INVESTIGATING SETD1A AS A NOVEL EPIGENETIC REGULATOR

OF PARP INHIBITION

by

Ellie Louise Sweatman

A thesis submitted to the University of Birmingham for the degree of

DOCTOR OF PHILOSOPHY

e
[

/MDA |l
LTA
X

I
/Ty
il DVA

-

"

UNIVERSITYOF
BIRMINGHAM

Department of Cancer and Genomic Sciences

College of Medical and Dental Sciences

University of Birmingham

September 2024



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



ABSTRACT

Poly (ADP-ribose) polymerase (PARP) inhibitors (PARPI) have transformed the
treatment of BRCA1-deficient tumours and further evidence suggests their efficacy
also extends to deficiencies in other genetic factors associated with homologous
recombination (HR), including ATM. However, the clinical success of these
compounds is hampered by resistance, as well as a lack of good biomarkers to
determine which patients are likely to benefit from PARPI treatment. Recent findings
identified the lysine methyltransferase SETD1A as a novel factor conferring PARPI
resistance in BRCA1-deficient cells by restoring HR. In this thesis | build upon these
previous findings to ask if SETD1A contributes to PARPI resistance in ATM-deficient

cells and determine the mechanisms responsible.

Clonogenic survival and immunofluorescent DNA repair assays revealed SETD1A
knockdown reduced olaparib sensitivity in ATM-deficient cells through partial
restoration of HR, driven by abrogation of H3K4 methylation. On the other hand,
Cas9-mediated gene editing of SETD1A increased PARPI sensitivity in the absence
of ATM, which was attributed to depletion of residual SETD1A protein expression and
increased p53 expression. Based on its role as a H3K4 methyltransferase, we
performed RNA-sequencing analysis revealing SETD1A-dependent transcription of
the crossover junction endonuclease EME1 correlated with olaparib sensitivity.
Accordingly, loss of EME1 phenocopied loss of SETD1A, inducing PARPI resistance

and restoring HR in BRCA1 or ATM-deficient cells.

In conclusion, loss of SETD1A or EME1 may underlie PARPI resistance in the clinic
and their expression or activity could offer potential new biomarkers to predict patient

response and improve outcomes following PARPI treatment.
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1. CHAPTER 1: INTRODUCTION

1.1 DNA damage

Cells are exposed to between 1,000 and 1,000,000 lesions per day as a result of
DNA damage arising from a variety of sources (Alhmoud et al., 2020) (Fig. 1.1).
Endogenous DNA damaging agents are intrinsic to the cell, arising naturally from
physiological processes. The most frequent sources of this type of DNA damage are
spontaneous replication errors, resulting in the misincorporation of nucleotide bases
into the DNA and reactive oxygen species (ROS), produced as by-products of cellular

oxidative respiration (De Bont and van Larebeke, 2004).

In contrast, exogenous damage occurs from external sources to the body. Key
sources of exogenous damage include: ultraviolet (UV) radiation, responsible for up
to 1 x 10%lesions per cell per day (Hoeijmakers, 2001); ionising radiation (IR), which
causes both single- and double-strand DNA breaks; as well as alkylating agents
present within the diet, tobacco smoke and chemotherapeutic agents (Milligan et al.,

2000; Alberg et al., 2007).

Regardless of the source of damage, these genotoxic agents disrupt covalent bonds
between nucleotides causing structural changes in the DNA which prevent accurate
replication of the genome. Consequently, DNA damage can alter nucleotide
sequences to produce dysfunctional proteins that are detrimental to cellular
physiology, resulting in a wide variety of human pathologies, including neurological

defects, immunodeficiencies and increased cancer susceptibility (Ma et al., 2017).



1.2 DNA damage repair

To avoid the cytological consequences of DNA damage cells are equipped with
multiple, distinct but complementary repair mechanisms, to deal with the wide range
of specific DNA lesions that threaten genomic integrity. Collectively these repair
pathways make up the DNA damage response (DDR), which senses, signals, and

initiates DNA damage repair (Lord and Ashworth, 2012) (Fig. 1.1).
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Figure 1.1- Types of DNA damage and DNA damage repair pathways.

DNA damage results from a wide variety of sources including ionising radiation,
reactive oxygen species and chemotherapeutic agents. These agents can cause
different types of lesions on the DNA which are repaired by multiple, lesion-specific

DNA repair mechanisms. Figure created with BioRender.com.




1.2.1 DNA repair pathway activation

The DDR begins with recognition of DNA damage and activation of the appropriate
repair pathways. This occurs through cellular signalling cascades mediated by the
apical DDR signalling kinases: Ataxia telangiectasia mutated (ATM), Ataxia
telangiectasia and Rad3 related (ATR) and DNA-dependent protein kinase catalytic

subunit (DNA-PKcs) (Lanz, Dibitetto and Smolka, 2019).

Appropriate and timely recruitment of these DDR kinases to sites of DNA damage is
modulated by specific co-factors. Generally, ATR is recruited to replication protein A
(RPA)-associated single-strand DNA (ssDNA) via interaction with ATR-interacting
protein (ATRIP) (Shigechi et al., 2012), whilst ATM and DNA-PKcs associate with
double-strand breaks (DSBs) via the MRE11-RAD50-NBS1 (MRN) complex (Zhou

and Paull, 2013) and Ku70/Ku80 (Gottlieb and Jackson, 1993), respectively.

A key event in the initiation of the DDR is phosphorylation of the histone H2 variant
H2A.X at serine 139 (yH2AX). Phosphorylation of H2AX can be performed by ATM or
DNA-PKcs in a functionally redundant manner (Stiff et al., 2004). This marks the
genomic lesion and leads to the recruitment of mediator of DNA damage checkpoint
protein 1 (MDC1) to the DSB. MDC1 then acts as a docking site to recruit the MRN
complex to the site of damage (Reginato and Cejka, 2020). In turn, MRN recruitment
promotes further deposition and activation of ATM via autophosphorylation at serine
1981, leading to dissociation from its dimeric form to its active monomeric form. The
active ATM monomer further promotes downstream phosphorylation and interaction
with ATM partners including MDC1, RNF8, RNF168, BRCA1 and 53BP1 to alert cells
to the presence of DSBs and alter chromatin structure in the vicinity of the break.

ATM is also responsible for the phosphorylation of KAP1 (KRAB associated protein



1) and CREB (Cyclic AMP response element binding protein), modulating
heterochromatic DSB repair and transcriptional regulation of DDR proteins in

response to DNA damage (White et al., 2012; Shi et al., 2004)

DNA-PKcs also undergoes autophosphorylation, facilitating the recruitment of
downstream repair proteins such as Artemis and allowing for complex disassembly to
complete DSB repair (Gottlieb and Jackson, 1993). Furthermore, dissociation of
DNA-PKcs from DSBs by autophosphorylation can promote DNA end-resection

(Zhou and Paull, 2013).

