefly, asynchronously growing sub-confluent cells were
labelled with 30 uM thymidine analogue 5-chloro-2'-deoxyuridine (CldU) (Sigma)
for 20 minutes, washed three times with warm PBS and subsequently exposed to
250 pM of 5-iodo-2'-deoxyuridine (IdU) for 20 minutes. In the experiment assessing
RF stability, 1dU pulse was followed by adding medium containing 8 mM
hydroxyurea (HU) for 6 hours for KB1P-G3B1 cells or 4 mM HU for 3 hours for
Brca1-deficient KB1P-G3 cells. In order to assess RF reversal in KB1P-G3 cells,
600 nM Mitomycin C (MMC) was used ahead of pulse labelling with CldU and IdU,
as previously described. MMC treatment was maintained during labelling. All cells
were then collected and resuspended in cold PBS at 3.5x10° cells/mL cell density.
The labelled cells were mixed 1:5 with unlabelled cells, then resuspended in cold
PBS at 2.5 x 10° cells/mL cell density. Cells were then resuspended in lysis buffer
(200 mM Tris-HCI, pH 7.4, 50 mM EDTA, and 0.5% (v/v) SDS) on a
positively-charged microscope slide. After nine minutes incubation at room
temperature, the DNA fibres were stretched, air-dried, fixed in 3:1 methanol/acetic
acid, and stored at 4°C overnight. The following day, the DNA fibres were
denatured by incubation in 2.5 M HCI for 1 hour at room temperature, washed five
times with PBS and blocked with 2% (w/v) BSA in 0.1% (v/v) PBST (PBS and 0.1%
Tween 20) for 40 minutes at room temperature while gently shaking. The newly
replicated CldU and IdU tracks were stained for 2.5 hours at room temperature
using two different anti-bromodeoxyuridine (BrdU) antibodies recognising CldU
(Abcam, ab6326) and IdU (Becton Dickinson, 347580), respectively. After washing

five times with PBST, the slides were stained with secondary antibodies;
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goat-anti-mouse IgG (H+L) Cross-Adsorbed, Alexa Fluor 488 (Thermo Fisher
Scientific, A-11029) diluted 1:300 and Cy3 AffiniPure F(ab'), Fragment Donkey
Anti-Rat 1gG (H+L) (Jackson ImmunoResearch, 712-165-513) diluted 1:150.
Incubation with secondary antibodies was carried out for 1 hour at room
temperature in the dark. The slides were washed five times for 3 minutes in PBST,
air-dried and mounted in fluorescence mounting medium (Dako). Fluorescent
images were acquired using the DeltaVision Elite widefield microscope (GE
Healthcare Life Sciences). To assess RF progression CldU + IdU track lengths of
at least 120 fibres per sample were measured using the line tool in Imaged
software. RF stability was analysed by measuring the track lengths of CldU and

IdU separately and by calculating 1dU/CIdU ratio.

Statistical analysis

2.26. General statistical analysis
Statistical tests were performed using GraphPad Prism version 9.4.1 or using
RStudio software. Statistical tests performed depended on whether parametric or
non-parametric data was used; details of the chosen statistical test are provided in

the legend of each figure. Statistical significance was set at p-value <0.05.

2.27. Dose/response curves
The effect of each drug concentration was determined using survival fraction

calculations, as described in the equation below:

Survival fraction =
Hpmso
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Where x = raw luminescence for the drug and ppyso= median luminescence for
the DMSO-exposed control wells. The SFs for all replica wells, for each drug
concentration, were used to calculate the median SF and standard deviation (SD).
In dose/response survival curves, error bars represent SD from typically n=3

replicates.

Dose/response curves were plotted using GraphPad Prism version 9.4.1 using the
SFs, calculated as described above. Curves were fitted using the four-parameter
logistic regression function. In order to determine the significance of difference
between dose/response curves, P-values were calculated via two-way ANOVA
function with Tukey’s post-test. As such, the median effect of drug exposure could

be compared to the control.

2.28. CRISPR screen analysis
The short-read sequences were aligned to the known sgRNA sequences present
in each pool by colleagues in the Bioinformatics department at the ICR, Aditi Gulati
and John Alexander. As such, they were able to compare the relative enrichment
or depletion of sgRNAs from Tg vs. T1 samples in both DMSO and PARPi-exposed
samples; ultimately calculating a normalised drug-effect (DE) Z-score (normZ
(Colic et al., 2019)) for each sgRNA targeting a specific gene. MAGeCK
(Model-based Analysis of Genome-wide CRISPR/Cas9 Knockout) analysis was
used to generate sgRNA counts according to the sequences present in the
genome-wide CRISPR library (Li et al., 2014). Using normalised read count data
from MAGeCK, quality checks were performed (distribution of read counts,

clustering of samples), to confirm the robustness of the data. For downstream
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analysis of sgRNA read count data, three approaches were used for comparative
analysis: (1) MAGeCK (2) Z-score and (3) DE Z-score. From MAGeCK workflow,
we extracted a ranked list of positively selected hits generated using its robust
ranking aggregation algorithm (RRA) approach (Li et al., 2014). For the Z-score
approach, the low abundant guides with a read count of zero in the To sample were
first identified and removed from the analysis. In order to account for variation in
the amounts of DNA sequenced, the read counts were converted to parts per ten
million (pptm), and then log>-transformed after adding a pseudo count of 0.5. For
each screen, Z-scores were calculated for each individual sgRNA, corrected for
viability and drug effects, as follows. The DE* Z-score was elucidated by calculating
the difference in abundance of each sgRNA between the drug-treated (Drug (T))
and DMSO-treated samples (DMSO(T)) at a matched timepoint. VE**, the rate of
decrease of sgRNA abundance in the population over time in the absence of drug
treatment, were taken into account by calculating a Z-score between the To (DMSO
(TO)) and T1 DMSO-treated (DMSO (T1)) sample. Both DE and VE Z-scores were
normalised by median absolute deviation*** (MAD). In order to remove variation in
drug effect that can be attributed to VE, a linear model of DE vs VE is plotted, which
is used to adjust DE, so is referred to as Corrected DE****. In order to assess the
overall effect size of each gene, the corrected DE Z-score was normalised to

generate a gene-level DE Z-score™****.

(Drug (T)-DMSO(T)) — median(Drug (T)-DMSO(T))
MAD(Drug (T)-DMSO(T))

"Drug Effect (DE) =

(DMSO (T1)-DMSO (T0)) — median(DMSO (T1)-DMSO (T0))

Viability Effect (VE) = MAD(DMSO (T1)-DMSO (T0))
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l.e. Z = (x — median)/median absolute deviation

xx+ MAD = median |x; — X

(DE —¢)

xxx+x Corrected DE = m

(X sgRNA Zscores)

(ynof gRNAs)

*+xxx Gene drug effect Zscore =

In this case, CRISPR mutagenesis of genes resulting in negative gene-level DE
Z-score are determined to enhance PARPI sensitivity. | defined genes as “hits” with
a gene-level DE Z-score threshold of <-3, for at least two independent significant
(p = 0.05) sgRNAs, to capture the top ~2% and identify the most profound effects.
Ranks for negative selection were generated by sorting results based on their
Z-score in ascending order. A final list of “hits” was consolidated from the three
approaches, (1) MAGeCK (2) Z-score and (3) DE Z-score, by taking the rank

product of their ranks.

2.29. Retroviral mutagenesis screen analysis
The identified candidates were required to pass an FDR-corrected binominal test
with p<0.05, an FDR-corrected Fisher’s exact test with p <0.05 comparing the IR
screens with the four wild-type control screens, and had to be either depleted or

enriched for sense integrations in both replicates.
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Chapter 3. Parallel CRISPR mutagenesis and interference screens
identify MND1 and PSMCS3IP as highly penetrant determinants

of PARPi sensitivity

3.1.Introduction
My thesis work aimed to identify genetic determinants of PARPI sensitivity. At the
end of the thesis, | demonstrate that this work ultimately led to the direct association
of meiosis genes MND1/PSMC3IP with HR, thereby influencing the response of

HR-inducing agents, such as PARPiI and IR.

As | described in Chapter 1, CRISPR screening has been utilised as a
high-throughput approach to identify genetic determinants of drug sensitivity. |
performed genome-wide CRISPR screens for PARP inhibitor sensitivity, the results
of which will be presented in this Chapter. | worked together with colleagues in the
ICR Gene Function Lab, Joe Baxter and Feifei Song, to execute this work, which
involved: (i) designing suitable parallel CRISPR mutagenesis (CRISPRn) and
CRISPR interference (CRISPRI) screens; (ii) generating and characterising the
Cas9 and dCas9-KRAB expressing cell lines for the CRISPRn and CRISPRI
screens, respectively; (iii) executing the experimental work involved for CRISPRn
and CRISPRI screens, and processing the resulting samples; (iv) assessing the
quality of the CRISPR screen data; (v) analysing the CRISPR screen data;
(vi) identifying CRISPR-mediated determinants of PARPI sensitivity to shortlist
gene candidates for further investigation. In addition to recognising genes

classically associated with HR in mitotic cells as determinants of PARP inhibitor
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sensitivity, these screens identified MND1 and PSMC3IP whose canonical function
is in meiotic recombination. This finding was subsequently strengthened by an
orthogonal genetic perturbation screen carried out by our collaborators, which
indicates that PSMC3IP-MND1 also controls the response to IR in mitotic cells.
Finally, | assessed the penetrance of the role of MND1 and PSMC3IP in PARPI
sensitivity by re-analysing published CRISPR screens performed in various

backgrounds.

3.2.Results
3.2.1. Design of CRISPR screens
Careful CRISPR screen design is crucial to ensuring good quality data output by
minimising any potentially confounding artefacts. Prior to performing any
experimental work, the CRISPR screens were designed to specifically address the
aims | had in mind. As such, | will initially present the rationale for the design of the

CRISPR screens in this Chapter.

Schematics demonstrating the workflow for the CRISPRn and CRISPRI screens
are shown in Figure 3.1A and Figure 3.1B, respectively. The choice of the model
system that is representative of the desired genetic background is crucial. In these
screens, | decided to use a PARPi-resistant, HR-proficient, non-tumour epithelial
cell line, MCF10A. This immortalised breast cell line has a stable diploid genome
(Soule et al., 1990), so is suitable to assess the effects of altering gene expression
on drug response (Soule et al., 1990), and also avoids the problem of copy number
dependent toxicity of sgRNAs observed with CRISPRn; a phenomenon which can

lead to false positives (Aguirre et al., 2016). In addition, this cell line is amenable
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for high-efficiency lentiviral infection, which is required for introduction of the
sgRNA library into the cells. | used TP53 mutant MCF10A (MCF10A TP537), as
many cancer-associated mutations (such as BRCA1) (Hakem et al., 1997; Hakem
et al., 1996; Ludwig et al., 1997) impair cellular fitness by invoking TP53-mediated
cell cycle checkpoints, and are thus better tolerated when TP53 is inactivated. In
addition, loss of functional TP53 is clinically relevant; TP53 mutations are reported
in 50% of triple-negative breast cancer (TNBC) cases (Curtis et al., 2012), for
example. To facilitate screening, utilised cell lines require expression of Cas9 for
CRISPRn (Figure 3.1A) or catalytically-inactive Cas9 (dCas9) fused to KRAB
transcriptional repressor (Gossen & Bujard, 1992) for CRISPRi (Figure 3.1B),

details of which will be presented in the subsequent chapter.

The plan for the CRISPRn screens (Figure 3.1A) involved mutagenising
Cas9-expressing cells with the previously described Yusa genome-wide sgRNA
library (Tzelepis et al., 2016). The Yusa library has been designed to target 18,010
protein coding genes, with at least 5 sgRNAs per gene, for a total of 90,706
sgRNAs. The genome-wide Weissman sgRNA library was chosen for the CRISPRAI
screens (Figure 3.1B), and as such required expression in the dCas9-KRAB
expressing cells. The Weissman library was designed to silence 18,905 protein

coding genes (104,535 sgRNAs in total) (Horlbeck et al., 2016)).

As described above, the expression of each respective library into the appropriate
MCFO1A cell line (either Cas9-expressing, or dCas9-expressing) was achieved

with lentiviral transduction. In order to ensure that each cell only contains a single

125



14 days - passage

illi Day4, Day6, Day12
100million  T3ho Tifion cells

cells seeded/
A arm - Day0 reseeded at each
. _ (20 million/ passage)
Inducible flask - 5 flasks
Cas9 each) =
‘ DMSO
Doxycyline
Antibiotic (Cas9
- < * selection  induction) Olaparib o
o T T '%’-"4& ‘, apari : T
<" 1000 cells ‘ | Wy A
per sgRNA 1 To = v
MCF10A ) v Talazoparib 2T
TP53 0 O N
300 million ) v ooy oy
cells Human genome-wide Recover cells, extract genomic DNA, PCR amplify sgRN,
CRISPR library (Yusa) sequence, Deep seq
14 days - passage
100million  parfe ETAC
cells seeded/ a %O million cells
?E’a‘r;ilﬂ?gr?/ reseeded at each
B. flask - 5 flasks passage)
dCas9-KRAB wach) P
0 @ DMSO
Antibiotic
F : - selection ol ib = N T
W ——— ——» Olapari —_— 1
> MOI03 '7«—%" X
- 1000 cells & ‘ I T
per sgRNA 1 To L Y
MCF10A o \ \ + Talazoparib 5 Ti
TPS53 A \ A
300 million v ooy oy
cells Human genome-wide Recover cells, extract genomic DNA, PCR amplify sgRNA
CRISPR library sequence, Deep seq
(Weissman) :

Figure 3.1 Workflow for the CRISPR screens.

A. Workflow for the CRISPRn screens. The cell model for the CRISPRn screen,
MCF10A TP53" iCas9, is generated by infection with lentiviral particles expressing
doxycycline-inducible Cas9 transgene (Cas9) into MCF10A
TP53". Blasticidin antibiotic selection eliminates uninfected cells not expressing the
Cas9 construct. The human genome-wide Yusa sgRNA library is introduced via
lentiviral infection (with MOI 0.3) into MCF10A TP53™ iCas9 cells (100 million cells for
1000X representation). Subsequent puromycin antibiotic selection eliminates
uninfected cells not expressing the sgRNA library construct. Cas9 expression is
induced with doxycycline. An initial fraction of the cell population (To sample) needs
to be taken prior to division of the cell population into three cohorts; those to be
cultured in either: (i) drug vehicle (DMSOQO); (ii) olaparib; or (iii) talazoparib for two
weeks. SFgo drug concentrations were chosen to allow for identification of sensitising
effects. B. Workflow for the CRISPRI screens. The cell model for the CRISPRI screen,
MCF10A TP53" dCas9-KRAB, is generated by infection with lentiviral particles
expressing catalytically-inactive Cas9 (dCas9) fused to the KRAB transcriptional
repressor into MCF10A TP53". Blasticidin antibiotic selection eliminates uninfected
cells not expressing the dCas9-KRAB construct. The human genome-wide Weissman
sgRNA library is introduced via lentiviral infection (with MOI 0.3) into stable MCF10A
TP53" dCas9-KRAB cells (100 million cells for 1000X representation). Subsequent
puromycin antibiotic selection eliminates uninfected cells not expressing the sgRNA
library construct. An initial fraction of the cell population (To sample) would be taken
prior to division of the cell population into three cohorts; those to be cultured in either:
(i) drug vehicle (DMSO); (ii) olaparib; or (iii) talazoparib for two weeks. SFgo drug
concentrations were chosen to allow for identification of sensitising effects. Figure
adapted from (Zimmermann et al., 2018).
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sgRNA, a very low MOl is required ~0.3. Following packaging of the libraries, |

titrated the volume of lentivirus mix (and thus the quantity of viral particles) applied
to the MCF10A cell line to be used for the CRISPR screen. By counting the number
of surviving colonies, and normalising this to the volume of lentivirus mix added, |
calculated the volume of lentivirus mix required to generate the desired MOI. In
order to adhere to the standard 1000X representation used in published CRISPR
screens, whereby 1000 cells express each sgRNA construct, | calculated that
approximately 300 million cells would require transduction with the respective

library.

Given that the Yusa and Weissman sgRNA library was cloned into the pKLV
lentiviral vector with a puromycin resistance gene, exposure to puromycin would
allow selection of positively-infected cells. A kill curve determined that exposure to
2 yg/mL puromycin for 7 days was required for the selection of positively-infected

cells in MCF10A model.

An initial fraction of the CRISPR-mutagenised cell population (To sample) needs to
be reserved for later analysis, prior to division of the cell population into three
cohorts; those to be cultured in either: (i) drug vehicle (DMSO); (ii) olaparib; or (iii)
talazoparib. For the CRISPRn screen, this To sample needs to be reserved
following doxycycline exposure, given the inducible nature of the Cas9-expression
vector. Given that the aim of the CRISPR screens was to identify sensitising
effects, sublethal drug concentrations which result in 20% reduction in cell survival
(Surviving Fraction 80, SFgo) would maintain long-term cell viability and drug

effectiveness.
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In order to maximise the cytotoxic effect of PARPI, a high level of PARPi exposure
needs to be maintained over a number of cell cycles (Bryant et al., 2005; Farmer
et al., 2005), an effect which has translated clinically (Fong et al., 2009). As such,
we planned to expose the cells to PARPi or DMSO for 14 days (10 population

doublings) in order to model chronic exposure (T1 sample).

3.2.2. Cell line generation and characterisation for the CRISPR
screens

Prior to commencing the experimental work required for the CRISPR screens, |
generated the cell line models to be used, and subsequently characterised these.
In brief, | achieved this via lentiviral transduction into the cell line model of choice,
MCF10A TP53". As described in the previous section outlining the strategy for the
CRISPR screens, establishing the model for the CRISPRn screen required
introduction of a doxycycline-inducible Cas9 transgene (Cas9), to generate a cell
line which | will refer to as MCF10A TP53" iCas9. In addition to the FACs-based
functional assay used to confirm Cas9 activity of the cell line to mediate gene
knockout, described in 2.11, | confirmed inducible Cas9 expression upon addition
of doxycycline with immunoblotting, as shown in Figure 3.2. For the CRISPRI
screen model, | introduced into MCF10A TP53" a transgene expressing
catalytically-inactive Cas9 (dCas9) fused to the KRAB transcriptional repressor
(Gossen & Bujard, 1992), to generate a cell model which | will refer to as MCF10A
TP53" dCas9-KRAB. In addition to the FACs-based functional assay used to
confirm dCas9-KRAB activity of the cell line to mediate gene knockdown, described
in 2.11, immunoblotting was used to confirm constitutive dCas9-KRAB expression

in MCF10A TP53" dCas9-KRAB cell line (Figure 3.2).
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The PARPi response of the MCF10A TP53" cell model was determined
experimentally by Rachel Brough, a colleague in the Gene Function lab, ICR. Upon
analysing the data, | determined that the SFgo for olaparib and talazoparib in
MCF10A TP53" cell model is 2.5 uM and 25 nM, respectively (Figure 3.3). As such,
these PARPi doses were used in the CRISPRn and CRISPRIi screens. In addition,
| found that the MCF10A TP53" cells were significantly more resistant to PARPI
than BRCA1 mutant SUM149 triple-negative breast tumour cells, but had a similar
PARPI sensitivity profile to the PARPi-resistant SUM149 cell line with a BRCA1
reversion mutation (Drean, et al., 2017). This was the case for both clinical PARPI

tested, olaparib (Figure 3.3A) and talazoparib (Figure 3.3B).