On the other hand, ATR is primarily activated in response to replication stress and the
presence of RPA-bound ssDNA (Adams et al., 2006). Whilst kinase substrate
analysis revealed that ATR phosphorylates many of the same targets as ATM
(Matsuoka et al., 2007), ATR has unique targets associated with replication fork
repair. For example, ATR has been shown to phosphorylate FANCI promoting
FANCD?2 ubiquitination, a key step in the Fanconi anaemia pathway (described

below) (Ishiai et al., 2008).

Activation of the apical DDR kinases in response to DNA damage also stimulates the
phosphorylation of the downstream checkpoint kinases, CHK1 and CHK2. These
kinases further mediate regulation of cyclin-dependent kinases (CDKs) to activate the
DNA damage checkpoint, preventing cell-cycle progression, allowing the cell time to
undertake repair before replication continues (Awasthi, Foiani and Kumar, 2015).
ATM is the principal kinase responsible for phosphorylating CHK2 at threonine 68,
activating the G1/S cell cycle checkpoint (Matsuoka et al., 2000). CHK2 subsequently

phosphorylates CDC25A and CDC25C phosphatases, resulting in their inactivation to



remove the inhibitory phosphorylation of CDK2 (Falck et al., 2001). On the other
hand, ATR phosphorylates CHK1 at serine 317 and 345, activating the intra-S and
G2/M checkpoints. Similarly to CHK2, CHK1 also mediates cell cycle arrest through
inactivation of CDC25 phosphatases by promoting ubiquitination and subsequent
proteasomal degradation (Ruiz et al., 2016). Furthermore, cell cycle arrest is
mediated by the p53 transcription factor, which is directly phosphorylated by all the

DNA damage signalling kinases (Chao et al., 2006).

There is significant crosstalk between all three of these DDR signalling kinases. For
example, ATM also contributes to the intra-S and G2/M checkpoint as ATM-
dependent end-resection generates the RPA-coated ssDNA required for ATR
activation (Myers and Cortez, 2006). This is further supported by Adams et al. who
showed ATM kinase activity was required for ATR recruitment to IR-induced DNA
damage (Adams et al., 2006). Additionally, many kinase substrates possess motifs
that are sites for phosphorylation by multiple kinases, indicating significant crossover
in function (Matsuoka et al., 2007). Lasty, these kinases can function as
phosphorylation targets for each other. For example, ATM-dependent
phosphorylation of DNA-PKcs at threonine 4102, located within the FATC domain,
regulates its role in DSB repair (Lu et al., 2023). Conversely, loss of DNA-PKcs
function results in hyperactivation of ATM, suggesting an inhibitory role for DNA-PKcs

in ATM signalling (Finzel et al., 2016).

The most common types of DNA damage are those affecting a single strand of the
DNA double helix, including single-strand breaks (SSB) and chemical base
modifications. As the focus of this thesis is double-strand break repair, these single

strand repair pathways will be discussed briefly below.



1.2.1.1 Direct reversal repair

Some types of ssDNA damage caused by alkylation, oxidation and UV exposure can
be repaired by direct reversal. During direct reversal the phosphodiester backbone of
DNA remains intact, as DNA synthesis is not required for repair (Yi and He, 2013).
O®methylguanine lesions are removed by the O8-methylguanine-DNA
methyltransferase (MGMT) in a process that results in the ubiquitination of MGMT
and subsequent degradation. Alternatively, alkylated DNA repair protein homologs
ALKBHZ2 and ALKBH3 remove a number of modified bases including 1-
methyladenine and 3-methylcytosine through oxidative demethylation, requiring
ferrous iron and the conversion of a-ketoglutarate to succinate (Gutierrez and

O'Connor, 2021).

1.2.1.2 Ribonucelotide excision repair

Ribonucleotide excision repair refers to the removal of mis-incorporated
ribonucleotide triphosphates (rNTPs) into the DNA. This process is initiated by
cleavage of the DNA-RNA junction by RNase H2 to produce a SSB. Polymerase &
performs strand displacement synthesis to create a flap structure containing the
rNTP, which is subsequently removed by Flap endonuclease 1 (FEN1) or

exonuclease 1 (EXO1). The SSB is then ligated by DNA ligases (Sparks et al., 2012).

1.2.1.3 Nucleotide excision repair

Lesions that distort the DNA helix such as bulky adducts caused by UV radiation,
chemotherapeutic agents and polyaromatic hydrocarbons are repaired by the
nucleotide excision repair (NER) pathway (Scharer, 2013). NER is further categorised
into global genomic NER (GG-NER), which is activated when the DNA helix becomes

distorted, and transcription coupled NER (TC-NER), which occurs when lesions are



detected by blocked RNA polymerases. During GG-NER the distorted helix is
recognised by the XPC/RAD23B/CETN2 complex, alternatively in TC-NER the
blocked RNA polymerases recruits ERCC6, followed by ERCCS8 to the damage site.
Formation of these recognition complexes subsequently recruits TFIIH helicase to
unwind the DNA helix. Next, XPG and XPF/ERCC1 are recruited to excise the
nucleotides surrounding the DNA damage. The repair process is then completed by
DNA polymerases and ligases which synthesise missing nucleotides and fill the gaps.
DNA polymerase € and ligase | act in replicating cells, whilst DNA polymerases 6 and
kK and DNA ligase llla, together with its cofactor XRCC1, predominate in non-
replicating cells (Scharer, 2013; Ogi et al., 2010). Deficiencies in this pathway are
associated with a variety of human diseases, including xeroderma pigmentosum

(Spivak, 2015).

1.2.1.4 Mismatch repair

Replication errors such as insertions, deletions and mis-incorporation of DNA bases
by DNA polymerases are repaired by mismatch repair (MMR) (Jiricny, 2013). Firstly,
MSH proteins recognise mismatched bases, binding to the DNA to form a sliding
clamp (Chakraborty, Dinh and Alani, 2018). EXO1 excises the mismatched
nucleotides producing ssDNA, which is subsequently bound by RPA to prevent
further degradation. DNA is then synthesised and ligated by DNA polymerase & and
ligases (Bowen and Kolodner, 2017), with assistance from PCNA to finalise repair

(Dieckman, 2021).

1.2.1.5 Fanconi anaemia pathway

The Fanconi anaemia (FA) pathway is a complex pathway involving twenty-two

genes critical for the repair of interstrand cross-links (ICLs). Briefly the



FANCD2/FANCI heterodimer is localised to the damaged chromatin promoted via
monoubiquitylation by the FA core complex (FANCA, FANCB, FANCC, FANCE,
FANCF, FANCG, FANCL, and FANCM). Here FANCD2/FANCI interacts with
FANCD1, FANCDN, FANCJ, FANCS and other DDR proteins to perform repair via
homologous recombination (HR) (Kim and D'Andrea, 2012), described in further
detail below. Following this, the FANCD2/FANCI complex is deubiquitylated by USP1

to complete repair (Kim and Kim, 2016).