3.2.3. CRISPR screen sample preparation
After two weeks continuous culture of the Yusa sgRNA library-expressing MCF10A
TP537 iCas9 cells or the Weissman sgRNA library-expressing MCF10A TP537
dCas9-KRAB cells in PARPi- or DMSO-containing medium, the surviving cells
were recovered (T+). The olaparib and talazoparib arms of the CRISPRn screens
were performed simultaneously, so the same To sample could be used for
comparison with the T1 samples. For the CRISPRI screens, the olaparib and
talazoparib arms were performed at different times, so different To samples were
used for comparison with the respective T1 sample. In order to identify genes, i.e.
CRISPR sgRNAs, that enhanced the sensitivity of cells to PARPi, sgRNA depletion
was identified in cells that survived drug or DMSO exposure using massively
parallel sequencing. With the help of Gene Function laboratory colleague, Feifei

Song, the sequencing samples were prepared from the To and T+ cell suspensions.
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Figure 3.2 Cas9 immunoblotting of MCF10A TP53" cell lines used in CRISPR
screens.

Western blot image of MCF10A TP53" cell lysates illustrating expression of either
doxycycline-inducible Cas9 or catalytically-inactive Cas9 (dCas9) fused to a KRAB
transcriptional repressor (dCas9-KRAB). Vinculin was used as a loading control.
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Figure 3.3 Characterisation of PARPi response for MCF10A TP53” model used
in CRISPR screens.

Dose/response survival curves are shown with surviving fractions at the indicated
doses of olaparib (A) or talazoparib (B). Cells were plated in 384-well plates and
exposed to the specified PARPI for five continuous days, after which cell viability was
quantified by CellTiter-Glo®. Surviving fraction was calculated for each drug dose
relative to DMSO-exposed cells. PARPi sensitive BRCA1 mutant SUM149 and
PARPi-resistant BRCA1 revertant SUM149 cells are shown as controls. Error bars
represent SD from n=3 replicates. P-values were calculated via ANOVA with Tukey’s
post-test.
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Sample preparation required extraction of genomic DNA, followed by two separate
PCR reactions. The first PCR reactions involve the amplification of the sgRNA
region, which is then barcoded in the second PCR step, as outlined in Figure 3.4.
In order to maintain 1000X representation during the first PCR step, PCR
amplification of certain amount of genomic DNA is required. Given both the Yusa
and Weissman sgRNA libraries contain approximately 100,000 sgRNAs, and that
a diploid human genome is approximately 6.6 pg, 1000X representation required
660 pg genomic DNA for these PCR amplifications. Following PCR purification, |
barcoded the PCR products from the first PCR reaction, with multiple PCR
reactions using PCR primers with unique index sequences. The ICR Tumour
Profiling Unit carried out NGS from the resulting PCR amplicons on an lllumina

(HiSeq 2500) platform, to generate >1,000 reads for each sgRNA in the library.

3.2.4. CRISPR screen data analysis
The short-read sequences were aligned to the known sgRNA sequences present
in each pool by colleagues in the ICR Bioinformatics department, Aditi Gulati and
John Alexander. The relative enrichment or depletion of sgRNAs from To vs. T4
samples in both DMSO and PARPi-exposed samples was compared, as follows,
to ultimately calculate a normalised DE Z-score (normZ (Colic et al., 2019)) for
each sgRNA targeting a specific gene. MAGeCK analysis was used to generate
sgRNA counts, according to the sequences present in the genome-wide CRISPR
library (Li et al., 2014). Using normalised read count data from MAGeCK, quality
checks were performed (distribution of read counts, clustering of samples), to
confirm the robustness of the data. For downstream analysis of sgRNA read count

data, three approaches were used for comparative analysis: (1) MAGeCK
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Figure 3.4 Schematic of CRISPR screen sample preparation.

Sample preparation of CRISPR screen samples for lllumina sequencing initially
involved extraction of genomic DNA from To and T4 cell suspensions, which were
cultured in DMSO, olaparib or talazoparib for two weeks. PCR #1 involves amplifying
the sgRNA region, which is then barcoded in PCR #2 following PCR purification. The
primers utilised in PCR #2 have unique index sequences. The resulting PCR
amplicons were sequenced via next-generation sequencing (NGS). Figure adapted

from (Holm et al., 2019).
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(2) Z-score and (3) DE Z-score. From the MAGeCK workflow, we extracted a
ranked list of positively selected hits generated using a RRA approach (Li et al.,
2014). For the Z-score approach, the low abundant guides, with a read count of O
in the To sample, were initially identified and removed from the analysis. In order
to account for variation in the amounts of DNA sequenced, the read counts were
converted to parts per ten million (pptm), and then log»-transformed after adding a
pseudo count of 0.5. For each screen, Z-scores were calculated for each individual
sgRNA, corrected for viability and drug effects, as follows. The DE* Z-score was
calculated from the difference in abundance of each sgRNA between the
drug-treated (Drug (T)) and DMSO-treated samples (DMSO(T)) at a matched
timepoint. Viability effects (VE)**, the rate of decreased sgRNA abundance in the
population over time in the absence of drug treatment, were taken into account by
calculating a Z-score between the To (DMSO (T0)) and T4 DMSO-treated (DMSO
(T1)) sample. Both DE and VE Z-scores were normalised by MAD***. The
variability in DE, that can be attributed to VE, was taken in account by adjusting
DE according to a plotted linear model of DE vs VE, referred to as Corrected
DE****. In order to assess the overall effect size of each gene, the corrected DE

Z-score was normalised to generate a gene-level DE Z-score*****.

(Drug (T)-DMSO(T)) — median(Drug (T)-DMSO(T))

Drug Effect (DE) = MAD(Drug (T)-DMSO(T))

(DMSO (T1)-DMSO (T0)) — median(DMSO (T1)—DMSO (T0))
MAD(DMSO (T1)—DMSO (T0))

** Viability Ef fect (VE) =

l.e. Z = (x — median)/median absolute deviation
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In this case, CRISPR mutagenesis of genes resulting in negative gene-level DE
Z-score are determined to enhance PARPI sensitivity. | defined genes as “hits” with
a gene-level DE Z-score threshold of < -3, for at least two independent significant
(p = 0.05) sgRNAs, to capture the top ~2% and identify the most profound effects.
Ranks for negative selection were generated by sorting results based on their
Z-score in ascending order. A final list of “hits” was consolidated from the three
approaches, (1) MAGeCK (2) Z-score and (3) DE Z-score, by taking the rank
product of their ranks. Such a “hit-list” of genes with the top 50 most profound
effects from the CRISPRn and CRISPRI screens is provided in Table 5 and Table

6, respectively.

3.2.5. CRISPR screen data quality control
Building on the quality checks performed by the Bioinformatics department, |
plotted the density of VE Z-scores for sgRNAs targeting core essential genes and
non-essential genes (Hart et al., 2014) during the course of the screen in the
absence of drug (DMSO) (i.e. T4 vs To). The olaparib and talazoparib arms of the

CRISPRn screens were performed simultaneously, so the VE Z-scores are the
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Table 5 Top 50 CRISPRn screen data for MCF10A TP53" cells.

CRISPRn Viability |CRISPRn Drug| CRISPRn Olaparib | CRISPRn | CRISPRn Drug CRISPRNn CRISPRn
GenelD Z score (olap and | Effect Z score |[sgRNA Drug Effect| Olaparib | EffectZscore | Talazoparib sgRNA |Talazoparib
talaz screen) (olap screen) Zcount Gene Rank | (talaz screen) | Drug Effect Zcount | Gene Rank
RAD54L 0.693 -13.121 4 9.691 -16.779 5 1.000
RAD51B -2.255 -8.480 4 15.461 -15.953 4 2714
PSMC3IP -0.979 -11.689 4 7.862 -13.193 4 4.481
RNASEH2A -3.640 -16.917 5 1.442 -12.572 5 4.380
MND1 0.067 -10.841 4 8.896 -11.947 4 9.166
POLB 0.615 -3.438 1 820.249 -11.882 4 11.972
LIG3 -2.648 -4.037 2 296.977 -11.587 5 10.027
SRP68 -6.486 -0.214 0 7058.487 -11.053 3 34.554
LIG1 -1.671 -13.249 5 7.489 -11.049 5 9.356
XRCC1 -0.476 -6.840 4 57.117 -10.734 5 6.840
C190rf40 0.948 -5.572 2 170.480 -10.453 5 25.339
HMGCS1 -9.959 -3.359 1 3060.480 -10.280 3 94.103
RNASEH2B -0.065 -14.791 4 5.828 -10.119 3 30.187
DAD1 -7.026 -9.587 3 66.748 -10.069 2 274.008
MAPK1 -6.636 -4.168 2 1529.996 -10.026 4 121.743
HIGD1A 1.587 2492 0 16650.668 -10.001 2 99.465
RNMT -11.401 -6.613 3 187.752 -9.581 4 74.858
ATM -0.405 -9.081 5 14.518 -9.489 4 16.812
NBN -0.960 -9.073 4 15.724 -9.423 3 21.277
TARDBP -5.164 -0.548 1 4737.602 -9.389 2 131.985
HIST1H2BN -5.207 0.680 0 13648.090 -9.303 2 52.269
RTTN -3.379 -2.321 1 2882.636 -9.261 3 50.746
DScC1 -2.087 -8.600 4 34.778 -9.192 3 21.498
MUS81 -1.568 -8.398 3 27.447 -9.170 3 20.856
ACTR10 -10.304 -4.129 2 1447.761 -9.163 3 78.077
CHTF8 -4.210 -6.601 3 86.474 -9.135 4 54.224
YARS -10.015 -3.414 2 2056.473 -9.112 4 64.538
KIAA1524 -1.132 -3.332 1 291.472 -8.946 4 23.096
RAD51AP1 0.604 -4.564 2 232.666 -8.780 4 56.414
PPA2 -2.506 -1.672 1 3208.510 -8.756 2 474519
LSM4 -10.296 -7.858 4 72.665 -8.738 4 33.929
IDI1 -2.901 -7.227 2 961.500 -8.636 2 722276
C8orf59 2.582 -6.177 2 161.804 -8.579 2 53.236
USP9X -6.962 -2.621 1 2512.901 -8.559 3 157.375
FANCM -1.273 -5.430 2 329.069 -8.427 4 50.684
UFD1L -9.186 -4.369 4 384.749 -8.359 2 290.660
WRN -0.456 -3.100 2 1167.539 -8.229 2 234.188
RAD1 -4.378 -8.300 4 89.447 -8.226 2 259.382
EIF3B -10.129 -5.263 3 525.351 -8.207 3 128.148
L2HGDH -0.611 0.902 0 14739.068 -8.175 2 333.497
ZNF429 2.160 -2.055 2 4750.975 -8.165 3 62.721
SIVA1 -2.832 -3.221 1 393.167 -8.156 6 19.626
MZT1 -5.273 -5.067 2 543.023 -8.130 2 72.308
ITGB1 -9.433 -4.192 2 1521.944 -8.107 4 136.996
GBAS 0.241 -1.392 0 2992.235 -8.076 3 196.391
RMI1 -7.453 -3.782 2 1130.896 -8.037 3 100.461
CDK1 -8.208 -1.562 2 5858.678 -8.028 3 64.925
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Table 6 Top 50 CRISPRi screen data for MCF10A TP53™ cells

CRISPRI CRISPRI Drug [CRISPRi Olaparib| CRISPRi CRISPRI CRISPRi Drug |CRISPRi Talazoparib| CRISPRi
GenelD | Viability Z score |Effect Zscore| sgRNA Drug Olaparib  |Viability Z score | EffectZscore | sgRNA Drug Effect | Talazoparib
(olap screen) | (olap screen) | Effect Zcount Gene Rank | (talazscreen) | (talaz screen) Zcount Gene Rank
EME1 -1.042 -5.672 4 69.243 -1.558 -28.459 0 1.260
PSMC3IP -5.780 -9.875 5 7.731 -7.776 -28.314 3 1.817
MuUS81 -4.318 -9.812 5 12.254 -5.068 -24.466 1 3.302
XRCC1 0.125 -3.954 1 270.776 -0.167 -22.513 0 6.000
LIG1 -1.623 -12.574 4 3.302 -1.193 -18.740 0 6.840
MND1 -0.679 -6.083 4 30.825 -0.690 -18.683 0 3.915
ATM -0.140 -7.877 4 33.238 -1.661 -18.598 5 11.855
DDX11 -3.014 -5.846 3 101.985 -3.141 -18.298 1 15.810
POLB -0.002 -2.868 2 637.384 0.029 -17.818 0 8.963
TRAIP -8.397 -12.417 5 5.192 -10.609 -17.483 0 13.389
AUNIP 0.161 -4.021 3 90.445 -0.440 -16.409 0 12.557
CHTF18 -3.471 -2.728 1 1011.837 -2.978 -15.887 2 22.490
RAD51B -2.062 -6.631 4 61.806 -3.277 -15.564 5 11.788
RAD54L -1.321 -4.616 4 166.958 -1.735 -15.495 0 10.492
RNASEH2( -4.435 -5.372 3 308.384 -4.731 -15.209 2 23.382
BARD1 -7.241 -9.910 4 17.287 -8.240 -15.020 4 16.980
PALB2 -7.276 -13.633 5 5518 -9.701 -14.776 5 22.561
BRCA2 -11.466 -17.378 5 2.000 -15.896 -13.928 2 36.022
H2AFX -0.493 -4.966 3 101.712 -1.521 -13.340 5 16.485
FAM178A -5.073 -1.977 0 1905.895 -7.536 -13.335 1 25.990
ATR -18.732 -2.797 3 1303.653 -19.822 -12.432 5 61.525
RAD51D -10.716 -5.773 3 317.168 -11.819 -12.425 4 38.234
CAD -17.197 -5.863 2 528.666 -16.666 -11.991 5 43.912
ATAD5 -7.395 -2.932 1 815.720 -6.892 -11.061 1 56.853
SOCSs4 -2.490 -6.853 3 34.002 -3.744 -11.061 3 25.303
XRCC2 -7.862 -7.402 3 67.853 -11.388 -11.038 4 39.398
SKA1 -11.363 -4.716 1 786.158 -12.067 -10.528 2 190.020
DSN1 -30.627 -8.954 4 252.655 -28.773 -10.219 3 167.321
PNKP -4.404 -3.049 2 519.412 -6.351 -10.088 1 47.069
PRDX1 0.951 -2.530 1 492.703 0.534 -10.011 0 15.212
SPON2 2.441 -0.684 1 9163.836 2.079 -9.962 1 44.944
MRPL27 -6.161 -9.114 4 25.133 -6.823 -9.716 0 63.666
NAE1 -12.375 -1.191 2 1821.364 -11.558 -9.587 1 38.653
AURKB -24.830 -1.091 0 4059.444 -21.750 -9.500 3 150.208
RIBC1 -14.834 -7.473 3 155.439 -15.042 -9.484 4 117.236
cwc22 -12.669 -3.613 2 1075.167 -10.107 -9.459 2 157.532
TTC1 -30.766 -5.395 2 1105.126 -26.177 -9.392 2 77.544
RNF8 -3.231 -3.629 3 148.102 -4.711 -9.295 1 22.104
RFC2 -13.727 -5.079 3 346.044 -11.422 -9.247 5 36.885
NFRKB -11.276 -4.646 3 567.454 -11.269 -8.964 2 91.900
RAD50 -1.391 -3.597 2 368.063 -2.819 -8.960 2 37.588
SF3B2 -17.647 -4.855 3 640.381 -16.669 -8.830 4 196.410
FANCM -0.836 -0.713 0 4768.108 -1.226 -8.795 4 32.559
SIVA1 0.997 -1.972 1 1076.028 0.601 -8.747 0 34.974
BCS1L -10.787 -6.015 3 235.658 -12.832 -8.615 0 60.257
RMI1 -5.552 0.720 0 15742.654 -3.627 -8.613 4 68.321
CDC23 -25.264 -8.538 3 334.576 -20.707 -8.528 1 252.996
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same, whereas the olaparib and talazoparib arms of the CRISPRi screens were
performed at different times. For both the CRISPRn and CRISPRI screens, the VE
Z-scores for essential genes are reduced in comparison to those of the
non-essential genes (Figure 3.5), highlighting the efficiency of the
CRISPRn-mediated mutagenesis or CRISPRi-mediated transcriptional repression
in the respective screens. While the VE Z-scores for the non-essential genes are
similar between the CRISPRn and CRISPRI screens, the VE Z-scores for the
essential genes are reduced to a greater extent in the CRISPRn screens. While
CRISPRn-mediated mutagenesis results in gene “knockout”, whereby expression
of the target gene is completely ablated, CRISPRi-mediated transcriptional
repression reduces expression of the target gene. Compared to those for
CRISPRnN, CRISPRi sgRNAs may also not be as effective; they are designed in
proximity to the target gene’s promoter region or transcriptional start site (TSS),
which can be inaccessible due to the presence of other protein factors, or TSS are
not accurately annotated. Overall, this QC approach indicated that each of the

screens was of sufficient quality to warrant further analysis.

| analysed the CRISPRn and CRISPRI screens simultaneously, in which PARPi
sensitivity-causing effects are represented with negative Z-scores, whereas genes
with positive Z-scores represent PARPI resistance-causing effects. By comparing
data from olaparib vs. talazoparib screens, | found both CRISPRi and CRISPRn
screens to be highly reproducible (Figure 3.6), providing confidence in their fidelity.
As detailed in Chapter 1, the cytotoxic effect of clinical PARPI, such as olaparib
and talazoparib, is at least partially caused by trapping PARP1 on DNA (Krastev

et al., 2021). Given that talazoparib is a more potent PARP1 trapping inhibitor
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Figure 3.5 Depletion of sgRNAs targeting core essential genes assures CRISPR
screen data quality.

Density plots are shown of viability effect Z-scores from genome-wide CRISPRn (A)
and CRISPRI (B, C) screens. Viability effect Z-scores, the rate of decrease of sgRNA
abundance in the population over time in the absence of drug treatment, were
calculated from the difference in Z-score between the To (DMSO (TO0)) and T
DMSO-treated (DMSO (T1)) sample. The olaparib and talazoparib arms of the
CRISPRn (A) screens were performed simultaneously, so the viability effect Z-scores
are the same, whereas the olaparib and talazoparib arms of the CRISPRIi screens (B,
C) were performed at different times.
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Figure 3.6 PARPi drug-effect Z-scores for CRISPRn and CRISPRI screens.
Scatter plots are shown of olaparib vs. talazoparib drug-effect Z-scores for CRISPRn
(A) and CRISPRi (B) screens. Genes with negative Z-scores represent PARPI
sensitivity-causing effects (as shown by named HR/DNA repair genes), whereas
genes with positive Z-scores represent PARPi resistance-causing effects
(e.g. PARP1). Genes annotated in grey are known HR mediators. Grey shaded area
captures drug-effect Z-scores < -3. CRISPR screens described in Figure 3.1.
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compared to olaparib, the more negative DE Z-scores reported in the talazoparib
CRISPRn and CRISPRI screens was expected. PARPi-mediated cytotoxicity via
PARP1 trapping also indicates that prevention of PARP1 trapping by deletion of
PARP1 or PARP1 mutations cause PARPI resistance, in both BRCA1 wild-type
and most BRCA7-mutant cells (Pettitt et al., 2018). | noted that sgRNA designed
to target PARP1 gave one of the most profound PARPI resistance-causing effects

in both CRISPRn and CRISPRI screens (Figure 3.6).

Previous focused shRNA screens (McCabe et al., 2006), genome-wide shRNA
screens (Bajrami et al., 2014) and genome-wide CRISPRn screens for PARPI
sensitivity (Clements et al., 2020; DeWeirdt et al., 2020; Jamal et al., 2022; Olivieri
et al., 2020) indicated that a number of different genes involved in HR enhance
PARPI sensitivity when inactivated. This was also the case in the CRISPRn and
CRISPRI screens reported in this thesis. Some of the most profound PARPI
sensitivity-causing effects were due to CRISPRi or CRISPRn targeting of the
HR-associated genes RADS51B, RADS54L, EME1, MUS81, PALB2, BRCAT,
BARD1 and BRCAZ2 (Figure 3.6). Unbiased pathway annotation of “hits” in
CRISPRn and CRISPRI screens, revealed that in both olaparib and talazoparib
screens, HR was identified as an enriched pathway. In fact, HR represents one of
the top 20 most enriched pathways, when ranking pathways according to statistical

significance (Figure 3.7).
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Figure 3.7 Unbiased pathway annotation of CRISPR screen data.

Bar plots are shown from unbiased pathway annotation of “hits” in CRISPR
screens, ranked according to statistical significance (-log1o(p-value)). Screen
“hits” are included in the analysis from cells exposed to PARPI olaparib (A) or

talazoparib (B) following CRISPRn-mutagenesis. Identical analysis was

performed including screen “hits” from CRISPRi-expressing cells exposed to

PARPI olaparib (C) or talazoparib (D) following CRISPRn-mutagenesis.

Pathways were ranked according to statistical significance (p-value) to identify
those most highly enriched. P-values were -logistransformed to facilitate data

visualisation. HR pathway is highlighted in dark grey. CRISPR screens described

in Figure 3.1.
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3.2.6. CRISPR-mediated identification of determinants of PARPI
sensitivity

In addition to the genes detailed above, additional genes involved in HR and DSBR
also scored as “hits” in the screens (ACTRS, ATM, ATRIP, AUNIP, CHAF1B,
FAAP24 (C190rf40), FANCA, FANCD2, FANCE, FANCI, FANCL, FANCM, INO8O,
KIAA1524 (CIP2A), MCM8, MCM9, MRE11A, NBN, NSMCE1, NDNL2, PNKP,
RAD50, RAD51, RAD51C, RAD51AP1, RBBP8 (CtIP), RMI1, RNF8, RNF168,
SHFM1 (DSS1), SLX4, SMC4, SMC6, SFR1, STRA13 (CENPX), SLX4, SWIS5,
TELO, TONSL, TRAIP, USP1, WDR48, WRN, XRCC2, XRCCJ3), recruitment and
activity of the 9-1-1 complex (ATADS, RAD1, RAD9A, RAD17), control of the DNA
damage-induced S/G> and G2/M checkpoints (FOXM1, CCNB2), chromatin
remodelling complex components (ACTL6A, BRD2, RBBP7, SMARCBT1),
chromosome cohesion factors (CHTF18, CHTF8, ESCO2, DSCCT1), BER (LIG1,
LIG3, FEN1, UNG, APEX2, MUTYH), NER (CUL4A, GTF2H2C, RFC4, LIG1,
RPAS3, POLD2, ERCC2, GTF2H3, RFC5, PCNA, RFC1, CCNH, CETN2, GTF2H4,
DDB1, POLE4, CDK7, ERCC3), the PARP1 co-factor C4orf27 (HPF1) and three
RNASEH2-family genes known to control PARPI sensitivity by modulating levels of
genomic uracil (RNASEH2A, RNASEH2B, RNASEH2C (Zimmermann et al.,

2018)).
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The combinatorial approaches of both CRISPRn and CRISPRI, as well as the use
of two different clinical PARPI, allowed the identification of the most profound
effects that were independent of the mode of gene perturbation or the PARPi used.
As expected, | identified a number of HR-associated genes (as detailed above),
but also two genes that encode a heterodimer classically involved in meiotic
recombination, MND1 (Meiotic Nuclear Division Protein 1 Homolog) and PSMC3IP
(PSMC3 Interacting Protein, HOP2, (Figure 3.6). Examination of each individual
PARPi CRISPRI screen revealed that the effect of targeting MND1 or PSMC3IP on
PARPi sensitivity was comparable, or more profound, than that achieved by
CRISPRi-mediated targeting of either BRCA1 or BRCA2 (Figure 3.8). While
CRISPRi-mediated transcriptional repression reduces expression of the target
gene, CRISPRn-mediated mutagenesis results in gene “knockout”’, whereby
expression of the target gene is completely ablated. As such, the DE Z-scores for
MND1 and PSMC3IP are even more negative than those for BRCA1 and BRCAZ2.
BRCA1 and BRCAZ2 are known essential genes, whereby CRISPRn-mediated
knockout of BRCA1 or BRCAZ2 is known to cause a viability effect even in the
absence of drug. As described in 3.2.4, viability effects were taken into account for
final calculation of the DE Z-scores. This suggests that MND1 or PSMC3IP are not
essential genes and are amenable to knockout. The advantages of using
CRISPRi-mediated transcriptional repression as a method of genetic perturbation
instead of CRISPRn-mediated knockout in CRISPR screens are evidenced here;
CRISPRn screens used in isolation can mask profound drug sensitivity effects from

essential genes.
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Figure 3.8 CRISPR-targeting of MND1 or PSMC3IP in comparison to
CRISPR-targeting of BRCA1 or BRCA2, known HR mediators.

Scatter plots are shown from screens described in Figure 3.1. Drug-effect Z-scores
are demonstrated from cells exposed to PARPI olaparib (A) or talazoparib (B) following
CRISPRn-mutagenesis. Drug-effect Z-scores are shown from CRISPRi-expressing
cells exposed to PARPI olaparib (C) or talazoparib (D). In each of the scatter plots, the
drug-effect Z-scores are compared to gene rank. Ranks for negative selection were
generated by sorting results based on their Z-score in ascending order and
consolidating scores from the three approaches, (1) MAGeCK (2) Z-score and
(3) drug-effect Z-score, by taking the rank product of their ranks (see methods). Genes
with negative Z-scores represent PARPI sensitivity-causing effect, as demonstrated
with BRCA1 and BRCAZ labelled in pink and purple, respectively. Grey shaded area
captures drug-effect Z-scores < -3.
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The profound effect of targeting MND1 or PSMC3IP on PARPI sensitivity was also
evident when comparing DE Z-scores of each individual sgRNA targeting BRCA1
and BRCAZ2 with those for MND1 and PSMCS3IP (Figure 3.9). Given that the
drug-effect Z-scores were relatively consistent between individual sgRNAs
targeting MND1 and PSMC3IP, | deduced that the reported gene-level
DE Z-scores were reliable and not skewed by outlier DE Z-scores from sgRNAs

targeting a particular gene region which results loss of cell fithess (Figure 3.9).

3.2.7. Penetrance of PSMC3IP and MND1 as determinants of
sensitivity to DNA damage agents

In parallel, our collaborators, Sven Rottenberg and colleagues (University of Bern)
also identified MND1 and PSMCS3IP depletion in a retroviral mutagenesis screen
selecting HAP1 cells by IR (Figure 3.10) (Francica et al., 2020). Paola Francica
performed the initial screen as previously described (Francica et al., 2020), and
then | replotted and analysed the data so that it could be compared with the
CRISPRn and CRISPRI screen data. Together, the results from the CRISPR and
retroviral mutagenesis screens suggested that the effect of PSMC3IP-MND1
inhibition was not specific to PARPI, but also caused sensitivity to other forms of

DNA damage.

A major issue that has limited the utility of synthetic lethal interactions in cancer
treatment in general is incomplete penetrance, whereby the reported synthetic
lethality is restricted to the specific genetic background in which it was identified
(Ryan et al., 2018). In order to assess the generality of the identified synthetic

lethality relationship with MND1/PSMC3IP for numerous genetic backgrounds,
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Figure 3.9 CRISPR-targeting of MND1 or PSMC3IP in comparison to
CRISPR-targeting of BRCA1 or BRCA2, known HR mediators at sgRNA-level.
Box plots are shown of drug-effect Z-scores for each sgRNA targeting the specified
gene from screens described in Figure 3.1. sgRNA-level drug-effect Z-scores are
demonstrated from cells exposed to PARPI olaparib (A) or talazoparib (B) following
CRISPRn-mutagenesis. sgRNA-level drug-effect Z-scores are shown from
CRISPRi-expressing cells exposed to PARPI olaparib (C) or talazoparib (D). sgRNAs
targeting specified genes with negative Z-scores represent PARPI sensitivity-causing
effect, as demonstrated with sgRNAs targeting BRCA1 and BRCAZ2, which are labelled
in pink and purple, respectively.
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Figure 3.10 HAP1 retroviral mutagenesis screen identified PSMC3IP and MND1
as determinants of IR sensitivity.

A. Workflow for retroviral mutagenesis screen. B. lonising radiation (IR) response of
the HAP1 cell line used in the retroviral mutagenesis screen was characterised prior
to commencement of the screen. Dose/response survival curve is shown with surviving
fractions at the indicated doses of IR. Cells were plated in 24-well plates and exposed
to indicated dose of IR, after which cell viability was quantified via CellTiter-Blue®.
Surviving fraction was calculated for each IR dose relative to cells which remained
unexposed to IR. Error bars represent SD from n=6 replicates. C, D. Fishtail plots are
shown from retroviral mutagenesis screens comparing control (C) to IR-treated (D).
Genes with low sense ratio and high logi(no. insertions) represent IR
sensitivity-causing effects (as shown by named HR/DNA repair genes). Data
generated by Paola Francica.
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| assessed the penetrance of this effect by re-analysing published CRISPR screens
in numerous cell lines of various tumour types. Quantile normalisation of the
CRISPR screen data was required to account for technical variation across
samples, since these CRISPR screens were performed and analysed by different
investigators. Specifically, quantile normalisation equalises the data distributions
of the CRISPR data, so that they became statistically identical to each other. | also
analysed an olaparib CRISPRn screen in another MCF10A derivative with an RB1
tumour suppressor defect in addition to the TP53 mutation, which was executed by
colleagues in the Gene Function team, Rachel Brough, Sandhya Sridhar and Feifei
Song. Prior to commencement of this CRISPR screen, the workflow of which is
shown in Figure 3.11A, the MCF10A TP53" RB1" cell model to be utilised was
characterised. As expected, Cas9 expression was shown to be induced upon
doxycycline  treatment Figure 3.11B. The PARPi response of
MCF10A TP53" RB1”- cell line was similar to MCF10A TP53" cells without RB1
defect (Figure 3.3), as demonstrated in Figure 3.11C and Figure 3.11D for olaparib
and talazoparib, respectively. Comparison of this additional olaparib CRISPRn
screen in MCF10A TP53" RB1/- (Figure 3.11E) to the CRISPRn screen results
presented earlier in this thesis (Figure 3.8A) revealed that the olaparib sensitivity
mediated by loss of MND1 and PSMC3IP is independent of RB71 defect. These
findings suggest that the identified PARPi-MND1/PSMC3IP synthetic lethality may
be applicable to a wider genetic background. In order to rigorously assess the
penetrance of the PARPi-MND1/PSMC3IP synthetic lethality, | extended my
analysis to published CRISPR datasets which includes numerous somatic cancer
cell lines of various tumour types (Figure 3.12). Given the lack of published data

available for PARPi CRISPRIi screens, only published CRISPRn screens were
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Figure 3.11 MND1 and PSMC3IP are also determinants of PARPI sensitivity with
an additional RB1 defect in MCF10A TP53” model.

A. Workflow for the CRISPRn screen with MCF10A TP53" RB1” cell model. The
CRISPR screening procedure was identical to the CRISPRn screen in Figure 3.1. The
MCF10A cell model used has a RB1 defect, in addition to the TP53 defect. B. Western
blot image of MCF10A TP53 cell lysates with or without RB1 defect illustrating
expression of doxycycline-inducible Cas9. C, D. Dose/response survival curves are
shown with surviving fractions at the indicated doses of olaparib (C) or talazoparib (D).
E. Scatter plots are shown of drug-effect Z-scores from MCF10A TP53” RB17 cells
exposed to olaparib following CRISPRn-mutagenesis. Identical analysis was used as
in Figure 3.8. Genes with negative Z-scores represent PARPI sensitivity-causing
effect. Grey shaded area captures drug-effect Z-scores < -3.
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Figure 3.12 MND1 and PSMC3IP are highly penetrant determinants of PARPI
sensitivity.

Violin plots are shown of quantile normalised Z-score data (see methods) from nine
different CRISPRn or CRISPRI screens for PARPI sensitivity, described either in this
study or elsewhere Clements et al., 2020; DeWeirdt et al., 2020; Jamal et al., 2022;
Olivieri et al., 2020). Data was reanalysed using a consistent pipeline format (see
methods) by Aditi Gulati in the Bioinformatics team, to allow cross comparison.
Quantile normalised Z-scores for MND1 and PSMC3IP (A) or BRCA1 and BRCA2 (B)
are highlighted in the indicated colour in the legend. Each of the cell lines shown is a
mitotic hTERT-positive/ALT-negative cell line. Genes with negative Z-scores represent
PARRPi sensitivity-causing effect. Grey shaded area captures drug-effect Z-scores < -3.
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included in my analysis (Clements et al., 2020; DeWeirdt et al., 2020; Jamal et al.,
2022; Olivieri et al., 2020). hnTERT-positive/ALT-negative, HR-proficient mitotic cell
lines were included in this analysis from a range of different tumour types. In
addition to the MCF10A breast model, | analysed CRISPR screens using Hela,
which are derived from human papilloma virus-induced cervical adenocarcinoma,
RPE1-hTERT, a telomerase-immortalised retinal pigment epithelial cell line, and
A375, a melanoma line. Interestingly, this analysis suggests that the relationship
between CRISPR-targeting of MND1 or PSMC3IP and PARPI sensitivity is of
comparable penetrance (if not more so) than the effect of targeting either BRCA1
or BRCA2, (Figure 3.12). As detailed in a previous section, CRISPRn-mediated
mutagenesis results in gene “knockout”. As such, direct comparison of penetrance
of MND1 and PSMC3IP to essential genes BRCA1 or BRCA2 from CRISPRn
screens is not ideal. My screen is the only published investigation of PARPI
sensitivity using CRISPRi to date, so | was unable to compare it with other CRISPRAI
screens. Despite quantile normalisation of all the CRISPR data, MND1 or
PSMCS3IP loss was associated with PARPI sensitivity in the HelLa cell line used for
the CRISPRnN screen reported by Zimmerman et al., but not in the HelLa cell line
used for the CRISPRn screen from Clements et al. (Figure 3.12A). The observed
differences in PARPi sensitivity, associated with MND1 or PSMC3IP
loss-of-function, in theoretically the same HelLa cell line from different investigators,
could be due to the differences in drug doses that were used by the different
investigators. Zimmerman et al. (Zimmermann et al., 2018) decided to use 2 yM
olaparib for SFgo, as in our CRISPR screens, whereas Clements et al. (Clements
et al., 2020) used 5 uM, which was more appropriate for their intended aim to

identify determinants of PARPI resistance. In totality, my analysis (Figure 3.12A)
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suggests that the MND1/PSMC3IP heterodimer might be involved in the response

to PARPI in mitotic cells, in general, regardless of genetic background.

3.3.Discussion
In Chapter 3, | described the design, performance and analysis of a series of
CRISPR mutagenesis and CRISPR interference screens designed to identify
genetic determinants of PARPI sensitivity. These screens identified MND1 and
PSMCS3IP as determinants of PARP inhibitor sensitivity in mitotic cells, in addition
to genes classically associated with somatic HR. MND1 and PSMCS3IP encode the
two components of a heterodimer whose canonical role is in meiotic recombination
(Chen et al., 2004; Tsubouchi & Roeder, 2002), but for which a general function in

the DDR in somatic cells has yet to be described.

Bioinformatic analyses of PARPi CRISPR screens from independent investigators,
published during the course of my PhD, revealed MND1 and/or PSMC3IP as
statistically significant “hits” (Clements et al., 2020; DeWeirdt et al., 2020; Jamal et
al., 2022; Olivieri et al., 2020). Although MND1 and PSMCS3IP have indeed been
previously identified to contribute to PARPI response in large-scale screens, none
of these investigators validated the effect of MND1/PSMCS3IP perturbation on
PARPI response in follow-up studies, or even flagged up MND1 and PSMCS3IP as
candidate genes of interest. By identifying MND1 and PSMC3IP in multiple PARPI
CRISPR screens performed in various backgrounds, we have been the first to
appreciate the penetrance of their role in PARPi response and validate this effect.
As such, the scope of this identified PARP-MND1/PSMC3IP synthetic lethal

interaction is very wide, which is in contrast with some recently identified synthetic
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lethal interactions, that appear to be restricted to the specific genetic background
in which they were identified (Ryan et al., 2018). Given their identification as “hits”
in so many CRISPR screens, it could be argued that MND1 and PSMCS3IP are
artefacts associated with CRISPR screening. Despite being regarded as a highly
specific method of genetic perturbation, with the sgRNA guiding Cas9 to a PAM
sequence adjacent to the target DNA (Jinek et al., 2012), off-target effects have
been reported with Cas9 binding to unintended genomic site for cleavage (Alkan
et al.,, 2018). Sequence homology of the target loci has been implicated for
off-target effects. As such, the sgRNAs designed to target a gene of interest (such
as MND1/PSMCS3IP) could in fact target a genomic region that results in loss of cell
fithess, which would be mis-interpreted as sensitivity to the drug used in the screen

(such as PARPI).

However, an orthogonal genetic perturbation screen carried out by our
collaborators identified that loss of MND1 resulted in a marked increase in IR
sensitivity. In a recent preprint, this finding has been corroborated with an identical
screening approach (Koob et al., 2023). Given the profound effect demonstrated
in the screen, Koob et al. proceeded to pursue the MND1 “hit” with further
experimental work (Koob et al., 2023). Taking into account all the available data
from various screening approaches, the role for PSMC3IP-MND1 in response to
PARPI, or even IR, seems to not be private to a singular mitotic cell line, being

seen in a variety of mitotic cells.