1.2.1.6 DNA-protein cross-link repair

DNA-protein cross-links (DPCs) can be induced by chemotherapeutic agents and
other exogenous sources, such as UV and IR. These lesions are repaired by three
distinct processes. Firstly, covalent links between the DNA and protein are
hydrolysed by tyrosyl DNA-phosphodiesterases (Debéthune et al., 2002; Ledesma et
al., 2009). Next, the MRN complex excises the cross-linked DNA fragment (Sacho
and Maizels, 2011) and lastly, the spartan (SPRTN)/weak suppressor of SMT3

protein 1 (Wss1) protease family degrades the protein (Stingele et al., 2014).

1.2.1.7 Translesion synthesis

Translesion synthesis (TLS) is a DNA damage tolerance pathway that allows DNA
replication to bypass DNA damage. During this process DNA polymerases are
replaced by translesion polymerases such as, REV1, DNA polymerase nu, kappa
and iota, which can synthesise DNA using template strands containing DNA damage
(Prakash, Johnson and Prakash, 2005). This process is initiated by
monoubiquitylation of PCNA at lysine 164 by the RAD6/RAD18 E2-E3 ubiquitin ligase
complex (Hoege et al., 2002). TLS can help to prevent fork reversal and degradation

and contribute to ssDNA gap filling (Khatib, Nicolae and Moldovan, 2024).



1.2.1.8 Base excision repair

Finally, base excision repair (BER) is the major repair pathway for base lesions and
SSBs induced by oxidative damage, ionising radiation and alkylating agents (Krokan
and Bjgras, 2013). BER is initiated by DNA glycosylases, which recognise and
remove damaged bases by cleaving the N-glycosidic bond between the base and
deoxyribose to generate abasic sites. There are 11 known glycosylases which
recognise specific base lesions (Jacobs and Schar, 2012). This abasic site is
subsequently recognised by the APE1 endonuclease which hydrolyses the DNA
backbone to form a SSB with 5'-deoxyribosephosphate and 3'-hydroxyl ends. PARP1
functions with APE1 to protect the SSB from nuclease degradation and recruit repair
proteins through poly(ADP-ribosyl)ation (Woodhouse et al., 2008). From here, BER
can proceed by two pathways: short-patch BER (SP-BER) or long-patch BER (LP-
BER). In SP-BER DNA polymerase [ lyses the 5'-deoxyribosephosphate and
incorporates the correct nucleotide, which is then sealed by DNA LIG3 and XRCC1. If
the sugar group has been oxidised or reduced LP-BER is initiated. Instead, DNA
polymerase 8 is employed to synthesise a 2-8 nucleotide flap. PCNA displaces the
damaged strand, which is then removed by FEN1. The resulting nick is then ligated

by DNA LIG1 (Dianov and Hiubscher, 2013).

1.2.2 Double-strand break repair

The most dangerous of all DNA lesions are double-strand breaks (DSBs). DSBs
occur when the two complementary strands of the double helix are simultaneously
broken in proximity. Common sources of DSBs include IR, unresolved replication
stress, ROS, as well as programmed genome rearrangements, including V(D)J

recombination and class switch recombination. Dividing mammalian cells are subject



to approximately 10 DSBs per day per cell (Martin et al., 1985). Failure to repair
these DSBs can promote tumorigenesis, through the inactivation of essential genes
or promotion of inappropriate recombination events (Khanna and Jackson, 2001). To
avoid the tumorigenic consequences of DSBs, mammalian cells have evolved two
major complementary pathways for DSB repair; non homologous end joining (NHEJ)

and homologous recombination (HR).

1.2.2.1 Non-homologous end joining

Non-homologous end joining (NHEJ) is the preferential pathway for DSB repair,
accounting for > 90% of DSB repair. NHEJ directly ligates DNA ends and thus does
not require a homologous DNA template for repair. Due to this, there is potential for
chromosomal rearrangements and loss of genetic information if DNA ends require
processing prior to ligation, as a result NHEJ is considered error-prone (Kakarougkas

and Jeggo, 2014).

The first step in NHEJ is the formation of the Ku70/80 heterodimer. Ku70/80 binds
both ends of the DNA break, providing protection from DNA end-resection and a
scaffold for the loading of other NHEJ proteins. The C-terminal domain of Ku80 then
recruits DNA-PKcs, forming the DNA-PK holoenzyme complex (Smith and Jackson,
1999). DNA-PK is phosphorylated at threonine 2609 by ATM in response to DNA
damage (Lu et al., 2023). If the DNA ends are compatible then the DNA-PK complex
recruits X-ray repair cross-complementing protein 4 (XRCC4), XRCC4-like factor
(XLF) and paralogue of XRCC4 and XLF (PAXX) to bring the two DNA ends together
through a process called ‘synapsis’ (Ochi et al., 2015). The recruitment of these
factors is also aided by Aprataxin and PNK-like factor (APLF) (Grundy et al., 2013).

Alternatively, synapsis can also be mediated by DNA polymerase p. Subsequently,
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DNA polymerases A and p fill in the gaps at the site of the break. Finally, the blunt
DNA ends are directly ligated by DNA LIG4, with the assistance of XRCC4 (Brouwer
et al., 2016). XLF and XRCC4 form a sleeve around the DNA to stabilise the DNA
ends prior to ligation. However, if the ends are not compatible DNA-PKcs is auto-
phosphorylated to activate Artemis-dependent DNA resection prior to ligation
(Goodarzi et al., 2006). The Artemis-DNA-PKcs complex cleaves DNA overhangs to
create regions of homology that are subsequently ligated by XRCC4-DNA LIG4. It is
estimated that 20-50% of IR-induced DSBs require Artemis mediated resection for

their repair (Kurosawa et al., 2008) (Fig. 1.2).
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Figure 1.2- Non-homologous end joining.

During the repair of double strand breaks (DSBs) by non-homologous end joining

(NHEJ), the Ku70/80 heterodimer binds the DSB recruiting DNA-PKcs. DNA-PKcs
undergoes autophosphorylation recruiting the Artemis nuclease. Following limited

resection, XRCC4 and DNA ligase 1V ligate the DSB ends. Figure created with

BioRender.com



1.2.2.2 Homologous recombination

The second pathway, accounting for ~10% of DSB repair, is homologous
recombination (HR). HR is less error prone than NHEJ, due to the requirement for a
homologous sister chromatid template to prime repair synthesis. Consequently, HR

occurs following DNA replication during S phase (Heyer, Enmsen and Liu, 2010).