In order to verify whether MND1 and PSMCS3IP really are determinants of PARPi

and IR response in mitotic cells, validation is required. Given the canonical function
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of MND1 and PSMC3IP in meiotic recombination, the relevance and importance of
these findings is highly dependent on whether MND1/PSMCS3IP expression can
actually be evidenced in mitotic cells, including cancer cells. This matter will be

explored in the next chapter.
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Chapter 4. MND1 and PSMC3IP control PARPi sensitivity in

mitotic cells

4.1.Introduction
4.1.1. MND1/PSMC3IP canonical function in meiosis
Classically, MND1 and PSMC3IP are involved in the DNA recombination that
occurs during meiosis (Henry et al., 2006). Meiotic HR aims to recombine
homologous regions of DNA on paternal and maternal homologous chromosomes,
as part of crossing over and the generation of genetic variation during
gametogenesis (Baudat et al., 2013). MND1 and PSMC3IP proteins form a DNA
binding heterodimer whose canonical function is within meiotic RADS1- or
DMC1-mediated meiotic recombination (Chen et al., 2004; Tsubouchi & Roeder,
2002), as outlined in Figure 1.2. As part of the meiotic recombination process,
DSBs are formed by SPO11 (Keeney et al., 1997). The DNA ends at the DSB are
resected to release SPO11 and generate a DSB with ssDNA overhangs, which are
in turn bound by either RAD51 (Sharan et al., 1997) or meiosis-specific DMC1
(Bugreev et al., 2011), forming a helical presynaptic nucleoprotein flament. DMC1
functions as the predominant strand exchange protein during meiosis (Cloud et al.,
2012) to promote strand invasion, recombination between homologous
chromosomes and crossing over (Hong et al., 2013; Schwacha & Kleckner, 1997).
RAD51 also functions to repair residual DSBs after recombination between
homologous chromosomes and synapsis are complete (Cloud et al., 2012; Da Ines
et al., 2013). In contrast to somatic HR, accessory proteins MND1 and PSMC3IP

support RAD51 and DMC1 function in meiotic HR. Early studies regarding Hop2
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and Mnd1 genes (orthologs of the human PSMC3IP and MND1) were performed
in yeast. In the study which reported the initial identification of the budding yeast
Hop2 gene, Hop2 was reported to be meiosis-specific (Leu et al., 1998). Later,
co-purification of Hop2 with affinity-tagged Mnd1 was observed, suggesting that
Hop2 forms a stable heterodimer with Mnd1 (Hop2-Mnd1) independent of other
proteins (Chen et al., 2004). Work carried out by Pezza et al. demonstrating
physical interaction between Hop2-Mnd1 heterodimer and Dmc1 (Pezza et al.,
2007), were later confirmed by Zhao et al., who also reported Hop2-Mnd1
interaction with Rad51 via affinity pulldown experiments (Zhao et al., 2015).
Building on this work, Zhao et al. was able to specifically identify the Hop2 and
Mnd1 domains responsible for Rad51/Dmc1 interaction (Zhao et al., 2015). The
authors demonstrated that mutants deleted for the C-terminal region in either Hop2
or Mnd1 resulted in impaired interaction with Rad51 or Dmc1 (Zhao et al., 2015).
N-terminal deleted mutants did not affect Rad51/Dmc1 interactions (Zhao et al.,
2015). Other studies used DNA binding assays to reveal that Hop2 and Mnd1 also
bind DNA; Hop2 was found to bind ssDNA with another C-terminus domain (Zhao
etal., 2014), while Hop2-Mnd1 directly binds dsDNA (Chen et al., 2004) specifically
at the N-terminus (Zhao et al., 2014). In totality, these in vitro studies provide a
functional model of PSMC3IP-MND1 function in meiotic recombination (Figure
4.1); C-terminus PSMC3IP-MND1 interacts with RAD51/DMC1 and PSMC3IP
binds ssDNA to orchestrate the localisation of DMC1 on the ssDNA (Zhao et al.,
2015), while the N-terminus of PSMC3IP-MND1 binds dsDNA to bring the
chromosome homologs in close juxtaposition together (Chen et al., 2004; Pezza
et al.,, 2007). As such, PSMC3IP-MND1 promotes recombination between

homologous chromosomes, rather than sister chromatids, which is desired for
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Figure 4.1 Simplified schematic of MND1 and PSMC3IP function in meiotic
recombination.

Following DNA end resection, C-terminus PSMC3IP-MND1 interacts with
RAD51/DMC1 and another C-terminal domain of PSMC3IP binds ssDNA to
orchestrate the localisation of DMC1 onto the ssDNA, while the N-terminus of
PSMC3IP-MND1 binds dsDNA to bring the chromosome homologs in close
juxtaposition together. PSMC3IP-MND1 complex functions to support downstream
RAD51 and DMC1 functions to facilitate the homology search process and strand
invasion. Figure adapted from (Zhao & Sung, 2015).
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meiotic recombination (Leu et al., 1998). PSMC3IP-MND1 also condenses dsDNA
surrounding the filament to enhance the homology search (Pezza et al. 2010).
Overall, PSMC3IP-MND1 complex functions to support RAD51 and DMC1
functions to facilitate the homology search process and strand invasion (Chen et
al., 2004; Tsubouchi & Roeder, 2002).Given that the well-established canonical
role of MND1/PSMC3IP is within meiotic recombination, | was interested to
understand why these genes might also control response to DNA damaging
agents, such as PARPI, in mitotic cells; as suggested by genetic perturbation

screen data outlined in the previous Chapter.

4.1.2. MND1/PSMC3IP mitotic function
In addition to its roles within meiotic recombination, there is some evidence that
the MND1/PSMC3IP heterodimer also functions in miotic cells, which
predominantly carry out DNA recombination between sister chromatids, as
opposed to homologous chromosomes. MND1/PSMC3IP function in mitotic cells
was evidenced with identification of their expression in tumour cell lines by
investigators in Roger Greenberg’s group (Cho et al., 2014). They claimed that
MND1/PSMC3IP are expressed exclusively in tumour cell lines that maintain
telomeres via the alternative lengthening of telomeres (ALT) pathway, a form of
HR. They hypothesised that PSMC3IP-MND1 functions in mitotic cells to contribute
to ALT (Figure 4.2) by promoting telomere clustering and RADS1-mediated
recombination between otherwise geographically distant telomeres on different
chromosomes, a process which is supposedly dependent on
MND1/PSMC3IP-mediated non-sister chromosome interactions (Cho et al., 2014;

Dilley et al., 2016). However, the MCF10A cell line that | conducted my screen in
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Figure 4.2 Hypothesised involvement of MND1 and PSMC3IP in ALT.

Following DNA damage response (DDR), end resection at telomeres triggers
RAD51-mediated homology search, including accessory factors MND1-PSMC3IP, a
mechanism which enables synapsis between distant telomeres. Directional movement
occurs via homology capture, followed by synapsis of homologous non-sister

telomeres. Figure adapted from (Cho et al., 2014).
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is ALT-negative (Hu et al., 2021), and the observations of a PARPi sensitivity
phenotype caused by sgRNA targeting MND1/PSMC3IP implies that they are
expressed and functional. This suggested that MND1 and PSMC3IP expression is
not limited to ALT-positive mitotic cells. In this chapter | describe further evidence

for this hypothesis.

4.2.Results
4.2.1. MND1/PSMC3IP are commonly expressed in normal human
tissue, mitotic tumour cells and human tumours

| was initially interested to establish normal MND1 and PSMC3IP expression levels
in human tissue. As such, | plotted MND1 and PSMC3IP mRNA expression
according to organ sub-type from the Genotype-Tissue Expression (GTEXx) Project
(Figure 4.3). As expected, this analysis revealed that MND1 and PSMC3IP mRNA
expression (transcripts per million, TPM) is very high in the testis. Surprisingly,
MND1 and PSMC3IP mRNA expression was also observed in all other analysed
tissue types, albeit at rather low levels in comparison to testis. Interestingly, median
PSMC3IP mRNA expression seems to be elevated compared to MND1 mRNA
expression. In summary, MND1 and PSMC3IP seem to be ubiquitously expressed

in normal tissues.

In order to assess the generality of MND1/PSMC3IP expression in mitotic cells,
gene expression and mass spectrometry proteomic data from human tumour cell
lines was analysed by Chris Lord (https://depmap.org) (Ghandi et al., 2019). Data
within the proteomics dataset are normalised to the total protein amount, rather

than cell numbers; approximately equal amounts of total protein from lysate
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Figure 4.3 MND1 and PSMC3IP are ubiquitously expressed in normal tissue.
Normalised mRNA transcription expression in various organs represented as transcripts per million (TPM). CDK1 and SPO11 are shown
as somatic and meiotic controls, respectively. Expression levels in testis on separate plot (lower panel). Data source: GTEX.
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were processed for each sample, which may represent different cell humbers
depending on the cell line. Normalisation of this data involves median
normalisation, batch effect correction, control sample normalisation, and quality
control filters. Median normalisation adjusts protein expression levels based on the
median value across all samples, helping to equalise distributions and correct for
systematic variations. Batch effect correction addresses technical variations
introduced by different processing conditions, ensuring consistency across
experimental runs. Control sample normalisation aligns protein expression levels
to reference points provided by control samples, accounting for processing and
measurement variations. Finally, quality control filters remove outliers and
low-quality data points. | plotted the mRNA and protein expression of MND1 and
PSMC3IP from tumour cell lines according to their cancer origin. | also plotted
these for BRCA1 and BRCAZ2 for reference. mMRNA expression data was available
for 1407 tumour cell lines, while proteomics data was limited to 352 tumour cell
lines. This analysis revealed that mMRNA and protein expression of MND1 and
PSMC3IP was relatively common in human tumour cell lines (Figure 4.4). |
conducted further in silico analysis (Figure 4.5) using the datasets from Figure 4.4.
For both MND1 and PSMC3IP, a moderate correlation of mRNA expression was
observed with protein expression, as shown in Figure 4.5A and Figure 4.5B,
respectively. By plotting MND1 vs. PSMC3IP expression data of tumour cell lines,
| observed that the degree of correlation MND1 and PSMC3IP expression is
moderate at the mRNA level (Figure 4.5C, r=0.4), which was to a much higher
degree of correlation at the protein level (Figure 4.5D, r=0.8). The overall findings
from this in silico analysis of MND1 and PSMC3IP expression data (Figure 4.5) is

consistent with the hypothesis that these two heterodimer components have a
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Figure 4.4 MND1 and PSMC3IP mRNA and protein expression is relatively
common in human tumour cell lines.

Scatter plot shown of normalised mRNA (A) or protein (B) expression for MND1 and
PSMCS3IP in 1407 tumour cell lines (A) or 352 tumour cell lines (B) profiled as part of
the DepMap project (Ghandi et al., 2019). Data for BRCA1 and BRCAZ2 is also shown
for comparison. Black line represents median expression value of the specified gene
for each cancer origin. Raw data for plot retrieved from https://depmap.org/portal/ on
1st July 2022. Analysis performed by Chris Lord. mMRNA data normalised as transcripts
per million (TPM).
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Figure 4.5 Correlation of MND1 and PSMC3IP mRNA and/or protein expression
in human tumour cell lines.

Scatter plot shown of mRNA vs. protein levels for MND1 (A) and PSMC3IP (B) in
tumour cell line data from Figure 4.4. Scatter plot shown of MND1 vs. PSMC3IP mRNA
(C) or protein (D) expression in tumour cell line data from Figure 4.4. Examples of
known ALT-positive and ALT-negative cell lines are highlighted in blue and red,
respectively (D). Data is adapted from protein expression data but also includes ALT
status of cell lines, if known (Hu et al., 2021). Pearson’s correlation coefficient was
used. Tumour cell lines included in this analysis were profiled as part of the DepMap
project (Ghandi et al, 2019). Raw data for plot retrieved from
https://depmap.org/portal/ on 1st July 2022. Analysis performed by Chris Lord. mMRNA
data normalised as transcripts per million (TPM).
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shared function in mitotic cells, as in meiotic cells. In order to assess whether the
protein expression of PSMC3IP or MND1 was linked to the ALT status of the
tumour cell line, | annotated the ALT status of the tumour cell lines, if known, in the
plot demonstrating PSMC3IP vs. MND1 protein expression data (Figure 4.5D).
This analysis revealed that MND1 or PSMC3IP protein expression is not solely
restricted to tumour cell lines that carry out telomere maintenance by ALT. The
conclusions derived from the in silico analysis was confirmed experimentally by
Western blotting; irrespective of PARPi exposure, PSMC3IP protein expression
was observed in multiple ALT-negative tumour cell lines of multiple cancer origin

(Figure 4.6)

In order to assess the generality of MND1/PSMC3IP expression in a more clinically
relevant setting, similar analysis was performed with gene expression data from
human tumours (Figure 4.7) by Chris Lord. Data included in this analysis is part of
the TCGA project described on the CBio portal (Cerami et al., 2012; Gao et al.,
2013). | plotted the mRNA expression of MND1 and PSMC3IP of tumours
according to their cancer origin. | also plotted these for BRCA1 and BRCAZ2 for
reference. MRNA expression data was available for 10,882 tumours. Interestingly,
tumour expression of MND1 and PSMC3IP was also relatively common, as
demonstrated in Figure 4.7. Further in silico analysis was performed by Chris Lord
(Figure 4.8) using the datasets from Figure 4.7. By plotting MND1 vs. PSMC3IP
MRNA expression data from human tumours of various types, | observed that
MND1 correlates with PSMC3IP mRNA in tumour types where PARPi are used
clinically (breast, serous ovarian, pancreatic adenocarcinoma and prostate

adenocarcinoma), as shown in Figure 4.8. As demonstrated with the tumour cell
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Figure 4.6 PSMC3IP expression was observed in multiple ALT-negative tumour
cell lines of multiple cancer origin.

Western blot image of cell lysates from multiple cancer origins, illustrating PSMC3IP
expression. All cell lines included in the panel are ALT-negative cell lines (Hu et al.,
2021). Cell lysate samples loaded in (+) lanes were derived from cells pre-treated with
1 uM talazoparib PARPI for 24 hours prior to harvesting and lysis. Cell lysate samples
loaded in (-) lanes were derived from cells which remained unexposed to PARPI
(DMSO) for 24 hours prior to harvesting and lysis.

165



mRNA-TCGA tumours

- PSMC3IP
« MND1

« BRCA1

- BRCA2

[

T

i

P

T}

i

i.

1

]

i
£ e
f -
S
'
1

Ty b

I

I

I

| In,

P

QNS
]
|

!
i,

o4

. Acute Myeloid Leukemia

Adrenocortical Carcinoma

Astrocytoma

Bladder Urothelial Carcinoma

Breast Invasive Carcinoma (NOS)
Breast Invasive Ductal Carcinoma
Breast Invasive Lobular Carcinoma
Cervical Squamous Cell Carcinoma
Colon Adenocarcinoma

Cutaneous Melanoma

Dedifferentiated Liposarcoma

Diffuse Large B-Cell Lymphoma, NOS
Diffuse Type Stomach Adenocarcinoma
Embryonal Carcinoma

Endocervical Adenocarcinoma
Esophageal Adenocarcinoma
Esophageal Squamous Cell Carcinoma
Glioblastoma Multiforme

Head and Neck Squamous Cell Carcinoma
Hepatocellular Carcinoma

Intestinal Type Stomach Adenocarcinoma
Intrahepatic Cholangiocarcinoma
Leiomyosarcoma

Lung Adenocarcinoma

Lung Squamous Cell Carcinoma

Malignant Peripheral Nerve Sheath Tumour
Metaplastic Breast Cancer

Mixed Germ Cell Tumor

Mucinous Carcinoma

1000 2000 3000 4000
mRNA expression
RNA Sea V2 RSEM. loa2(value+1)

it

m

i

RS

o
3

L &

"

|

T

" |'!! !

st
‘.

r

Ik

T

mwmmw

o

Mucinous Stomach Adenocarcinoma
Myxofibrosarcoma

Oligoastrocytoma

Oligodendroglioma

Pancreatic Adenocarcinoma

Papillary Renal Cell Carcinoma
Papillary Stomach Adenocarcinoma
Papillary Thyroid Cancer
Paraganglioma

Pheochromocytoma

Pleural Mesothelioma, Biphasic
Pleural Mesothelioma, Epithelioid
Prostate Adenocarcinoma

Rectal Adenocarcinoma

Renal Clear Cell Carcinoma
Seminoma

Serous Ovarian Cancer

Signet Ring Cell Carcinoma of the Stomach
Stomach Adenocarcinoma

Synovial Sarcoma

Thymoma

Tubular Stomach Adenocarcinoma
Undifferentiated Pleomorphic Sarcoma
Uterine Carcinosarcoma

Uterine Endometrioid Carcinoma
Uterine Mixed Endometrial Carcinoma
Uterine Serous Carcinoma

Uveal Melanoma

1000 2000 3000 4000
mRNA expression
RNA Sea V2 RSEM. loa2(value+1)

Figure 4.7 MND1 and PSMC3IP mRNA expression is relatively common in human

tumours.

Scatter plot shown of normalised mRNA expression for MND1 and PSMC3IP in 10,882
human tumours as part of the TCGA project described on the CBio portal (Cerami et
al., 2012; Gao et al., 2013). Data for BRCA1 and BRCAZ2 is also shown for comparison.
Raw data for plot retrieved from https://www.cbioportal.org/ on 1st July 2022. Black
line represents median expression value of the specified gene for each cancer origin.
Analysis performed by Chris Lord. mRNA data is normalised as RNA-Seq by
Expectation-Maximisation (RSEM).
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Figure 4.8 Correlation of MND1 and PSMC3IP mRNA protein expression in
human tumours.

Scatterplot of MND1 vs. PSMC3IP mRNA expression in tumours from four histologies
where PARPi are clinically used; breast (A), serous ovarian (B), pancreatic
adenocarcinoma (C) and prostate adenocarcinoma (D). Pearson’s correlation
coefficient was used. Raw data for plot retrieved from https://www.cbioportal.org/ on
1st July 2022. Data derived from Figure 4.7. Analysis performed by Chris Lord. mRNA
data is normalised as RNA-Seq by Expectation-Maximisation (RSEM).
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line expression data, the overall findings from the in silico analysis of MND1 and
PSMC3IP expression data in patient tumours (Figure 4.8) is consistent with the
hypothesis that these two heterodimer components have a shared function in not

just tumour cell lines, but also in tumours derived from patients.

4.2.2. MND1 and PSMC3IP dysfunction causes PARPi sensitivity in
mitotic cells

On the basis of the data presented in the previous section indicating that MND1
and PSMC3IP are commonly expressed in mitotic tumours, and the genetic
perturbation screen results from Chapter 2, | subsequently sought to formally
assess whether MND1 or PSMC3IP defects caused PARPI sensitivity. In order to
evaluate this, | initially generated CRISPRi cell models in the same
MCF10A TP53" cell line used for my CRISPR screens. | verified that transduction
of MCF10A TP53" cells expressing dCas9-KRAB with lentiviral constructs
encoding sgRNA targeting MND1 or PSMC3IP caused a significant reduction in
MND1 or PSMC3IP mRNA levels, respectively, as shown in Figure 4.9.
Dose/response experiments, whereby the fraction of surviving cells (surviving
fraction, SF) is determined for the PARPI dose to which the cells were exposed,
were performed with the generated CRISPRi cell models. As expected,
MCF10A TP53" CRISPRI cells expressing a non-targeting control sgRNA (sgNT)
were relatively resistant to the PARPi, whereas CRISPRi-mediated depletion of
MND1 or PSMC3IP enhanced sensitivity to olaparib or talazoparib (Figure 4.10).
These observations validated the results from my CRISPR screens with the same

model.
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Figure 4.9 sgRNA-mediated targeting of MND71 and PSMC3IP with CRISPRI
caused significant depletion of MND1 or PSMC3IP mRNA.

Barplots are shown of mRNA expression levels in MCF10A TP53" cells expressing
dCas9-KRAB transduced with lentiviral constructs encoding non-targeting sgRNA
(sgNT), or sgRNA targeting MND1 (sgMND1-1 or sgMND1-2), or PSMC3IP
(sgPSMC3IP1-1 or sgPSMC3IP-2). Two independent sgRNAs were used to target
MND1 and PSMC3IP. mRNA expression levels were determined with RT-qPCR. Error
bars represent SD from n=3 replicates, for which individual data points are shown. P-
values were calculated via ANOVA with Tukey’s post-test.
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Figure 4.10 CRISPRi-mediated depletion of MND1 or PSMC3IP enhanced
sensitivity to PARP inhibitors olaparib or talazoparib.

Dose/response survival curves are shown with surviving fractions at the indicated
doses of PARPi. MCF10A TP53" cells expressing dCas9-KRAB transduced with
lentiviral constructs encoding non-targeting sgRNA (sgNT), or sgRNA targeting MND1
(sgMND1-1 or sgMND1-2), or PSMC3IP (sgPSMC3IP1-1 or sgPSMC3IP-2) were
included. Two independent sgRNAs were used to target MND1 and PSMC3IP. Cells
were plated in 6-well plates (A, C) or 384-well plates (B, D) and exposed to PARPI for
14 continuous days (6-well plates) or five continuous days (384-well plates). Cell
viability was quantified by CellTiter-Glo® and surviving fraction was calculated for each
drug dose relative to DMSO-exposed cells. Error bars represent SD. P-values were
calculated via ANOVA with Tukey’s post-test.
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To further corroborate these results, | generated further models in the
MCF10A TP53" cell line. | transfected MCF10A TP53" cells with Cas9-crRNA
ribonucleoproteins targeting MND1 or PSMC3IP, as shown in the schematic in
Figure 4.11, to generate daughter clones with different MND1 or PSMC3IP
mutations. | subsequently performed genotyping on these clones to determine the
exact mutations that had been generated. For MND7-mutant clones (Figure 4.12),
| determined that clones A1 and B1 had a large genomic deletion
g.153,358,406-153,358,600 spanning MND1 exon 4 and intron in one allele. In
addition, clone A1 had 3 bp and 1 bp deletions, while clone B1 had 35 bp deletion,
on the second allele (MND1P-Y71delK77KIS™4S gand MND1P-N69S’™ = regpectively).
Genotyping of PSMC3IP mutant clones (Figure 4.13), termed C3 and C4,
confirmed the presence of a 9 bp deletion p.89L 91G in the second allele. In
allele 1, clone C3 had a 362 bp deletion 9.42,573,812-42,574,174 and C4 had a
401 bp deletion 9.42,573,773-42,574,174 spanning PSMC3IP exon 4 and intron
(Figure 4.13). | did not identify any PSMC3IP-mutant clones with biallelic frameshift
deletions, despite numerous attempts to generate this. In order to predict the
functional consequences of the PSMC3IP in-frame deletions, | deduced that the
p.89L_91Gdel mutation is within the leucine zipper region (84-124/126) (Figure
4.14A), which is responsible for homolog pairing & recombination. In addition, the
AlphaFold artificial intelligence system (Jumper et al., 2021) was utilised by a
colleague in the Gene Function lab, Dragomir Krastev, with the genotyping results
to predict the consequences of the PSMC3IP p.89L_91Gdel mutation on the
three-dimensional protein structure. This predicted model demonstrated that the
PSMC3IP glutamate residue at position 90 (D90) forms a hydrogen bond with the

MND1 arginine residue at position 82 (R82), as shown in Figure 4.14B.
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Figure 4.11 Schematic of Cas9-crRNA ribonucleoproteins targeting MND1 or
PSMCS3IP to generate cell models with MND1 or PSMC3IP mutations.

A. Cas9-crRNA ribonucleoproteins (crRNA 1 & crRNA 2) were designed to target
exon 4 of MND1 on chromosome 4. A global overview of MND1 is shown on the lower
panel, with a blown-up view of MND1 exon 4 demonstrated on the upper panel.
B. Cas9-crRNA ribonucleoproteins (crRNA 1 & crRNA 2) were designed to target
between exon 4 and exon 6 of PSMC3IP on chromosome 17. A global overview of
PSMCS3IP is shown on the lower panel, with a blown-up view of PSMC3IP exon 17
demonstrated on the upper panel.
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Figure 4.12 Genotyping of MND7-mutant MCF10A TP53" cell lines.

A, B. Sanger sequencing traces of topoclones from MND7-mutant clones A1 (A) and B1 (B). C. The results from Sanger sequencing of
topoclones from both MND 1-mutant clones A1 and B1 were mapped to the human genome (hg38). A1 and B1 had a large genomic deletion
g.153,358,406-153,358,600 spanning MND1 exon 4 and intron in one allele. In addition, A1 had 3 bp and 1 bp deletions, while clone B1
had 35 bp deletion, on the second allele (MND1P-Y71delK77KiS™5 gqq MND1PN69St™4 ragpectively).
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Figure 4.13 Genotyping of PSMC3IP-mutant MCF10A TP53" cell lines.
A, B. Sanger sequencing traces of topoclones from PSMC3I/P-mutant clones C3 (A) and C4 (B). C. The results from Sanger sequencing
of topoclones from both PSMC3/P-mutant clones C3 and C4 were mapped to the human genome (hg38). Both PSMC3IP clones C3 and

C4 had a 9 bp deletion p.89L_91G in the second allele. In allele 1, clone C3 had a 362 bp deletion g.42,573,812-42,574,174 and C4 had
a 401 bp deletion 9.42,573,773-42,574,174 spanning PSMC3IP exon 4 and intron.
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Figure 4.14 Predicted model of generated PSMC3/P-mutant clones on structure
and function.

A. PSMC3IP structure and function. Double-stranded DNA (dsDNA) binding occurs
within region 1-84.The leucine zipper region (84-124/126) is responsible for homolog
pairing & recombination; the p.89L_91Gdel mutation from allele 2 of PSMC3IP-mutant
clones C3 and C4 is within this region. Coiled-coil is contained within amino acids
124/126-155. Amino acid position 163-190 function involves single-stranded DNA
(ssDNA) binding. 190-201 amino acid position, which comprises the acidic tail, is
responsible for RAD51/DMC1 interaction. B. AlphaFold-predicted model of the
p.89L_91Gdel mutation in human PSMC3IP (blue) in its heterodimer configuration with
MND1 (red). This predicted model demonstrated that the PSMC3IP glutamate residue
at position 90 (D90) forms a hydrogen bond with the MND1 arginine residue at position
82 (R82).
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Despite the generated PSMC3IP-mutant clones still possessing a wild-type allele,
| verified these mutations resulted in loss of function (Figure 4.15). In clones C3
and C4, | observed an almost complete absence of PSMC3IP compared to
wild-type with Western blotting. Similarly, | observed an almost complete absence
of MND1 in clones A1 and B1 compared to wild-type. For both PSMC3I/P and
MND1 mutant clones, the mRNA expression level of the corresponding gene was

decreased compared to wild-type (Figure 4.15).

The generated models of MND1 and PSMC3IP dysfunction were used to carry out
dose/response experiments to assess their sensitivity to PARPi, as with the
CRISPRi models. Similarly to MND1 or PSMC3IP CRISPRI, | found that
MND1-defective clones (A1 and B1) or PSMC3IP-defective clones (C3 and C4)
were also sensitive to talazoparib (Figure 4.16), a clinical PARPi known to
effectively “trap” PARP1 on chromatin (Krastev et al., 2021; Murai, Huang, et al.,
2014). | found that this was not the case for the poor PARP1-trapper, but effective
PARP1 catalytic inhibitor, veliparib (Figure 4.17), suggesting that like PARPI vs.
BRCA1/2 synthetic lethality (Shen et al., 2013), PARPi/MND1 or PARPi/PSMC3IP
synthetic lethality might be more dependent upon PARP1 trapping than catalytic
inhibition. In order to mitigate possible confounding effects from possible
incomplete knockout, | confirmed that PARPI sensitivity was not restricted to
MCF10A TP53" cells, with a commercially-generated MND1 knockout cell line in

HAP1 haploid model (Figure 4.18).

Our collaborators, Sven Rottenberg and colleagues (University of Bern) were able

to independently validate PARPI sensitivity of MND 1-defective cells. Their chosen
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Figure 4.15 Validation of loss of function in generated MND7 or PSMC3IP mutant
clones.

MCF10A TP53" cells were transfected with non-targeting control or Cas9-crRNA
ribonucleoproteins targeting MND1 to generate daughter clones A1 and B1 (A, C) or
PSMCS3IP to generate daughter clones C3 and C4 (B, D). A, B. Western blot images
are shown demonstrating an almost complete absence of either MND1 (A) or
PSMC3IP (B) in lysates extracted from mutant clones. The antibodies used detect
epitopes in the p.R82-E142 and p.P156-D216 regions of MND1 and PSMCS3IP,
respectively. The targeted epitopes are C-terminal to MND1 or PSMC3IP mutations
generated. Vinculin was used as a loading control. C, D. Barplots are shown of mRNA
expression levels in MND1-mutant (C) or PSMC3IP-mutant (D) clones compared to
unedited wild-type cells. mMRNA expression levels were determined with RT-qPCR.
Error bars represent SD from n=3 replicates, for which individual data points are
shown. P-values were calculated via ANOVA with Tukey’s post-test.
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Figure 4.16 MND1 and PSMC3IP defects enhanced PARPI sensitivity in mitotic
cells.

Dose/response survival curves are shown with surviving fractions at the indicated
doses of PARPI talazoparib. MND1 (A) or PSMC3IP (B) mutant clones were more
sensitive to talazoparib than wild-type cells. Two independent clones were used to
represent MND1 and PSMC3IP dysfunction. Cells were plated in 384-well plates and
exposed to talazoparib for five continuous days, after which cell viability was quantified
by CellTiter-Glo® and surviving fraction was calculated for each drug dose relative to
DMSO-exposed cells. Error bars represent SD. P-values were calculated via ANOVA
with Tukey’s post-test.
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Figure 4.17 PARPi/MND1 or PARPi/PSCM3IP synthetic lethality may be
dependent on PARP1 trapping.

Dose/response survival curves are shown with surviving fractions at the indicated
doses of PARPI veliparib. MND1 (A) or PSMC3IP (B) mutant clones were equally
resistant to veliparib compared wild-type cells. Cells were plated in 384-well plates and
exposed to veliparib for five continuous days, after which cell viability was quantified
by CellTiter-Glo® and surviving fraction was calculated for each drug dose relative to
DMSO-exposed cells. Error bars represent SD. P-values were calculated via ANOVA
with Tukey’s post-test.
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Figure 4.18 MND1 knockout enhanced PARPi sensitivity in mitotic HAP1 cells.
A. Western blot image demonstrating absence of MND1 in cell lysates extracted from
MND 1-knockout, but not wild-type, HAP1 cells. Vinculin was used as a loading control.
B. HAP1 cells with MND1 knockout were more sensitive to olaparib than wild-type
cells. Images of clonogenic assay are shown. Cells were plated in 6-well plates and
exposed to olaparib for 14 continuous days, after which colonies were stained with
sulphorhodamine B (SRB).
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model of KB1P-G3B1 comprises BRCA1 reconstituted KB1P-G3 tumour derived
cell line, which was previously established from a K14cre;Brca1™F; Trp53FF (KB1P)
mouse mammary tumour (Barazas et al.,, 2019). As such, KB1P-G3B1 was
HR-proficient, which was also the case with the MCF10A TP53~~model that | used
in my validation experiments. KB1P-G3B1 were grown ex vivo and CRISPR-Cas9
mutagenised by Mnd1 sgRNA, the efficiency of which was determined with the
TIDE algorithm (Brinkman et al., 2014); high Mnd1 frameshift mutation rate was
apparent in cells targeted with two different sgRNA against Mnd71 (sgMnd1-1 or
sgMnd1-2) compared to non-targeting control cells (sgNT) (Figure 4.19). Mnd1
targeting efficacy was validated via RT-gPCR analysis, which demonstrates
significant reduction in Mnd1 mRNA in KB1P-G3B1 cells expressing sgRNA
targeting Mnd1, compared to KB1P-G3B1 cells expressing non-targeting control.
Mnd1-resconstituted cells were also generated by transfecting Mnd7-deficient
KB1P-G3B1 cells with HA-tagged mouse Mnd1 cDNA expression construct, which
was validated via Western blotting in comparison to KB1P-G3B1 cells transfected
with empty-vector and via RT-gPCR analysis; Mnd1 mRNA level of KB1P-G3B1
cells expressing sgRNA targeting Mnd1 expressing vector containing Mnd1 cDNA
is much greater than KB1P-G3B1 cells expressing non-targeting control (Figure
4.19). Using these characterised cell models, our collaborators demonstrated that
Mnd1 defective KB1P-G3B1 cells are more sensitive to the PARP inhibitor olaparib
than cells expressing non-targeting control (Figure 4.20). PARPI dose/response
experiments performed by our collaborators in KB1P-G3B1 cells corroborated the
results from analogous experiments | carried out with the models | generated in
MCF10A TP53” background. Mnd1 overexpression only partially rescued the

PARPi sensitivity of the Mnd1 defective KB1P-G3B1 cells (Figure 4.20); Mnd1

180



expression may be inappropriately high in these cells, as demonstrated in the
RT-gPCR. Perhaps upregulated Mnd1 expression may impart a similar PARPi and
IR sensitivity phenotype to cells deficient in Mnd1. Although beyond the scope of
this thesis, it would be interesting to formally assess whether MND1, and perhaps
PSMCS3IP, are "Goldilocks” genes whereby inappropriate expression (too little or

too much) drives PARPI sensitivity.

After establishing the importance of MND1 and PSMC3IP in PARPI response of
mitotic cells, | sought to assess whether this could be extended to other sources of
DNA damage, such IR, as indicated from our collaborators’ gene-trap mutagenesis
screen results. | confirmed sensitivity to IR in MND1 or PSMC3IP mutant MCF10A
TP53 cells, as demonstrated in Figure 4.21A and Figure 4.21B, respectively. Our
collaborators were also able to validate the IR sensitivity of Mnd1 defective
KB1P-G3B1 cells (Figure 4.21C and Figure 4.21D). Restoration of Mnd1
expression in Mnd1 defective KB1P-G3B1 cells also partially reversed
radiosensitivity in KB1P-G3B1 cells (Figure 4.21C and Figure 4.21D).
Contrastingly, | found that MND1 or PSMC3IP mutant clones were equally
sensitive to a small molecule ATR inhibitor (VX970) as wild-type cells (Figure 4.22),
suggesting that the effect of PARPi did not necessarily extend to any agent that

causes RF stress.
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Figure 4.19 Characterisation of Mnd1 sgRNA-mediated targeting and
reconstitution in KB1P-G3B1 background.

A. Barplot is shown demonstrating the efficiency of sgRNA-mediated Mnd1 targeting.
High Mnd1 frameshift mutation rate was apparent in cells targeted with two different
sgRNA against Mnd1 (sgMnd1-1 or sgMnd1-2) compared to non-targeting control cells
(sgNT). Proportion of cells in grey were determined to be wild-type, those in yellow
were determined to have in-frame deletions and those in green were determined to
have frameshift mutations. DNA extracted from cells were sequenced via Sanger
sequencing and target modifications were confirmed using the TIDE algorithm
(Brinkman et al., 2014). B. Western blot image is shown of KB1P-G3B1 cell lysates
illustrating restoration of Mnd1 expression via HA-tag in cells expressing a vector
containing Mnd1 cDNA (Mnd1+), but not in cells expressing empty-vector. As
indicated, KB1P-G3B1 cells express sgRNA targeting Mnd1 (sgMnd1) or non-targeting
control (sgNtc). Actin was used as a loading control. C. RT-gPCR analysis
demonstrates significant reduction in Mnd1 mRNA in KB1P-G3B1 cells expressing
sgRNA targeting Mnd1 compared to KB1P-G3B1 cells expressing non-targeting
control (sgNT). Mnd1 mRNA level of KB1P-G3B1 cells expressing sgRNA targeting
Mnd1 expressing vector containing Mnd1 cDNA (Mnd1+) is much greater than KB1P-
G3B1 cells expressing non-targeting control (sgNT). Data normalised to sgNT (grey).
Error bars represent SD from n=3 replicates. P-values calculated via unpaired t-test.
Data generated by Paola Francica.
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Figure 4.20 MND1 defective KB1P-G3B1 cells demonstrated enhanced PARPi
sensitivity, which was partially rescued by Mnd1 overexpression.
Mnd1-defective KB1P-G3B1 cells were more sensitive to olaparib than wild-type cells,
which was partially restored with Mnd1 overexpression. Two independent clones were
used to represent MND1 dysfunction. KB1P-G3B1 cells were transduced with lentiviral
constructs encoding sgRNA targeting Mnd1 (either sgMnd1-1 or sgMnd1-2) or
non-targeting control (sgNT). Cells were plated in 6-well plates and exposed to
olaparib for 11 continuous days, after which colonies were stained with crystal violet;
colonies were quantified in an automated manner with macros using Imaged. A.
Dose/response survival curves are shown with surviving fractions at the indicated
doses of PARPI olaparib. Surviving fraction was calculated for each drug dose relative
to DMSO-exposed cells. Error bars represent SD. P-values were calculated via
ANOVA with Tukey’s post-test. B. Representative images of growth assays are shown
of KB1P-G3B1 cells transduced with lentiviral constructs encoding sgRNA targeting
Mnd1 (sgMnd1) expressing either empty-vector or Mnd1 cDNA expression vector
(Mnd1+). Restoration of Mnd1 expression (Mnd1+) in Mnd1 defective (sgMnd1)
KB1P-G3B1 cells partially reversed PARPi sensitivity. Data generated by Paola
Francica.
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Figure 4.21 MND1 and PSMC3IP defects enhanced IR sensitivity in mitotic cells.
Generated MND1 (A) or PSMC3IP (B) mutant clones were more sensitive to ionising
radiation (IR) compared to non-targeting control cells (sgNT). Dose/response survival
curves are shown with surviving fractions at the indicated doses of IR. Cells were
plated in 96-well plates and exposed to indicated dose of IR. After 7 days, cell viability
was quantified by CellTiter-Glo® and surviving fraction was calculated for each drug
dose relative to DMSO-exposed cells. Error bars represent SD from n=8 replicates.
P-values were calculated via ANOVA with Tukey’s post-test. C. Mnd7-defective
KB1P-G3B1 cells (sgMnd1) were more sensitive to IR compared to non-targeting
control cells (sgNT), which was partially reversed with reconstitution of Mnd1 (Mnd1+).
Cells were plated in 6-well plates and exposed to indicated dose of IR, after which
colony formation was estimated by crystal violet staining. D. Representative image
from C. Data in C and D generated by Paola Francica.
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Figure 4.22 MND1 and PSMC3IP defective cells were equally sensitive as
wild-type cells to ATR inhibitor in mitotic cells.