DSB repair by HR is initiated by removal of Ku from DNA ends by extensive DNA
resection generating ssDNA. Firstly, the endonuclease activity of MRE11 creates a
DNA nick approximately 300 nucleotides away from the DSB. Subsequently,
MRE11’s exonuclease activity extends this nick back towards the DSB (Garcia et al.,
2011). This initial DNA resection is then extended by the exonuclease activity of CtIP,
and further resection is performed by EXO1, with support from the nuclease DNA2
and the DNA helicase BLM (Nimonkar ef al., 2011). DNA resection generates ssDNA
with 3’ overhangs, which are subsequently bound by the ssDNA binding protein RPA
complex. RPA stabilises the ssDNA and prevents the formation of secondary
structures. RPA is then removed from the DNA and replaced by the RADS1
recombinase to form a RAD51-ssDNA nucleoprotein filament. BRCA1, along with
PALB2, facilitates the recruitment of BRCA2 and RAD51 to the ssDNA, sustaining
RPA displacement and facilitating RADS1 loading (Zhang et al., 2009). The RAD51
nucleoprotein filament mediates the search for homologous sequences on the sister
chromatid to provide a template for repair. BRCA1 and its binding partner BARD1,
enhance RAD51 recombinase activity and help promote the pairing of homologous
sequences (Zhao et al., 2017). The RAD51 nucleoprotein filament binds to the
complementary DNA forming a displacement-loop (D-loop). Following D-loop

formation, DNA is synthesised across the break using the sister chromatid as a repair
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template. The invading strand is then displaced, and HR is completed by synthesis-
dependent strand annealing (SDSA), break induced replication (BIR) or double

Holliday junction (dHJ) formation.

During SDSA the newly synthesised DNA binds to the opposite end of the DSB,
preventing crossover formation. If the DSB is a result of a collapsed replication fork
the break is resolved by BIR to form a new replication fork. Finally, dHJ can be
dissolved by the BLM helicase and topoisomerase 3 to produce non-crossover
products. Alternatively, they can be resolved by the SMX and GEN1 endonucleases,
resolution in this manner can result in both non-crossover and crossover events,

which can lead to chromosomal rearrangements (Fig. 1.3).
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Figure 1.3- Homologous recombination.

In S and G2, DSBs are repaired via homologous recombination (HR). The MRN
complex is recruited to the DSB via ATM signalling. MRE11 begins DNA resection,
which is extended by CtIP and EXO1, with support from the endonuclease DNA2 and
the DNA helicase BLM. The resulting ssDNA is bound by RPA, which is subsequently
removed and replaced by the RAD51 recombinase facilitated by the BRCA1-PALB2-
BRCAZ2 complex to form a nucleoprotein filament. The RAD51 nucleoprotein filament
mediates strand invasion into homologous sequences on the sister chromatid to from
a D-loop. DNA is synthesised across the break using the sister chromatid as a repair
template. The invading strand is then displaced, and HR is completed by break
induced replication (BIR), synthesis-dependent strand annealing (SDSA), or double

Holliday junction (dHJ) formation. Figure created with BioRender.com.
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1.2.2.3 Alternative double-strand break repair pathways

In addition to the two classical DSB repair pathways, there are additional error-prone,
mutagenic sub-pathways, including alternative-end joining (alt-EJ) and single-strand
annealing (SSA). These backup-pathways can be activated when the canonical DSB
repair pathways are disrupted. Both SSA and alt-EJ require extensive DNA resection
at the DSB site to reveal regions of microhomology, which can cause extensive loss

of genetic information (Simsek and Jasin, 2010).

During SSA DSBs are repaired by pairing tandem repeats. To initiate repair ssDNA is
coated with RPA, which is subsequently replaced by RAD52 (Liang et al., 2024). The
ERCC1/XPF nuclease complex then eliminates DNA flaps, followed by ligation of

gaps by DNALIG 1 (Al-Minawi, Saleh-Gohari and Helleday, 2008).

Alternatively, during alt-EJ small regions of resected DNA containing homologous
sequences can be joined. The switch from NHEJ to alt-EJ is initiated by PARP1
annealing at microhomologies to prevent Ku binding to the DSB. Next, non-
homologous tails are removed by unknown nucleases, then DNA is synthesised to fill
gaps by DNA polymerase 0 (Mateos-Gomez et al., 2015). The strands are then

ligated by DNA LIG3 and XRCC1 (Della-Maria et al., 2011).

1.2.3 Regulation of repair pathway choice

Due to the availability of multiple DSB repair pathways, cells have developed control
mechanisms to ensure the most appropriate pathway is engaged according to the
cellular context, including phosphorylation of repair proteins, cell cycle regulation,

control of DNA end-resection, as well as epigenetic control mechanisms.
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1.2.3.1 CDK activity

DSBs are initially primed for NHEJ and for this to be overridden the Ku70/80 complex
must be displaced from the DSB ends. The key mechanism mediating Ku70/80
displacement and the main determinant of DSB repair pathway choice is DNA end-
resection. DNA end-resection is tightly regulated throughout the cell cycle through
cell cycle dependent kinase (CDK) activity. CDK activity is typically low during G1 and
progressively increases during S/G2. During the S and G2 cell-cycle phases CDK-
dependent phosphorylation of CtIP at threonine 847 and serine 327 promotes binding
to BRCA1, stimulating DNA end-resection and HR (Anand et al., 2016; Tomimatsu et
al., 2014). Consequently, mutations in threonine 847 disrupt the CDK target motif,
resulting in defects in DNA end-resection (Huertas and Jackson, 2009). Furthermore,
CDK1/2 dependent phosphorylation of RECQL4 promotes its interaction with MRE11
to drive HR. Conversely, in G1 phase of the cell cycle, when CDK activity is low,

unphosphorylated RECQL4 is able to bind to Ku to promote NHEJ (Lu et al., 2017).

CDK-mediated modifications can also counteract end-resection activity. For example,
CDK2-mediated phosphorylation of CtIP at threonine 315 and serine 276 promotes
its polyubiquitination and degradation through interactions with PIN1 (Steger et al.,

2013), preventing DNA end-resection to inhibit HR and promote repair by NHEJ.

1.2.3.2 Regulation of resection by 53BP1 and BRCA1

HR and NHEJ differ in their requirement for DNA end-resection to initiate repair, thus
regulation of resection is key mechanism of DSB repair pathway choice. The
antagonistic relationship between the HR protein BRCA1 and the NHEJ regulator

53BP1 is a major regulator of DNA end-resection. Highlighted by the fact BRCA1

18



mutated cells regain their ability to initiate HR directed DSB repair following loss of

53BP1 expression (Bunting et al., 2010).

The CtIP nuclease controls DSB end-resection during S/G2 phase of the cell cycle to
promote HR and prevent NHEJ (Huertas and Jackson, 2009). Thus, CtIP activity is a
key determinant of DSB repair pathway choice. During G1, phosphorylation of 53BP1
by ATM rapidly localises it to DSBs to prevent access of end-resection nucleases,
such as CtIP (Bunting et al., 2010). Phosphorylation of CtIP also inhibits its
recruitment to DSBs and subsequently blocks BRCA1 recruitment, preventing DNA
end-resection occurring during G1 and promoting repair via NHEJ (Biehs et al.,

2017).

ATM-dependent 53BP1 phosphorylation also promotes recruitment of several
downstream factors including, RIF1 and REV7, to the DSB to further limit DNA end-
resection (Chapman et al., 2013). RIF1 and REV7 subsequently recruit the distal
53BP1 effector complex shieldin, comprised of SHLD1, SHLD2 and SHLD3,
possessing additional end-protection activities (Dev et al., 2018; Noordermeer et al.,
2018; Sifri et al., 2023; Susvirkar and Faesen, 2023). This recruitment is mediated by
interaction between RIF1 HEAT-repeat domains and the elF4E-like domain of SHLD3
(Sifri et al., 2023). Additionally, SHLD2 converts ssDNA tails into blunt ends by CST-
polymerase-a mediated fill-in synthesis, thus antagonising the interaction between
ssDNA and BRCA1 (Mirman et al., 2018). As such, depleting components of the
shieldin complex promotes end-resection (Mirman et al., 2022), offering another
potential mechanism by which the 53BP1 pathway promotes NHEJ. However, recent
studies have shown that 53BP1 promotes DNA end joining even in the absence of

shieldin and CST, suggesting shieldin is not required for HR suppression (King et al.,
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2024). These results highlight that 53BP1 promotes end joining independently of
shieldin and this pathway can function through other downstream effectors in its
absence. Instead, it has been shown that RIF1 recruits protein phosphatase 1 to
DSBs preventing the accumulation of CtIP and limiting DNA end-resection prior to the

action of Shieldin (Isobe et al., 2021).

Upon progression into S phase, BRCA1 antagonises the end-protection activity of
53BP1 by promoting 53BP1 removal, allowing resection to occur. DNA end-resection
suppresses NHEJ due to the lower affinity for the Ku70/80 heterodimer for ssDNA
(Falzon, Fewell and Kuff, 1993). As previously described, CDK-mediated CtIP
phosphorylation at threonine 847 and serine 327 is another key factor initiating end-
resection (Huertas and Jackson, 2009). This can also be mediated through
sumoylation of CtIP at lysine 896 by the E3 ligase CBX4. Subsequently, deletion of
CBX4 impairs CtIP-mediated end-resection (Soria-Bretones et al., 2017). More
recently, the REV7 binding protein CHAMP1 has been shown to promote HR through
recruitment of RPA and CtIP to DSBs to promote DNA end-resection. Furthermore,
CHAMP1 depletion was able to restore sensitivity of 53BP1 depleted cells to PARP
inhibitors, suggesting CHAMP1 counteracts the inhibitory effect of 53BP1 on HR

(Fujita et al., 2022).

1.2.3.3 Epigenetic control

Epigenetic histone modifications have also been shown to play a key role in
regulating the recruitment of BRCA1 and 53BP1 to dictate DSB repair pathway
choice. For example, histone phosphorylation plays a key role in the initiation of the
DNA damage response. Upon DSB induction the ATM signalling kinase

phosphorylates histone H2AX serving as a signal to recruit further DNA repair factors
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to the chromatin. Following on from this, histone ubiquitination acts to recruit 53BP1
to damaged chromatin. Together with ubiquitin-conjugating enzyme E2 13 (UBC13),
the E3 ubiquitin ligases RNF8 and RNF168 catalyse the formation of Lys63-linked
ubiquitin chains on H2AK13 and H2AK15. 53BP1 binds to H2AK15 histone marks via

the ubiquitylation-dependent recruitment (UDR) motif (Fradet-Turcotte et al., 2013).

53BP1 also possesses a tandem Tudor domain which aides its recruitment to the
DSB through binding to Histone 4 di-methylated at lysine 20 (H4K20me2). This
process is highly regulated throughout the cell cycle. During G2 and M phases of the
cell cycle H4K20me1 levels peak, catalysed by KMT5A. Further methylation is then
carried out by KMT5B/C during G1 and S phase to produce H4K20me2 (Pesavento
et al., 2008). In the absence of DNA damage, the Jumoniji D2A/2B (JMJD2A/B)
demethylases, binds H4K20me2 with a higher affinity than 53BP1, however DSB
induction promotes degradation of JMJD2A/B, allowing 53BP1 to bind to H4K20Me2.
As H4K20me2 is only present on mature chromatin, this prevents 53BP1 binding to
nascent DNA during S phase (Simonetta et al., 2018). During S phase, H4K20me2
becomes diluted, meaning nascent chromatin significantly lacks methylation at
H4K20 (H4K20me0) (Saredi et al., 2016). The BRCA1-BARD1 complex preferentially
binds to H4K20meO at this time, ensuring that BRCA1 is recruited to damaged DNA
during replication, allowing initiation of end-resection and promoting repair via HR

(Nakamura et al., 2019).

Histone acetylation also plays a role in mediating 53BP1 binding to H4K20me2.
TIP60 mediated acetylation of H4K16 reduces the affinity of the 53BP1 Tudor domain
for H4K20me, limiting 53BP1 recruitment to the chromatin (Tang et al., 2013). H4K16

acetylation also relies on the methylation of RUVB1 directed by the arginine
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methyltransferase, PRMT5 (Clarke et al., 2017). H4K16 acetylation is subsequently
removed by SIRT1 and 2, as well as the histone deacetylases HDAC1 and HDAC2.
Transient H4K16 deacetylation occurs following DSB induction to facilitate 53BP1

recruitment to DSBs, favouring NHEJ (Gonzalez-Bermudez et al., 2022).

Finally, Neddylation, a post-translation modification involving the conjugation of
ubiquitin-like protein NEDDS to target proteins, is required for the displacement of the
Ku70/80 heterodimer from chromatin to allow DNA repair to occur (Brown et al.,

2015).