Dose/response survival curves are shown with surviving fractions at the indicated
doses of ATR inhibitor VX970. MND1 (A) or PSMCS3IP (B) mutant clones were equally
resistant to VX970 compared to wild-type cells. Cells were plated in 384-well plates
and exposed to VX970 for five continuous days, after which cell viability was quantified
by CellTiter-Glo® and surviving fraction was calculated for each drug dose relative to
DMSO-exposed cells. Error bars represent SD. P-values were calculated via ANOVA
with Tukey’s post-test.
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4.3.Discussion
In this Chapter, | described the common PSMC3IP-MND1 expression in mitotic
tumour cells. This frequent expression of PSMC3IP-MND1 was also evident in
human tumours, including those in which PARPI are used clinically. The expression
data from both mitotic tumour cell lines and human tumours revealed a correlation
between MND1 and PSMC3IP expression, which is consistent with the hypothesis
that these two heterodimer components may have a shared function in mitotic cells
and tumours, as is presently demonstrated in meiotic cells, in which their canonical
function has been well described. Together with our collaborators, | also validated
that MND1- and PSMC3IP-defective cells were more sensitive to PARPi and IR in

various cell lines.

A potential caveat of my in vitro interpretation that MND 1- and PSMC3IP-defective
cells are more sensitive to PARPI and IR is that this may not be applicable in vivo,
and could potentially be an in vitro artefact. It may not necessarily be the case that
a MND1 or PSMCS3IP defect renders a human patient more amenable to PARPI or
IR therapy. As such, further work is required to assess this; initially PARPi or IR
response in a mouse model upon MND1 or PSMCS3IP defect could be compared
to wild-type. Experimental validation of the in silico analysis to assess MND1 or
PSMC3IP expression in human tumours could be verified with

immunohistochemistry analysis on patient samples with a variety of tumour types.

In agreement with our findings, Domenichini et al. (2006) observed MND1

expression (Atmnd1 in plants) in somatic cells, as well as meiotic cells, in

Arabidopsis model (Domenichini et al., 2006). Similarly, Cho et al. observed
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PSMC3IP expression in somatic cells (Cho et al., 2014). More recently, work
conducted by Koob et al. demonstrated that MND1 and PSMC3IP are widely
expressed in mitotic cell lines and tissues from proteomics data, as well as Western
blotting (Koob et al., 2023). Notably, they demonstrated MND1 and PSMC3IP
protein expression seems to be independent of ALT in cancer cell lines. Following
their gene-trap mutagenesis screen, Koob et al. validated that MND1-defective
HAP1 cells are more sensitive to IR compared to wild-type (Koob et al., 2023). A
similar phenotype was also observed with PSMC3IP depletion. To a lesser extent,
they observed that MND1-defective cells are more sensitive to olaparib than

wild-type cells.

After establishing the importance of MND1 and PSMC3IP in PARPi and IR
response of mitotic cells, it would be interesting to assess whether this could be
extended to further sources of DNA damage. | identified that MND17- or
PSMC3IP-defective cells were equally resistant to a small molecule ATR inhibitor
(VX970) as wild-type cells, so the effect of PARPI did not necessarily extend to any
agent that causes RF stress, but it would be interesting to assess sensitivity to
other agents which cause replication stress, such as HU, aphidocolin,
camptothecin, cisplatin and MMC. In addition, these agents impair the progression
of RFs via varying mechanisms, which could allow further refinement of a potential
mechanism of action for PSMC3IP-MND1. For example, HU stalls RFs by limiting
the synthesis of deoxyribonucleotides (Fong et al., 2009), which is distinct from
platinum salt-mediated mechanism of RF function impairment via cross-linking

DNA (Faivre et al., 2003). The trapping of PARP1 on DNA, the main source of
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PARPi-induced cytotoxicity, results in DNA damage associated with the RF,

including impairment of nascent DNA strand maturation (Vaitsiankova et al., 2022).

The DNA lesions caused by PARP inhibitors and IR often activate HR and Ser-139
phosphorylation of histone variant H2AX (yH2AX), as well as the localisation of the
recombinase RAD51 to the site of DNA damage (Bryant et al., 2005; Farmer et al.,
2005). RAD51 foci formation is used as a surrogate marker for HR deficiency and
PARPI response, whereby the inability to localise the DNA recombinase RAD51 to
site of damage has classically been used to determine defective HR and predict
PARPI sensitivity (Cruz et al., 2018; Llop-Guevara et al., 2021; van Wijk et al.,
2020). This matter of MND1 and PSMC3IP potential influence on HR-mediated

repair will be assessed in the following chapter.
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Chapter 5. PARPi sensitivity in MND1/PSMC3IP defective cells is
characterised by an increase in RAD51 foci and suppression of

HR

5.1.Introduction
After establishing the importance of MND1 and PSMC3IP in PARPi and IR
response of mitotic cells, functional experiments were required to identify the

specific mode of action of MND1 and PSM3CIP.

The PSMC3IP-MND1 heterodimer has been shown to facilitate meiotic RAD51
function in yeast (Tsubouchi & Roeder, 2002) and in cell-free in vitro assays,
PSMC3IP-MND1 catalyses the binding of mouse and human RAD51 to nucleotides
and DNA (Bugreev et al., 2014). Therefore, | initially sought to investigate whether

MND1/PSMC3IP may share similar functions in miotic mammalian cells.

The DNA lesions caused by PARP inhibitors and IR often activate HR and yH2AX,
as well as the localisation of the recombinase RAD51 to the site of DNA damage
(Bryant et al., 2005; Farmer et al., 2005). As such, RAD51 foci formation is used
as a surrogate marker for HR deficiency and PARPi response, whereby the inability
to localise the DNA recombinase RADS1 to site of damage has classically been
used to determine defective HR and predict PARPI sensitivity (Cruz et al., 2018;
Llop-Guevara et al., 2021; van Wijk et al., 2020). As such, | planned to assess HR
proficiency in MND1 and PSMCS3IP dysfunctional cells, using RAD51 foci as a

surrogate marker.
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In the context of altered RF progression in response to DNA damage, RAD51 has
been identified to mediate RF reversal in a BRCA1/2-independent fashion, a
mechanism which processes stalled RFs and appears to protect cells against
genotoxic stress (Mijic et al., 2017; Zellweger et al., 2015). Moreover, in a
BRCA1/2-dependent manner, RAD51 filament formation is required for its
protective effect on the regressed arm, allowing PARP1/RECQ1-regulated restart
of reversed RFs (Mijic et al., 2017; Schlacher et al., 2012; Zellweger et al., 2015).
High concentrations of PARPi accelerate RF progression (Maya-Mendoza et al.,
2018). Based on these findings, we wanted to test the hypothesis that the

PSMC3IP-MND1 heterodimer contributes to RAD51 function at RFs.

5.2.Results
5.2.1. MND1/PSMCIP defective cells are characterised by an increase
in RAD51 foci

Given that the PSMC3IP-MND1 heterodimer has been shown to facilitate RADS1
function in yeast (Tsubouchi & Roeder, 2002; Bugreev et al., 2014), | initially sought
to investigate whether MND1/PSMC3IP may share similar functions in miotic
mammalian cells. | initially wanted to assess the ability of RADS1 to localise to the
site of DNA damage in MND?1 mutant MCF10A TP53~ cells, for which |
characterised the PARPI response in Chapter 4. Rather than seeing reduction in
nuclear RAD51 foci (a phenotype normally associated with a HR defect, and radio-
or PARPI sensitivity (van Wijk et al., 2020), | observed significantly higher levels of
RAD51 foci in MND1-defective cells (Figure 5.1A) upon PARPI- or IR-exposure.
This phenotype was upon exposure to either olaparib or IR. As demonstrated in

Figure 5.1B, a corresponding increase in YH2AX was observed. | also observed a
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PARPI- or IR-induced increase of RADS51 and yH2AX foci in PSMC3IP mutant

MCF10A TP53 cells (Figure 5.2).

5.2.2. MND1/PSMCIP defective cells are characterised by defective HR
In order to assess the impact of this increase in RAD51 foci on DNA repair by HR,
| used a cell line with a synthetic HR reporter substrate (DR-GFP; (Gunn & Stark,
2012)). As demonstrated in the schematic in Figure 5.3A, a DSB is introduced with
[-Scel in a mutated, inactive, GFP. HR-mediated repair of this DSB restores GFP
fluorescence. As such, GFP is a readout of HR efficiency. U20S DR-GFP cells
were transfected with siRNAs targeting MND1, PSMCS3IP or non-targeting control,
prior to expression of I-Scel. A proportion of cells remained untransfected (mock)
and another proportion of cells transfected with indicated siRNAs were not
transfected with I-Scel for controls of background GFP positivity. | found that either
siRNA-mediated silencing of MND1 or PSMC3IP (Figure 5.4) caused a reduction
of HR-mediated repair, as demonstrated in Figure 5.3B and Figure 5.3C.
siRNA-mediated silencing of BRCA1 or BRCAZ2 were used as positive controls for
HR deficiency in this assay. As such the results from the DR-GFP assay indicate
that MND1 and PSMCS3IP indeed facilitates HR in somatic cells, but perhaps not
to as great an extent as BRCA1 or BRCAZ2. The crucial role for MND1 in HR in
mitotic cells was corroborated by our collaborators, whereby increased micronuclei
formation was observed in Mnd7-deficient KB1P-G3B1 cells exposed to olaparib

or IR (Figure 5.5), which is indicative of genomic instability.
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Figure 5.1 PARPIi- or IR-induced increase of RAD51 and yH2AX foci in MND1
mutant MCF10A TP537" cells.

A, B. Superplot of RAD51 (A) or yH2AX (B) integrated density in each indicated cell
line is shown. Small dots represent data from each nuclei with the colour
corresponding to the biological replicate. Horizontal black line represents the mean of
all the data, while large dots represent the mean of each biological replicate. P-values
were calculated via two-tailed t-test using mean of each biological replicate (n=3). Min.
48 nuclei were quantified per each biological replicate. C. Representative images of
RADS51 or yH2AX foci upon exposure to either 10 Gy IR or 10 uM olaparib or DMSO.
Nuclei are shown in blue, while RAD51 and foci are represented in green and red,
respectively. MCF10A TP53 cells, either wild-type or with MND1 defect (clones A1
and B1) were plated onto coverslips. Cells were either exposed to 10 uM olaparib and
then fixed after 16 hours or 10 Gy IR and then fixed after 4 hours. Vehicle cells
remained untreated and were fixed simultaneously with the olaparib- or IR-exposed
samples. Cells were co-stained with anti-RAD51 and anti-yH2AX antibodies.
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Figure 5.2 PARPI- or IR-induced increase of RAD51 and yH2AX foci in PSMC3IP
mutant MCF10A TP53 cells.

A, B. Superplot of RAD51 (A) or yH2AX (B) integrated density in each indicated cell
line is shown. Small dots represent data from each nuclei with the colour
corresponding to the biological replicate. Horizontal black line represents the mean of
all the data, while large dots represent the mean of each biological replicate. P-values
were calculated via two-tailed t-test using mean of each biological replicate (n=3). Min.
48 nuclei were quantified per each biological replicate. C. Representative images of
RADS51 or yH2AX foci upon exposure to either 10 Gy IR or 10 uM olaparib or DMSO.
Nuclei are shown in blue, while RAD51 and foci are represented in green and red,
respectively. MCF10A TP53 cells, either wild-type or with PSMC3IP defect (clones
C3 and C4) were plated onto coverslips. Cells were either exposed to 10 uM olaparib
and then fixed after 16 hours or 10 Gy IR and then fixed after 4 hours. Vehicle cells
remained untreated and were fixed simultaneously with the olaparib- or IR-exposed
samples. Cells were co-stained with anti-RAD51 and anti-yH2AX antibodies.
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Figure 5.3 MND1 or PSMC3IP silencing reduced HR-mediated repair.

A. Schematic of DR-GFP reporter. B. Bar plot of % GFP+ cells relative to cells
transfected with both non-targeting control siRNA (siNTC) and I-Scel is shown. BRCA1
or BRCAZ2 were used as positive controls for HR deficiency. GFP+ cells were analysed
by flow cytometry. C. Representative FACS scatterplots from (B).
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Figure 5.4 siRNA-mediated depletion reduced mRNA expression in U20S
DR-GFP cells,

Barplots are shown of mRNA expression levels with siRNA-mediated depletion of
MND1 (A) PSMC3IP (B) compared to cells transfected with non-targeting siRNA
(siNTC). Data normalised to siNTC. mRNA expression levels were determined with
RT-qPCR. Error bars represent SD from n=3 replicates, for which individual data points
are shown. P-values were calculated via ANOVA with Sidak’s post-test.
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Figure 5.5 MND1 or PSMC3IP dysfunction increases micronuclei formation upon
exposure to olaparib or IR.

A, B. Superplot of % cells with micronuclei in each indicated sample are shown (n=20).
KB1P-G3B1 expressing either non-targeting control (sgNT) sgRNA or sgRNA
targeting Mnd1 (sgMnd1) were plated onto coverslips. Mnd71-deficient cells either
express an empty-vector or a vector containing Mnd71 cDNA (Mnd1+). Cells were either
exposed to 8 Gy IR, 10 uM olaparib for 16 hours or remained untreated. Small dots
represent data from each field of view, with the colour corresponding to the biological
replicate. P-values were calculated via two-tailed t-test using mean of each biological
replicate (n=3). C. Representative images shown of quantified micronuclei with
sgMnd1 (C). Data generated by Paola Francica.
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5.2.3. MND1/PSMC3IP contributes to RAD51 function at RFs.
After establishing the influence of MND1 or PSMCS3IP expression on
RADS1-mediated HR in mitotic mammalian cells, | wanted to further identify the
specific mode of action of MND1 and PSMC3IP on RAD51. Given that RAD51 has
been shown to mediate RF reversal, in a BRCA1/2-independent fashion, to protect
cells against genotoxic stress (Mijic et al., 2017; Zellweger et al., 2015), | sought
to assess whether MND1/PSMC3IP contributes to RADS1 function at RFs.
Indications that this might be the case originated from in situ analysis of protein
interactions at DNA RF (SIRF) assay (Roy & Schlacher, 2019), whereby Mnd1 was
demonstrated to co-localise with EdU-labelled nascent DNA in KB1P-G3B1 cells,
an interaction further increased by HU-induced RF stalling (Figure 5.6A and Figure
5.6B). After establishing that MND1 is at the RF, our collaborators subsequently
assessed whether defective Mnd1 affects the stability of stalled RFs via DNA fibre
assay. Initially, Brca1- and Tp53-deficient KB1P-G3 cells were used (Barazas et
al., 2019). As expected, pulse-labelling with CldU and IdU followed by RF stalling
using 4 mM HU resulted in a significant reduction in the IdU/CIdU track length ratio,
indicating nucleolytic degradation of the nascent DNA of reversed RFs (Figure
5.6C). This was consistent with previous findings that BRCA1 stabilises stalled
forks (Schlacher et al., 2012). Interestingly, this fork degradation phenotype was
reversed in Mnd7-mutant cells (Figure 5.6C). We then investigated the effect of
Mnd1 on RF stability in isogenic Brca1 proficient KB1P-G3B1 cells. Due to the
presence of Brca1, a high concentration of 8 mM HU was needed to generate the
RF intermediates that eventually become degraded (Figure 5.6D). In these cells,
RF degradation was rescued by loss of Mnd1; an effect that was reversed by

reconstitution of the Mnd1 cDNA (Figure 5.6D). These data from our collaborators
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suggested that the effect of MND1 on RF stalling was BRCA1-independent. A
reason for the lack of HU-mediated degradation in MND1 defective cells may be a
defect in RF reversal, a BRCA1/2-independent effect previously described in
RAD51-deficient cells (Mijic et al., 2017; Qiu et al, 2021). Potent
RADS1-dependent slowing of RF and their reversal is achieved by MMC treatment
(Zellweger et al., 2015). Indeed, when exposed KB1P-G3 cells were exposed to
600 nM MMC for 2 hours, a clear slowing of RF progression was observed (Figure
5.6E). Interestingly, Mnd1 loss counteracted this fork slowing, consistent with a
defect in RF reversal (Figure 5.6E). In fact, RF progression in Mnd7-mutant cells
was slightly higher than in the non-targeting control cells, even in the absence of
drug (vehicle) (Figure 5.6E). These data suggested that MND1 is important for RF
slowing upon replication-blocking DNA damage. In its absence, unrestrained RF

progression may result in accumulation of toxic DNA damage.

5.2.4. PSMC3IP-MND1 heterodimer may support RAD51-mediated
D-loop formation, which mediates PARPi response.

To build on the work carried out by our collaborators, | functionally assessed the
relevance of a D-loop defect in PARPi response, making use of a previously
described p.Glu201del mutant of PSMC3IP (Zhao & Sung, 2015). Human
PSMC3IP has eight exons, which span approximately 5.5 kb. PSMC3IP encodes
a 217-amino acid protein containing an N-terminus which binds dsDNA; a leucine
Zipper domain required for homolog pairing and recombination; a coiled-coil
domain, which contains a region that binds ssDNA; and an acidic tail at the

C-terminus, which allows RAD51/DMC1 interaction (Figure 5.7).
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Figure 5.6 MND1/PSMC3IP contributes to RAD51 function at replication forks.
A, B. Superplot of SIRF assay are shown of cells with >2 PLA foci, normalised to the
total number of cells. Data generated by Paola Francica (A). Small dots represent data
from each field of view with the colour corresponding to the biological replicate.
Horizontal black line represents the mean of all the data, while large dots represent
the mean of each biological replicate. P-values were calculated via two-tailed t-test
using mean of each biological replicate (n=3). Representative images are shown (B)
from quantification in (A). C, D, E. Schematic of DNA fibre assay, as described in
(Schmid et al., 2018) with a few modifications (detailed in upper panels). Superplot
showing quantification of IdU/CIdU ratio of at least n=120 fibres per sample (lower
panels). Small dots represent data from each fibre with the colour corresponding to
the biological replicate. Horizontal black line represents the mean of all the data, while
large dots represent the mean of each biological replicate. P-values were calculated
via two-tailed t-test using mean of each biological replicate (n=3).
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124/126 155 163 190 201 Amino acid position

Homolog pairing ssDNA RAD51/DMC1
& recombination binding interaction

Figure 5.7 PSMC3IP-MND1 structure and function.

Amino acid position annotated with its respective function. dsDNA binding occurs
within region 1-84. The leucine zipper region (84-124/126) is responsible for
homolog pairing & recombination. Coiled-coil is contained within amino acids
124/126-155. Amino acid position 163-190 function involves ssDNA binding.
190-201 amino acid position, which comprises the acidic tail, is responsible for
RADS51/DMCH1 interaction; the PSMC3IP p.Glu201del mutation is within this
region.
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A specific mutation in PSMC3IP acidic tail (PSMC3IP p.Glu201del) has also been
directly attributed to XX ovarian dysgenesis cases (Zhao et al., 2015), a condition
characterised by the lack of spontaneous pubertal development, primary
amenorrhea, uterine hypoplasia, and hypergonadotropic hypogonadism. By
directly studying the effect of this PSMC3IP mutant in yeast, investigators from
Patrick Sung’s group were able to determine that the mutation resulted in
abrogated RAD51/DMC1 interaction of PSMCS3IP along with its heterodimer
partner MND1. Given the clinical relevance of this mutation, | generated the model
of this PSMC3IP mutant in a human model. Although the p.Glu201del mutation (in
the C-terminus of PSMC3IP) does not diminish the interaction of the
MND1/PSMC3IP heterodimer with DNA, the interaction with RAD51 is impaired,
as is the ability to promote D-loop formation (Zhao & Sung, 2015). | found that
re-expression of wild-type PSMC3IP reversed PARPi sensitivity in
PSMC3IP-depleted cells, establishing causality of PSMC3I/P in PARPI response
(Figure 5.8). Interestingly, expression of a p.Glu201del mutant version of PSMC3IP
did not demonstrate this phenotype, but rather further sensitised the cells to PARPI
(Figure 5.8). Expression of the PSMC3IP p.Glu201del mutant also sensitised
MCF10A TP537~ cells with wild-type PSMC3IP to PARPi (Figure 5.8), which
supports the conclusion that this mutation acting as a dominant negative (Zhao &
Sung, 2015). Consistent with our aforementioned observation that PARPI
sensitivity in PSMC3/P-mutant cells is associated with an increase in RADS1 foci,
expression of PSMC3IP p.Glu201del resulted in increased RADS foci formation
upon IR or PARPI treatment (Figure 5.9A, Figure 5.9C and Figure 5.10). A similar
phenotype was observed with expression of PSMC3IP p.Glu201del in wild-type

cells upon DNA damage (Figure 5.9A, Figure 5.9C and Figure 5.10), strengthening
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our observations from the PARPI sensitivity assays that PSMC3IP p.Glu201del
may be acting as a dominant negative mutation. The observed increase in RAD51
foci upon IR- or PARPI- exposure can be directly attributed to PSMC3IP, given that
RADS1 return to wild-type levels with PSMC3IP reconstitution (Figure 5.9A, Figure
5.9C and Figure 5.10). As demonstrated in Figure 5.9B, Figure 5.9D and Figure
5.10, a corresponding increase in YH2AX foci was observed. Interestingly, we did
not observe any difference in YH2AX foci between MND1/PSMC3IP defective cells
and wild-type. Therefore, the MND1 or PSMCS3IP deficiency itself does not result
in increased DNA lesions, rather deficiencies of these proteins result in failure to

remove “toxic” RAD51 resulting from PARPI- or IR-exposure.

We hypothesised that the increased RAD51 nucleoprotein formation in MND1 and
PSMC3IP mutant cells exposed to PARPi might be the key cytotoxic event.
Consistent with this, inhibition of RAD51 with the previously described RADS1
inhibitor BO2, which inhibits the ssDNA and dsDNA binding and strand exchange
activity of RAD51 (Huang et al., 2012; Huang et al., 2011), partially reversed the

PARRPI sensitivity phenotype in both MND1 and PSMC3IP mutant cells (

Figure 5.11). Together, these data strongly suggest that the main control of PARPI

response of the PSMC3IP-MND1 heterodimer in mitotic cells is due to its role in

supporting RAD51-mediated D-loop formation.
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Figure 5.8 PARPi sensitivity observed in PSMC3IP-depleted cells is reversed by
wild-type PSMC3IP, but not a p.Glu201del mutant.
A. Western blot image of MCF10A TP53” dCas9-KRAB cells (with or without sgRNA
targeting PSMC3IP) with ectopic expression of either wild-type or p.Glu201del (D-loop
mutant) PSMC3IP. Vinculin was used as a loading control. B. Dose/response survival
curves are shown with surviving fractions at the indicated doses of talazoparib.
MCF10A TP537~ dCas9-KRAB cells expressing non-targeting control (wild-type) or
sgRNA targeting PSMC3IP (PSMC3IP CRISPRI) were transduced with lentiviral
constructs encoding expression vector containing PSMC3IP cDNA, either wild-type
PSMC3IP (PSMC3IP wild-type cDNA) or PSMC3IP p.Glu201del (PSMC3IP D-loop
mutant cDNA). Wild-type or PSMC3IP CRISPRI cells expressing empty-vector were
used as controls. Cells were plated in 96-well plates and exposed to talazoparib for
ten continuous days. Cell viability was quantified by CellTiter-Glo® and surviving
fraction was calculated for each drug dose relative to DMSO-exposed cells. Error bars
represent SD from n=3 replicates. P-values were calculated via ANOVA with Tukey’s
post-test.
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Figure 5.9 Elevated RAD51 foci observed in PSMC3IP-depleted cells was reversed by wild-type PSMC3IP but not a p.Glu201del
mutant.

Superplot of RAD51 integrated density in each indicated cell line is shown. Cells were plated onto coverslips and either exposed to 10 uM olaparib
and then fixed after 16 hours or 10 Gy IR and then fixed after 4 hours or remained untreated. Cells were co-stained with anti-RAD51 and anti-
gH2AX antibodies. Small dots represent data from each nuclei with the colour corresponding to the biological replicate. Horizontal black line
represents the mean of all the data, while large dots represent the mean of each biological replicate. Min. 13 nuclei were quantified per each
biological replicate for olaparib and 11 for IR. P-values were calculated via two-tailed t-test using mean of each biological replicate (n=3).
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Figure 5.10 Elevated RAD51 foci observed in PSMC3IP-depleted cells was
reversed by wild-type PSMC3IP but not a p.Glu201del mutant.

A, B. Representative images are shown of foci quantified in Figure 5.9 compared to
wild-type cells (A), elevated RAD51 and yH2AX foci levels were observed in PSMC3IP
CRISPRI cells (B) upon olaparib- or IR-exposure, which was partially reversed with
expression of wild-type PSMC3IP, but not PSMC3IP p.Glu201del D-loop mutant. Cells
were plated onto coverslips and either exposed to 10 uM olaparib and then fixed after
16 hours or 10 Gy IR and then fixed after 4 hours or remained untreated. Cells were
co-stained with anti-RADS1 and anti-yH2AX antibodies.
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Figure 5.11 RAD51 inhibition reverses the PARPi sensitivity phenotype in MND1
and PSMC3IP defective cells.

RAD51 inhibition reverses the PARPI sensitivity phenotype in both MND1 (A) and
PSMCS3IP (B) mutant cells. Dose/response survival curves are shown with surviving
fractions at the indicated doses of talazoparib. Cells were plated in 384-well plates and
exposed to 25 yM small molecule RAD51 inhibitor BO2 for one hour prior to talazoparib
addition. Cells were exposed to PARPI for five continuous days. Cell viability was
quantified by CellTiter-Glo® and surviving fraction was calculated for each drug dose
relative to DMSO-exposed cells. Error bars represent SD from n=3 replicates. P-values
were calculated via ANOVA with Tukey’s post-test.
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5.3.Discussion
In this Chapter, | described functional experiments to identify the specific mode of
action of MND1 and PSMC3IP on DNA repair. Although PSMC3IP-MND1 depleted
cells were shown to accumulate toxic RAD51 foci in response to DNA damage,
impaired homology-directed DNA repair was demonstrated via DR-GFP reporter
assay and increased micronuclei formation. Identified interaction of MND1 at the
RF led to DNA fibre experiments in which MND1 was demonstrated to contribute
to RADS1 function at the replication. Subsequently, | observed that impaired D-loop
formation may be responsible for the HR defect and toxic RAD51 foci formation in
MND1 or PSMC3IP defective cells. In totality, our experiments support the
conclusion that PSMC3IP-MND1 may support RAD51-mediated D-loop formation

in HR.

In a recent preprint, Koob et al. also observed increased RAD51 foci in
MND 1-defective cells compared to wild-type (Koob et al., 2023). Given that RAD51
foci formation is used as a surrogate marker for HR deficiency and PARPI
response, whereby the inability to localise the DNA recombinase RAD51 to site of
damage has classically been used to determine defective HR and predict PARPI
sensitivity (Cruz et al., 2018; Llop-Guevara et al., 2021; van Wijk et al., 2020), our
common observations are surprising. Our findings are reminiscent of the
persistence of nuclear RAD51 foci in PSMC3IP-defective meiotic cells (Petukhova
et al., 2003). As such, it would have been interesting to quantify the RADS1 foci
over time following PARPI or IR-exposure, in order to assess the resolution of the
RAD51 foci between the MND1- and PSMC3IP-defective cells compared to

wild-type. This experiment could provide further evidence of defective HR
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associated with MND1 and PSMCS3IP deficiency, if associated with slower RAD51
foci resolution. Given that the PSMC3IP-MND1 heterodimer provides support to
both DNA recombinases, RAD51 and DMCA1, to facilitate the homology search
process and strand invasion (Chen et al., 2004; Tsubouchi & Roeder, 2002), it
would have also been interesting to use an anti-DMC1 primary antibody. It has
been suggested that DMC1 functions as the predominant strand exchange protein
during meiosis (Cloud et al.,, 2012) to promote strand invasion, recombination
between homologous chromosomes and crossing over (Hong et al., 2013;
Schwacha & Kleckner, 1997). RAD51 has been shown to repair residual DSBs
after recombination between homologous chromosomes and synapsis are
complete in meiotic recombination (Cloud et al., 2012; Da Ines et al., 2013). After
establishing whether DMC1 is indeed expressed in miotic cells, anti-DMC1 staining
could have been applied to compare the number of DMC1 foci between wild-type

and MND1- or PSMC3IP-mutant cells upon IR or PARPI.

The observed increase in YH2AX foci upon exposure to PARPi or IR in MND1- or
PSMC3IP-defective cells in comparison to wild-type cells could be indicative of
MND1 or PSMCS3IP deficiency, resulting in increased DNA lesions that require
repair. Alternatively, it could be argued that this phenotype might be due to failure
to remove RAD51 with MND1- or PSMCIP-deficiency. The distinction between
these two possibilities is difficult to resolve. However, we have settled on a model
where MND1/PSMC3IP defects do not themselves cause a profound increase in
DNA lesions that require RAD51 for repair but, in cells exposed to PARPI, the lack
of MND1/PSMCS3IP causes the formation of “toxic” RAD51 (i.e., failure to remove

RADS1). This is for a number of reasons, including: no detectable increase in
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RAD51 or yH2AX foci were observed in the absence of PARPi or IR in the
PSMC3IP- or MND1-defective cells; we were able to partially reverse the
MND1/PSMC3IP vs. PARPI synthetic lethality by use of a small molecule that
disrupts the interface between individual RAD51 monomers when arranged on a
nucleoprotein filament. However, further experiments could be performed in
attempt to address this point by staining for an additional marker of DNA damage,

53BP1 foci, using anti-53BP1 primary antibodies.

Within the HR pathway, | observed that that an impaired D-loop formation may be
responsible for the HR defect and toxic RADS1 foci formation in MND1- or
PSMC3IP-defective cells. This is based on experiments using the p.Glu201del
mutant of PSMC3IP, a mutation that does not alter the interaction of the
PSMC3IP-MND1 heterodimer with DNA but which does impair the interaction with
RADS1 and its ability to promote D-loop formation (Zhao & Sung, 2015). In contrast
to wild-type PSMC3IP, the p.Glu201del mutant does not recue PARPiI-induced
prolonged RAD51 foci formation and PARPI sensitivity. These conclusions are
strengthened with our experiments demonstrating rescue of PARPI sensitivity of
PSMC3IP-defective cells using small molecule RADS1 inhibitor, B02, which
specifically inhibits ssDNA and dsDNA binding and strand exchange activity of
RAD51. PARPI sensitivity of MND1-defective cells was also rescued with B0O2.
Interestingly, this RADS1 inhibitor has been previously shown to increase PARPI
sensitivity of HR-proficient TNBC cell lines, but not HR-proficient non-TNBC cell
lines, such as MCF10A which is the main breast model used in this study
(Shkundina et al., 2021). Zhao and Sung’'s publication regarding PSMC3IP

p.Glu201del mutation is one of several studies to have described germline
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PSMCS3IP mutations in familial breast and ovarian cancers (Peng, Bakker, et al.,
2013; Peng, Yang, et al., 2013; Yang et al., 2016). In fallopian tube cancer, Yang
et al. identified PSMC3IP mutations resulting in defective alternative splicing,
truncating the PSMC3IP open reading frame. Yang et al. also demonstrated that
these identified PSMC3IP mutants act as a dominant negative to counteract
wild-type PSMCS3IP activity. In all splice variants identified, the open reading frame
at the 3' half of PSMC3IP was undisrupted to permit the expression of the
coiled-coil and acidic tail at the C-terminus by utilising an internal start codon ATG
in exon 5, but the expression of N-terminal leucine zipper domain of PSMC3IP was
not permissible. As demonstrated in a previous section of this thesis, this PSMC3/P
leucine zipper domain is required for homolog pairing and recombination.
Interestingly, RADS1 foci formation in these PSMC3IP splice variants was not
induced upon IR, compared to wild-type cells (Peng, Yang, et al., 2013). Unlike the
PSMC3IP mutant utilised in Yang et al.’s publication, the PSMCS3IP leucine zipper
domain, required for homolog pairing and recombination, was retained in the
PSMC3IP p.Glu201del mutant utilised in this thesis, potentially explaining the
reported differences in RADS51 foci induction between the two PSMC3/P mutants.
As with Yang et al.’s PSMC3IP mutant, we found PSMC3IP p.Glu201del mutation
to be dominant negative with regards to PARPI response; | observed that the
PSMCS3IP p.Glu201del mutant was also a lot more sensitive to PARPi compared
to wild-type cells. In both these described mutants, PSMC3IP p.Glu201del used in
this thesis and the PSMC3IP mutant utilised in Yang et al., the PSMC3IP
N-terminus and coiled-coil domain is unaffected, which contain the regions which
bind dsDNA and ssDNA, respectively. It would be interesting to assess the PARPI

sensitivity of the clinically relevant PSMC3/P mutants identified by Yang et al. given
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their lack of RAD51 foci upon exposure to DNA damage. The hypothesis that loss
of either the RADS1 interaction and/or the inability to promote D-loop formation is
the cause of PARPI sensitivity in PSMC3IP defective cells from experiments using
the PSMC3IP p.Glu201del mutant is by inference (i.e., implied by in vitro assays
described by Zhao and Sung), and not directly assessed in this thesis. Future
experiments are required to specifically assay D-loop formation in MND1- or
PSMC3IP-defective cells would be required in order to test this hypothesis. For

instance, D-loop formation can be visualised using electron microscopy.

Although our experiments have established that PSMC3IP-MND1 may support

RADS1-mediated D-loop formation in HR, the specific mechanism is yet to be

determined.
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Chapter 6. General Discussion

6.1.Summary of the work presented in this thesis
In summary, using CRISPR mutagenesis and interference screens, | identified
PSMC3IP and MND1 as determinants of PARPI sensitivity in mitotic cells. After
establishing that PSMC3IP and MND1 are commonly expressed in mitotic tumour
cells and human tumours, | validated the CRISPR screen results and then
established that the PARPi and IR sensitivity in MND1/PSMC3IP defective cells
was independent of a previously described role for PMSC3IP and MND1 in ALT. |
demonstrated that PSMC3IP- or MND1-depleted cells accumulate toxic RAD51
foci in response to DNA damage, show impaired homology-directed DNA repair,
and become PARPi sensitive. Although RF reversal was also affected in
PSMC3IP- or MND1-depleted cells, the abrogated D-loop formation could be the
major cause of PARPi sensitivity; a PSMC3IP p.Glu201del D-loop formation
mutant associated with ovarian dysgenesis fails to reverse PARPi sensitivity,
whereas expression of wild-type PSMC3IP in PSMC3IP-defective cells did. These
observations are summarised in Figure 6.1, and suggest that meiotic proteins such
as MND1 and PSMCSIP could have a greater role in mitotic cells in determining

the response to therapeutic DNA damage.

6.2. Remaining questions
Overall, the data from this thesis contributes to the mechanistic understanding of
how PARPI response is controlled. Although MND1 and PSMCS3IP are classically
defined as meiosis-specific genes, my work indicates that both proteins control the
DDR in mitotic cells via RAD51 nucleofilament-mediated D-loop formation. Several
questions remain to be addressed regarding MND1 and PSMCS3IP, as well as

“‘meiosis-specific” genes in general. These are discussed below.
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Figure 6.1 Hypothesised mechanism of synthetic lethality upon MND1 or
PSMCS3IP loss leading to abrogated D-loop formation.

Upon DNA damage with PARP inhibitor or ionising radiation (IR) exposure, DNA repair
is initiated with the resection of the double-strand break (DSB), followed by DNA
recombination. In the wild-type situation, the RADS51-ssDNA filament performs
homology search via D-loop formation, so the DNA damage can be repaired, and the
cell survives. Experiments conducted in this thesis indicate that the absence of MND1
or PSMCS3IP abrogates D-loop formation. As such, DNA repair cannot be completed,
resulting in synthetic lethality.
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6.2.1. MND1/PSMC3IP expression in mitotic cells
We, and others, have provided initial evidence that both PSMC3IP and MND1 are
expressed in tumour cell lines and tumours, beyond their classical meiotic-specific
expression. In order to advance our understanding, it is crucial to investigate the
expression patterns and the conditions under which MND1 and PSMC3IP are
expressed in mitotic cells. For example, others have proposed that MND1 and
PSMC3IP could be regarded as meiosis-specific cancer/testis (meiCT) antigens,
and that cancer immunotherapy approaches could be designed to target tumour
cells expressing these (Jay et al.,, 2021). My data suggests that mitotic cells,
including non-tumour epithelial cells, (such as MCF10A) express MND1 and
PSMC3IP, and use these to conduct HR. If MND1 and PSMC3IP are expressed in
normal mitotic tissues (and used to conduct HR), such approaches could
conceivably cause systemic toxicity. With this in mind, it seems sensible to
therefore define MND1 and PSMC3IP expression at the protein level, in a panel of
normal human tissues of different organ origins. Experimentally, antibodies
targeting MND1 or PSMC3IP could be used to quantify protein expression in
formalin-fixed paraffin embedded (FFPE) tissue sections. Alternatively, antibody

free approaches such as the use of mass spec-based proteomics could be used.

6.2.2. Mechanism of dependency on MND1 and PSMC3IP for
resistance to PARPi- and IR-induced DNA damage

In this thesis, | established the role of MND1 and PSMC3IP in somatic HR after

PARPi- and IR-induced DNA damage in tumour cells, but also in non-tumour cells,

such as immortalised breast epithelial cells. My existing data suggests that in

mitotic cells, inhibition of RAD51 reverses PARPI sensitivity in PSMC3IP-defective
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cells and that whilst wild-type PSMC3IP reverses PARPI sensitivity, a PSMC3IP
mutant that is known to be defective in D-loop formation (Zhao & Sung, 2015) does

not.