1.3 DNA damage and cancer

The DDR has an important role in preventing tumorigenesis. Defects in the DDR
cause cells to accumulate unrepaired DNA damage, which increases the likelihood of
mutations affecting oncogenes and tumour suppressor genes. The physiological
importance of DDR mechanisms in preventing tumorigenesis is highlighted by the
fact that a third of different cancer types harbour somatic mutations affecting DDR-
related genes (Pon and Marra, 2015). Further analysis of somatic DDR gene
alterations highlighted genes related to HR were the most frequently altered in 17.4%
of cancer types (Knijnenburg et al., 2018). To further support these findings Heeke et
al. revealed up to 34% of tumours from a range of cancer types exhibited mutations
in HR genes (Heeke et al., 2018). Notably, mutations in the key HR genes BRCA1
and BRCAZ2 are associated with a 40-80% lifetime risk of breast cancer and 11-40%
lifetime risk of epithelial ovarian cancer (King, Marks and Mandell, 2003). Mutations
in other HR genes including, PALB2, RAD51C, RAD51D, BARD1, BRIP1 and MRE11
are also associated with hereditary breast and ovarian cancer. Furthermore, germline

mutations in the DDR signalling genes ATM and CHEK?Z are observed in around 26%
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and 41% of breast cancers, respectively (Toss et al., 2021). ATM mutations are also
observed in up to 20% of metastatic castrate-resistant prostate cancers (Robinson et
al., 2015). Mutations in PALB2 and RAD51C are also commonly observed in prostate
cancer, as well as pancreatic cancer (Nguyen et al., 2020). Furthermore, mutations in
the BLM helicase are frequently observed in stomach adenocarcinoma and

endometrial cancer (Shi et al., 2024), to name a few examples.

The large contribution of DDR defects to tumorigenesis led to the hypothesis that
these defects could be exploited for anti-cancer therapies. Tumour cell death can be
induced through inhibition of their remaining functional DNA repair capacities utilising
DNA damaging agents through a concept called ‘synthetic lethality.” This concept was
first described in 1946 as an interaction occurring between two genes in which
inactivation of each gene individually as no effect on cell viability, whilst simultaneous
inactivation of the two genes together results in cell death (Dobzhansky, 1946). The
most successful example of the synthetic lethal approach is the use of poly (ADP-

ribose) polymerase (PARP) inhibitors to selectively kill HR-deficient tumours.

1.4 Poly (ADP-ribose) polymerases

Poly (adenosine diphosphate-ribose) (ADP) polymerases (PARP) are a family of
enzymes consisting of 18 members, based on their homology to the founding
member, PARP1(Amé, Spenlehauer and de Murcia, 2004). PARP1, PARP2, PARP5a
and PARP5b possess intrinsic polymerase activity and are thus considered bona fide
PARPs, whilst other members such as PARP3 only have mono (ADP-ribose) (MAR)

transferase activity or are not enzymatically active.
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PARP1, which is responsible for 85% of PARP activity in mammalian cells, consists
of 1014 amino acids with three main functional domains. Namely, three N-terminal
zinc finger domains, which are responsible for binding to damaged DNA, a BRCA1
carbon-terminus (BRCT) auto modification domain, and a C-terminal catalytic domain
responsible for binding NAD™ (Liu et al., 2022) (Fig. 1.4 A). PARP2 shares 60%
sequence homology with PARP1 within the catalytic domain and is capable for
compensating for some of the activity of PARP1. This is highlighted by the fact that
PARP1 knockout mice display a mild phenotype, whereas PARP1/PARP2 double

knockout mice are embryonic lethal (Ménissier de Murcia et al., 2003).

PARP enzymes catalyse a post-translational modification (PTM) called poly ADP-
ribosylation (PARylation), in which negatively charged ADP-ribose groups from
nicotinamide adenine dinucleotide (NAD+) donors are transferred onto the glutamate,
aspartate, lysine and serine residues of target proteins (Leidecker et al., 2016).
Multiple ADP-ribose units are transferred sequentially to form homopolymer poly-

ADP-ribose chains of 200-300 units (Langelier et al., 2018).

Histone PARylation Factor 1 (HPF1) is a key cofactor and regulator of PARP1 and 2
activities, controlling the catalytic output of these enzymes and enabling increased

amino acid specificity. HPF1 is required for modification of serine residues (Bonfiglio
et al., 2017) and increases the mono PARylation (MARYylation) activity of PARP1 and
2. Furthermore, studies have shown that increased HPF1 levels decrease the length

of PAR chains by inhibiting elongation (Langelier et al., 2021).
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Large proteomic screens have identified PARylation occurs on a wide variety of
protein targets to regulate multiple cellular processes (Jungmichel et al., 2013). Key
targets for PARylation include DDR factors involved in SSB repair and BER, such as
XRCC1, PCNA and LIG3. In addition to this PARP proteins influence other pathways
such as NER, MMR and NHEJ as XPC, MSH2 and MSHG6, as well as XRCC5 and
XRCC6 have all been identified in PARylation screens. PARYylation also effects
proteins involved in RNA metabolic pathways. For example, the pre-mRNA splicing
factor THRAPS3 is PARylated in response to oxidative damage (Jungmichel et al.,
2013). Histone proteins including H1 and H2B are also PARylated at multiple sites
following DNA damage, mediating the recruitment of chaperone proteins to remove
histones at DNA lesions (Yang et al., 2020a). PARP1 itself also undergoes

autoPARYylation, this process is critical for PARP1 regulation.

PARYylation is a transient and reversible modification, and its turnover is mediated by
poly (ADP-ribose) glycohydrolase (PARG) and ADP-ribosyl hydrolase 3 (ARH3).
PARG cleaves 2’,1”-O-glycosidic ribose-ribose bonds that link ADP-ribose monomers
of PAR (Fig. 1.4 B), however, PARG is unable to remove the terminal MAR residues
on proteins. ARH3, on the other hand, is responsible for removal of MAR groups on
serine residues, but has significantly lower activity in PAR chain removal compared to

PARG (Abplanalp et al., 2017).

The formation of PAR chains by PARP1 facilitates cellular processes including gene
transcription, cell death and DNA repair by driving local changes in chromatin
structure and recruiting DNA repair effector proteins. In particular, the enzymatic
activity of PARP1 has been implicated in the detection and repair of SSBs through

the BER pathway (Wei and Yu, 2016).
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Figure 1.4- Structure of PARP1 and generation of poly (ADP-ribose).

(A.) Structure of human PARP1 including three N-terminal zinc finger domains

C-
terminal

(Zn1-3) responsible for DNA binding, a BRCA1 C-terminal (BRCT) phosphopeptide
binding motif within the auto modification domain, a WGR motif and a C-terminal

catalytic domain containing the helical domain (HD) and ADP-ribosyl transferase
(ART) subdomains. (B.) PARP1 forms mono ADP-ribose (MAR) and subsequently

branched poly (ADP-ribose) (PAR) chains on acceptor proteins, using nicotinamide

as a donor. PARG subsequently catalyses hydrolysis of PAR to free ADP-ribose

units. Figure created with Biorender. Adapted from (Liu et al., 2022).
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1.4.1 Biological functions of PARPs

1.4.1.1 Single-strand break repair

PARP1 is a key enzyme facilitating the repair of SSBs induced by oxidative base
damage, alkylation and abasic sites via the BER pathway. This is evidenced through
hypersensitivity to alkylating agents and accumulation of BER intermediates upon
PARP inhibition (Caldecott, 2020). PARP1 becomes activated upon binding to SSBs
and abasic sites generated during BER via N-terminal zinc fingers (Schwarz et al.,
2024). PARP1 binding to DNA activates an allosteric signalling cascade where
conformational changes within the catalytic domain leads to the release of an
autoinhibitory interaction between the helical domain (HD) and the catalytic ADP-
ribosyl transferase (ART) domain. This allows NAD+ to access the ART domain to
drive PARYylation. This process breaks down NAD+ to ADP and nicotinamide. ADP
forms long, branching, negatively charged PAR chains on target proteins, as well as
PARP1 itself (Campalans et al., 2013). AutoPARylation activates PARP1, promoting
subsequent PARylation of BER proteins, including APE1, XRCC1, polymerase beta
and LIG3, driving their recruitment to the SSB (Schwarz et al., 2024). Furthermore,
the accumulation of PAR chains creates a spatial barrier around the site of DNA
damage allowing for the recruitment of additional DNA repair proteins. PARylation
also alters to electrostatic properties of target proteins, altering their binding affinity to
further assist the recruitment of additional repair proteins. However, binding of
PARP1 to chromatin is transient and PARP1 autoPARYylation drives the dissociation
of PARP1 from the DNA (Campalans et al., 2013). Evidence suggests that PARP1
and PARP2 are redundant in BER and in the absence of PARP1, PARP2 can

promote SSB repair (Ronson et al., 2018).
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1.4.1.2 Double-strand break repair

PARP1 interacts with and becomes activated by DSBs (Haince et al., 2008),
implicating this enzyme in DSB repair. A specific role for PARP1 in regulating NHEJ
was suggested as PARP1 modifies key DSB repair proteins involved in this process,
including DNA-PKcs (Ruscetti et al., 1998) and Ku (Galande and Kohwi-Shigematsu,
1999). Furthermore, PARP1 recruits CHD2 to trigger chromatin remodelling and
deposition of the histone variant H3.3 at DSBs, driving recruitment of the NHEJ factor

XRCC4 (Luijsterburg et al., 2016).

Despite this, however, PARP1-deficient mice display normal NHEJ activity (Yang et
al., 2004). Instead, PARP3 was shown as the main PARP functioning to promote
classical NHEJ. Rulten et al showed that PARPS3 facilitated NHEJ through promoting
the accumulation of APLF followed by xRCC4-ligase IV at DSBs (Rulten et al., 2011).
PARP1 was instead required for alt-EJ, which is activated in the absence of
functional NHEJ (Yang et al., 2018). More recently, ADP-ribosylation of histone
variant H3B at serine 10 and 28 by PARP/HPF1 was shown to be required for
initiation of NHEJ, promoting the recruitment of Ku70/80 to DSBs (Brustel et al.,

2022).

PARP1 has also been implicated in the repair of DSBs through HR. For example,
PARP1 physically interacts with MRE11 and NBS11 and this interaction is required
for their recruitment to DNA (Haince et al., 2008). Furthermore, PARP1 is required for
the recruitment of BRCA1 to DSBs, as the BRCA1 binding partner, BARD1, binds
PARYylated targets (Li and Yu, 2013). On the other hand, PARylation of BRCA1 may
function to limit HR by facilitating stabilisation of the BRCA1-RAP80 complex (Hu et

al., 2014), suggesting PARP1 has a regulatory role to limit HR levels in cells. To
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further support this Caron et al. showed that loss of PARP1 results in hyper-resection
of DSBs by MRE11, EXO1 and DNAZ2, due to decreased accumulation of the 53BP1

and RIF1 end-protection factors (Caron et al., 2019).

1.4.1.3 Replication fork processing

PARP1 has also been implicated in replication fork (RF) protection by promoting fork
reversal and preventing the formation of DSBs due to fork collapse. During RF
reversal the two nascent strands are annealed to create a four-way chicken foot
structure. Fork restart is mediated by the RECQ1 helicase, which subsequently
reverses the four-way chicken structure into a three-way structure (Berti et al., 2013).
PARylated PARP1 binds to RECQ1 to inhibit its helicase activity, preventing restart at

stalled RFs to allow time for DNA repair to occur.

In addition to this, PARP1 recruits MRE11 to enable restart at stalled forks (Haince et
al., 2008). PAR polymers co-localise with hydroxyurea induced RPA foci, indicating
that PARP1 is activated at stalled RFs. Furthermore, PARP1 was required to
reactivate stalled RFs by recruiting MRE11 to mediate DNA resection, subsequently
allowing for RAD51 loading and recombination mediated repair to promote replication
restart (Bryant et al., 2009). Additionally, both PARP1 and 2 have been shown to be
required to stabilise Rad51 nucleofilaments at damaged RFs by opposing the role of

Fbh1 (Ronson et al., 2018)

1.5 Poly (ADP-ribose) polymerase inhibitors

In 2005, two seminal studies identified that inhibition of PARP1 resulted in decreased
survival of BRCA1/2-deficient cells compared to wild-type cells through synthetic

lethality (Bryant et al., 2005; Farmer et al., 2005). Due to the selectivity of PARP
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inhibition in only the mutant cells, poly (ADP) ribose polymerase inhibitors (PARPI)
were subsequently developed as a tumour cell specific therapy for BRCA1/2-deficient
patients. The first clinically approved PARPI, olaparib, entered clinics in 2015 as a
monotherapy for the maintenance of platinum sensitive, BRCA1/2-mutated high

grade serous ovarian cancer (HGSOC) (Kim et al., 2015).

1.5.1 Molecular mechanisms of PARP inhibition

PARPI are designed to competitively inhibit binding of NAD+ molecules to the
catalytically active site of PARP1. Binding of PARPI to the catalytic domain distorts
PARP1 structure, preventing dissociation of PARP1 from damaged DNA. Although
several theories of the mechanism underlying the anti-cancer action of PARPi have
been proposed, a consensus on the precise mechanisms has yet to be reached (Fig.

1.5).

1.5.1.1 Catalytic inhibition

Due to the essential role of PARP1 in SSB repair, it was first hypothesised that
inhibiting PARP1 activity resulted in the persistence of unrepaired SSBs. Unrepaired
SSBs evolve into one-ended DSBs through increased fork collapse during DNA
replication. DSBs subsequently require repair via the HR pathway, thus proficiency in
HR is required for survival of PARP1-deficient cells. Failure of HR, such as in
BRCA1- or BRCA2-mutated tumours, results in the accumulation of genome

instability, eventually leading to cell death through mitotic catastrophe.