Consistent with the previously described important functions of PSMC3IP in
meiosis, orthologs has been identified in many species in addition to Homo
sapiens. As demonstrated in Figure 6.2, these species include eukaryotic model
organisms Mus musculus, Danio rerio, Arabidopsis thaliana, Saccharomyces
cerevisiae, and there can be a high degree of PSMC3IP amino acid conservation
with Homo sapiens; for instance 88.0% identity with Mus musculus (mouse).
Interestingly, Psmc3ip is not conserved in Sordaria macrospora, Drosophila
melanogaster and Caenorhabditis elegans, which also lack Dmc1 but possess
functional Rad51 (de Massy, 2013). Despite the absence of Dmc1, Mnd1 and
Psmc3ip, these organisms are still capable of meiotic recombination and
completing meiosis. Perhaps these organisms do not require as much support for
strand exchange, or RADS51 is able to compensate for function of these lacking
proteins. However, the precise molecular mechanisms and the specific proteins or
mechanisms utilised in these organisms, in contrast to those possessing Mnd1 and
Psmc3ip, have not been fully elucidated. Further exploration of these differences
would be intriguing and may provide valuable insights into fully elucidating the roles

of MND1 and PSMC3IP in meiosis.
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Figure 6.2 Conservation analysis of PSMC3IP between model species.

PSMC3IP homologs from different species are aligned to Homo sapiens to highlight evolutionary conservation. Aligned sequences from
species include Homo sapiens, Mus musculus, Danio rerio, Arabidopsis thaliana and Saccharomyces cerevisiae. Amino acid positions
are depicted in black above the alignments, with special annotation for the human p.Glu201del ‘D-loop mutant’. Percent coverage (cov)
and percent identity (pid) values are calculated with respect to the Homo sapiens reference sequence. Coverage (cov) is calculated as
the ratio of the number of residues in a row aligned with a reference row to the length of the ungapped reference row, multiplied by 100.
Percentage identity (pid) is calculated as the ratio of the number of identical residues to the length of the ungapped reference row over

the aligned region, multiplied by 100. Coloured by identity.

216



Further experimental work is required in order to conclusively determine whether
RADS1 inhibition does indeed reverse the PARPi sensitivity in PSMC3IP- or
MND1-defective cells. The lack of PARPI sensitivity in the BO2-treated wild-type
MCF10A TP53” cells could be attributed to suboptimal BO2 concentration,
possibly leading to insufficient reduction of RAD51 foci levels, and therefore cell
viability. Given the HR-proficient nature of wild-type MCF10A TP53cells, they are
inherently very resistant to PARPI, especially compared to the MND7- and
PSMC3IP-defective cells. The PARPi doses used in this dose-response
experiment might not have been high enough to demonstrate the window of PARPI
sensitivity in the wild-type cells. Therefore, the lack of PARPi sensitivity of the
BO2-treated wild-type MCF10A cells could be due to insufficient PARPi and/or
BO2 concentration used. Assessment of RAD51 foci formation in this context of
PARPI dose-response exposure, with dose titration of the RAD51 inhibitor (BO2),
is required to optimise the BO2 and PARPi concentrations required for this
experiment. MCF10A TP53-- cells would need to be plated onto coverslips, then
pre-treated with various concentrations of BO2 (e.g., 0, 5, 10, 25, 50, 100 uM) for
1 hour. One set of coverslips for each BO2 concentration would then be exposed
overnight to the talazoparib doses used in Figure 5.11 (0, 0.01, 0.1, 1 pM), while
the other set would remain unexposed to PARPi. Following fixation,
immunofluorescence microscopy would be used to assess which doses of BO2 do
indeed inhibit RAD51 foci formation, as well as the minimum BO2 dose at which
this is achieved — both with and without PARPI. Ideally, this experiment should be
performed in the wild-type cells, as well as the MND17- and PSMC3I/P-mutant
MCF10A TP53" cells, which could provide further insight as to why BO2-treated

wild-type MCF10A cells were not sensitive to PARPI.
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Further experimental work is also required in order to conclusively determine
whether RAD51 foci are indeed elevated in PSMC3I/P- or MND 1-defective cells
compared to wild-type in response to genotoxic stress. All RAD51 foci experiments
were performed in asynchronous cells, and the cell cycle profiles of the different
cell models were not characterised. The cell cycle is an important consideration
since this can impact the interpretation of RAD51 foci data. RAD51 foci levels vary
across different cell cycle phases. During G1 phase, RAD51 foci levels are
generally low due to the quiescent state of the cells. As cells progress into S phase,
RADS1 foci levels increase as RADS1 is recruited for HR-mediated repair of DNA
damage which occurs during DNA replication. RAD51 foci levels remain elevated
during G2 phase due ongoing repair of lesions generated during DNA replication
as the cells prepare for subsequent cell division. During mitosis, RAD51 foci levels
decrease due to inhibition of HR to prevent inappropriate recombination events that
could lead to genomic instability (Chen et al., 1997; Flygare et al., 1996;

Yamamoto et al., 1996). In order to account for the variability in RAD51 foci levels
at different phases of the cell cycle, characterisation of the cell cycle profiles of the
isogenic cell models using the method of flow cytometry could be performed. This
approach involves blocking the cells in specific cell cycle phases, staining them
with a DNA-specific fluorescent dye, such as propidium iodide, and using flow
cytometry to analyse the DNA content of the stained cells. By assessing RAD51
foci levels in response to genotoxic stress at various timepoints throughout the
synchronised cell cycle, it will be possible to determine if the observed elevated
RADS1 foci levels, particularly four hours post-genotoxic stress, are influenced by
the S and G2 phases when RAD51 foci levels are typically higher. Furthermore,

optimisation of IR and PARPI doses is necessary to ensure the induction of RAD51
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foci without overwhelming the cells with excessive genotoxic stress. Additionally,
assessing RAD51 foci persistence and the kinetics of foci formation and resolution
in both synchronous and asynchronous cells is crucial. By comparing RAD51 foci
kinetics between the isogenic cell models, valuable insights can be gained
regarding the functional significance of MND1 and PSMCS3IP in HR-mediated DNA
repair. Specifically, analysing the efficiency and speed of HR repair can provide a
deeper understanding of the roles played by these genes. Notably, the presence
of prolonged RAD51 foci may indicate the persistence of DNA damage or impaired
HR processes, highlighting potential consequences associated with the deficiency

of these genes.

Although further experiments could be performed in future, the present data in its
totality suggests that PSMC3IP-MND1 function in mitotic cells might be similar to
that in meiotic cells, which is in RAD51-mediated D-loop formation and filament
stabilisation, although this remains to be directly assessed. For instance, D-loop
formation can be visualised using electron microscopy. The defective
RADS1-mediated HR in MND1/PSMC3IP-deficient cells might also render cells to
be more reliant on RAD51-independent forms of repair, including SSA and MMEJ.
In order to assess this, inhibitors of MMEJ and SSA could be used. For example,
DNA Polymerase Theta (Pol6), which is encoded by the POLQ gene, is a DNA
repair helicase/polymerase that plays a key role in MMEJ (Roerink et al., 2014;
Wyatt et al., 2016). A recently reported allosteric inhibitor of Polo, ART558
(Zatreanu et al., 2021), could be used to assess whether the PARPI sensitivity of
MND1- or PSMC3IP-deficient cells is altered by MMEJ inhibition, or whether the

absence of MND1 or PSMC3IP makes cells Pol0-dependent. Alternatively,
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additional genetic perturbation experiments could be used to better understand the
molecular mechanism of the synthetic lethal effects | have seen. For example, in
Chapter 5, | showed that partial inhibition of RAD51 partially reverses the PARPI
synthetic lethality of PSMC3IP defective cells; on this basis a suppressor CRISPR
screen approach could be used to identify other genes that reverse the PARPI
synthetic lethality of the same cells. This experiment could be performed in an
isogenic background, using the PSMC3IP- or MND 1-deficient models generated in
this thesis using the PARP inhibitors olaparib and talazoparib as selective agents.
Alternatively, mass spectrometry could also be performed in this isogenic
background for MND1 or PSMC3IP with PARPI. This approach could identify
proteins enriched in MND1- or PSMC3IP-deficient cells upon PARPi exposure, in

comparison to wild-type cells.

The proposed future suppressor CRISPR screen would ideally include technical
replicates since the absence of technical replicates for the CRISPR screens
presented in this thesis represents a noteworthy limitation in the study.
Incorporating technical replicates is crucial for several reasons. Firstly, it accounts
for inherent biological variability, as individual cells or organisms within a
population can respond differently to genetic perturbations. The distinction of
authentic genetic effects from random fluctuations is facilitated by the use of
replicates. Secondly, technical variability, introduced by experimental procedures,
reagents, and instruments, is controlled by replicates to ensure that observed
effects are not merely artefacts of the experimental process. Furthermore, noise
reduction in the CRISPR screens, which are particularly susceptible to various

sources of noise that can affect the data, is achieved by averaging out this noise
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through replicates, resulting in more reliable and precise measurements.
Replicates are also required for robust statistical analysis for an adequate sample
size to calculate measures of variability and significance of the results. True hits
are distinguished from false positives, as consistent effects across replicates
validate genuine genetic effects. The inclusion of replicates allows for result
validation, reproducibility, and increased confidence in the findings, thus
strengthening the overall validity of the conclusions. Finally, replicates also enable
the assessment of the consistency of genetic effects, leading to more accurate

interpretations and insights into gene function and biological mechanisms.

6.2.3. Types of DNA lesions that require MND1 and PSMC3IP for repair
What is not clear is why mitotic cells co-opt parts of the meiotic DNA recombination
machinery (MND1 and PSMC3IP) to repair IR- or PARPi-induced DNA damage.
Several possible scenarios exist, including: (i) MND1 and PSMC3IP participate in
all RAD51-mediated HR reactions in mitotic cells; (i) MND1 and PSMC3IP are
involved in a particular subset of RAD51-mediated HR reactions in mitotic cells,
such as those involving PARPI- or IR-induced lesions; or (iii) MND1 and PSMC3IP
are involved in a particular subset of RAD51-mediated HR reactions in mitotic
transformed cells (all of the cells used in my work were either tumour cell lines or
partially transformed cells such as MCF10A cells with a TP53 mutation). In Chapter
5, | demonstrated that loss of MND1 or PSMC3IP impairs the repair of a DR-GFP
synthetic HR reporter substrate, where a blunt ended DSB in GFP is caused by
expression of a restriction endonuclease; this suggests that the role of MND1 and
PSMC3IP in HR is not restricted to the repair of PARPI- or IR-induced DNA lesions.

However, the DR-GFP assay used in this thesis lacked an RPF transfection

221



control, necessitating consideration of the resulting limitations. Firstly, data
interpretation becomes complicated, as changes in DNA repair efficiency cannot
be distinguished from variations in transfection efficiency or cell viability, potentially
leading to misleading interpretations. Conversely, inclusion of a RFP transfection
control would allow these variations in transfection efficiency or cell viability to be
accounted for during data analysis, leading to more accurate estimations of DNA
repair efficiency. Secondly, the absence of a transfection control hampers
comparability with other studies that have appropriately incorporated such controls,
impacting validation and reproducibility. The omission of a transfection control also
raises questions about the internal validity of the experimental design. Ultimately,
concluding that observed effects directly result from the intended experimental

manipulations becomes challenging without proper controls.

The line of investigation that HR is not restricted to the repair of PARPI- or IR-
induced DNA lesions could be extended. Further drug sensitivity assays with
additional DNA damaging agents could be performed using the cell models
generated in this thesis. For instance, the sensitivity of the MND1- and PSMC3IP-
defective models could be assessed with agents that impair the progression of
RFs, such as HU, aphidocolin, camptothecin, cisplatin and MMC. In addition, these
agents impair the progression of RFs via varying mechanisms, which could allow
further refinement of a potential mechanism of action for PSMC3IP-MND1. For
example, HU stalls RFs by limiting the synthesis of deoxyribonucleotides (Fong et
al., 2009), which is distinct from platinum salt-mediated mechanism of RF function
impairment via cross-linking DNA (Faivre et al., 2003). The trapping of PARP1 on

DNA, the main source of PARPI-induced cytotoxicity, results in DNA damage

222



associated with the RF, including impairment of nascent DNA strand maturation
(Vaitsiankova et al., 2022). Alternatively, Cas9 genomic editing could be used to
generate different forms of DSB in MND1- or PSMC3IP-defective cells and the

repair of these DSBs could be assessed.

6.2.4. Effect of inappropriate PSMC3IP and MND1 expression on HR
In this thesis, | have focused on the consequences of MND7- and
PSMC3IP-deficiency on PARPI sensitivity, and ultimately HR. Although the PARPI
sensitivity phenotype is a window into the roles of MND1/PSMC3IP in mitosis, it is
not clear whether loss of these genes in tumours would represent a practical clinical
biomarker of PARPI sensitivity. Indeed, PSMC3IP is amplified and overexpressed
in a fraction of basal-like TNBC tumours with a particular mutational signature
characterised by allelic-imbalance genomic copy number alterations (Watkins et
al., 2015) and therefore, assessing the effects of their overexpression might be
more clinically relevant. For example, it would be interesting to assess whether
increased activity of MND1 and PSMC3IP would allow tumour cells to tolerate
PARPi-induced DNA damage, and potentially act as a mechanism of therapeutic
resistance. Given that MND1 and PSMCS3IP function as a heterodimer, it could be
the case that their dual overexpression is required to enact any increased
PSMC3IP function. Upregulated MND1 mRNA expression has also been
demonstrated in HGSOC tumours compared to normal tissue (Yeganeh et al.,
2017). TNBC and HGSOC show some similarities, in terms of their genome
instability phenotype, frequent loss of HR genes, TP53 mutations and copy number
alteration landscape; thus adapting to an underlying genome instability may be an

important survival requirement for these tumour cells (Hoppe et al., 2018; Lord &
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Ashworth, 2017). Perhaps the upregulated expression of MND1 and PSMC3IP in
tumours allows their adaptations to deleterious DNA lesions, that would normally
invoke HR. Alternatively, it could be the case that MND1/PSMC3IP dual
overexpression also drives PARPI sensitivity and HR deficiency. For example, it
could be the case that inappropriate expression of MND1/PSMC3IP (i.e., too little
or too much) results in HR deficiency. Future experiments to assess the effect of
MND1 and/or PSMC3IP overexpression on PARPI response would involve the
expression of MND1 and/or PSMC3IP cDNA into wild-type cell lines and carrying
out a dose-response survival assays in the presence of PARPI. It would also be
interesting to assess RAD51 foci formation and resolution upon PARPI exposure
in these cell models of PSMC3IP and/or MND1 overexpression to assess their
effects on RAD51-mediated HR more directly.
6.3.Involvement of meiosis genes in somatic HR

My observations indicating the involvement of PSMC3IP and MND1 in somatic HR
complement the wider literature indicating that other meiotic proteins could be
involved in the DDR of mitotic cancer cells. The most well-characterised of these
in HR and cancer is HORMAD1. As mentioned in the introduction section of this
thesis, HORMAD1 supports the activity of SPO11 to induce the DSBs required to
initiate meiotic HR. RAD51 engagement with sister chromatids, which is the
preferred template for somatic HR, is inhibited by HORMAD1 to promote DMC1
activity, an interhomolog-acting DNA recombinase (Niu et al.,, 2005).
PSMC3IP-MND1 further supports DMC1 during this process to orchestrate the
localisation of DMC1 on the ssDNA (Zhao et al., 2015) and bring the chromosome
homologs in close juxtaposition together (Chen et al., 2004; Pezza et al., 2007).

Several groups have identified upregulation of HORMAD1 in cancer, such as
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luminal breast (Adelaide et al., 2007), triple-negative breast (Chen et al., 2019;
Watkins et al., 2015) and lung (Gao et al., 2018; Nichols et al., 2018), HORMAD1
overexpression results in suppressed RAD51-mediated HR in a panel of TNBC cell
lines (Watkins et al., 2015). Correspondingly, enhanced sensitivity to HR defect-
targeting agents, such as the PARPI olaparib and talazoparib, was demonstrated
in TNBC cell lines upon HORMAD1 overexpression (Watkins et al., 2015). Two
distinct studies subsequently contradicted the findings from Watkins et al., whereby
HORMAD1 was shown to stimulate HR in lung adenocarcinoma models (Gao et
al., 2018; Nichols et al., 2018). HORMAD1 loss was found to enhance IR,
camptothecin and PARPI sensitivity. Gao et al. also demonstrated colocalisation
of HORMAD1 with the DSB marker yH2AX in response to IR (Gao et al., 2018).
The somewhat conflicting data regarding HORMAD1 influence on HR, may be due
to inconsistencies in tissue-specific expression of HR pathway regulators targeted
by HORMAD1. As such, influence of meiotic genes, such as HORMAD1 or
MND1/PSMCS3IP, on HR may vary between different cancer types, which warrants
delineation in future experiments. The common underlying functions of HORMAD1,
DMC1 and MND1/PSMC3IP, and even SPO11, in meiotic HR is to promote
recombination between homologs, rather than sister chromatids. As such, these
proteins could be mediating a similar function in somatic cancer cells, therefore
influencing mitotic HR. The reason for their expression in cancer cells is not known.
Perhaps cancer cells have an advantage of using homolog rather than sister
chromatid for repair. Perhaps there might be reduced energy associated with the
meiotic mechanism of HR, whereby a homologous sequence is used as a template,
so could be advantageous for cancer cells over the use of the sister chromatid as

a template during HR. Experiments conducted in meiotic oocyte cells indicate that
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in the absence of HORMAD1, increased SCE occurs, supporting the previously
described conclusions (Shin et al., 2013). These findings evidence the role of
HORMAD1 to promote repair between homologs, rather than sister chromatids
(Latypov et al., 2010). Future experiments would involve determining the CO
frequency of human cells which are mutated for HORMAD1, PSMC3IP, MND1,
SPO11 and DMC1, in comparison to wild-type cells, via SCE assay. In order to
really understand the contribution of meiotic genes, they must be studied in totality,
rather than in isolation. Our improved understanding of mitotic HR could help
improve our understanding of how these DNA damaging agents are directed for

cancer treatment, such as PARPI, in the clinic.
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6.4.Final conclusions and future impact
In this thesis, | described how both pre-clinical and clinical studies have not only
enhanced our understanding of how PARPi work, but also the most appropriate
use of these agents. As a result of these findings, PARPI represent the first
DDR-targeting agents approved as anti-cancer therapies. However, PARPI
resistance represents a major clinical problem and so understanding how cells

respond to PARPI is critical.

Our improved understanding of which genes are involved in HR could further refine
the patient criteria for PARPI treatment to potentially include further patients who,
under current guidelines, are currently not eligible to receive PARPI. Our improved
understanding could also circumvent the problem of PARPI resistance. In contrast
to the findings of previous genetic screens, we have reported highly penetrant
determinants of PARPI sensitivity, MND1 and PSMCS3IP, which were previously
thought to be restricted to meiosis. Ultimately, this thesis has contributed to the
current knowledge regarding genes which are involved PARPi response, and
ultimately in the DDR. Although my experiments focused on PSMC3IP-MND1,
perhaps many other genes which have been classically associated with meiotic
HR, may in fact also have roles in somatic DNA repair, in cancer cells or perhaps

even in untransformed cells.
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