Despite this, researchers have shown that there is no increase in SSBs following
PARPi treatment. For example, Gottipati et al. observed no difference in DNA breaks

in BRCA2-deficient cells following PARPI, as measured by the alkaline comet assay,
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suggesting no overall increase in SSBs (Gottipati et al., 2010). To support this, there
is no increase in the level of SSBs following PARPI treatment in cells depleted of the
essential BER factor, XRCC1 (Strom et al., 2011), suggesting increased PARPI
sensitivity of these cells is via a mechanism independent of SSB repair. Furthermore,
depletion of XRCC1 does not affect cell viability of BRCA-deficient ovarian cancer
cell lines (Patel, Sarkaria and Kaufmann, 2011). This evidence suggests that the
accumulation of SSBs may not be the only mechanism for PARPi induced

cytotoxicity.

Alternatively, PARP1 has been shown to interact with the NHEJ factors Ku70/80
(Galande and Kohwi-Shigematsu, 1999) and DNA-PKc (Gagné et al., 2008). This
suggests that NHEJ could play a role in the cellular response to PARPi. PARPI
treatment induces genomic instability, which is characterised by accumulation of
chromosomal aberrations, including radial structures. Evidence suggests that the
formation of aberrant chromosomes is mediated by NHEJ, as a DNA-PKc inhibitor
alleviated the effects of PARPI on radial structure formation. In further support of this
theory, PARP inhibition resulted in increased DNA-PKc phosphorylation and
subsequent NHEJ and genomic instability in HR-deficient cells (Patel, Sarkaria and
Kaufmann, 2011). This is supported by Mamar et al. who showed DNA-PKc signalling
is significantly upregulated following a combination of ATRi and PARPI treatment in

POLE4-deficient cells, indicative of elevated NHEJ activity (Mamar et al., 2024).

1.5.1.2 PARP trapping

Evidence against the importance of catalytic inhibition in the cellular sensitivity to
PARPI also comes from the fact that different PARPi show various levels of

cytotoxicity, despite similar catalytic inhibition of PARP1 (Table 1.1). For example,

31



veliparib does not induce as significant cell killing in comparison to olaparib, despite a
similar degree of catalytic inhibition of PARP1. Instead, it was show that olaparib has
a greater degree of PARP trapping in comparison to veliparib (Diéras et al., 2024).
These findings suggest that PARPI block the ability of PARP1 to undergo
autoPARYylation, preventing the removal of PARP from the DNA. Trapping of PARP on
the DNA creates a DPC, which prevents progression of the RF. During the S-phase
of the cell cycle these stalled RFs collapse, resulting in DSB formation. In HR-

deficient cells these DSBs are left unrepaired.

Different PARPi compounds vary in their PARP trapping ability; the PARPI talazoparib
is the most effective PARP trapping agent, followed by niraparib, olaparib, rucaparib
then veliparib (Murai et al., 2012) (Table 1.1). For example, Talazoparib is 50 — 100
times more potent in PARP trapping ability in comparison to niraparib, olaparib and
rucaparib (Valabrega et al., 2021). The cytotoxicity of PARP inhibitors is directly
correlated to PARP trapping ability but not catalytic inhibition, as such lower
concentrations of Talazoparib can elicit antitumour cell response compared to other
PARPi compounds (Shen et al., 2013). Furthermore, cellular sensitivity to talazoparib
can be reversed upon mutation of PARP1, reducing its ability to bind DNA,
consequently reducing the PARP trapping effect of PARPI (Pettitt et al., 2018). To
further support the role of PARP trapping as a critical determinant of PARPI
sensitivity, Saha et al. demonstrated that the DPC repair protein, SPRTN, is required
for the repair of PARP-DNA complexes formed in response to PARPIi. Consequently,
SPRTN depleted cells are hypersensitive to PARP inhibition, specifically those with
strong trapping potency such as talazoparib but not the weak PARP trapper veliparib

(Saha et al., 2021).
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Table 1.1- PARP trapping potency of clinical PARP inhibitors.
Catalytic inhibition and PARP trapping potency of clinically approved PARP inhibitors.

Catalytic inhibition was measured as half-maximal inhibitory concentration (ICsg) for

PARP level inhibition in DT40 cells. PARP trapping potency was measured relative to
olaparib. Table adapted from (Bruin et al., 2022).

PARP Catalytic PARP trapping potency
inhibitor inhibition (ICso,
nm

Talazoparib 4 100
Olaparib 6 1
Rucaparib 21 1
Niraparib 60 2
Veliparib 30 <0.02

1.5.1.3 Replication gaps

The modes of action described above highlight DSBs as the sensitising lesions
induced by PARPI treatment. However, more recently, PARPI induced cytotoxicity has
been attributed to the accumulation of ssDNA gaps. It has been shown that PARPI
treatment causes excessive ssDNA gap accumulation behind RFs in BRCA1- or
BRCAZ2-deficient cells, due to the role of PARP1 in Okazaki fragment (OF)
processing (Cong et al., 2021). Additionally, PARPi was shown to increase ssDNA
gaps via PRIMPOL-mediated repriming of stalled forks, resulting in the formation of
ssDNA gaps on the leading strand in BRCA-deficient cells (Simoneau, Xiong and
Zou, 2021). Furthermore, increased PARPI sensitivity following loss of DNA
polymerase epsilon subunit POLE4 was attributed to accumulation of ssDNA gaps.
Subsequently, this PARPI sensitivity could not be rescued by restoring HR through

loss of 53BP1 (Mamar et al., 2024).
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Alternatively, it has been proposed that PARPi can make ssDNA gaps more
persistent due to PARP trapping without directly increasing the number of gaps
present. These gaps persist into mitosis and are subsequently converted into DSBs
during S phase. This leads to cytotoxicity in BRCA-deficient cells which cannot repair
these gap-derived DSBs (Cong et al., 2021). In further support of this mechanism,
BRCA1-deficient cells are unable to protect ssDNA gaps from degradation by
MRE11. Subsequently, MRE11 inhibition has been shown to restore gap filling in

PARPI treated cells (Tirman et al., 2021).

Although, different modes of action for PARPi have been proposed, it is likely that
different models may work together linked by a common underlying mechanism or
multiple mechanisms may act at once to contribute to PARPi-induced cell death. For
example, defects in gap suppression can increase the chances of PARP trapping and
generate more DSBs which cannot be repaired due to HR-defects in BRCA-deficient
cells. Furthermore, it is likely that protection of RFs and ssDNA gaps by BRCA
proteins are mechanistically linked. For example, in the absence of BRCA1/2

reversed forks and ssDNA gaps are both resected by MRE11.
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Figure 1.5- Poly (ADP-ribose) polymerase inhibitor mechanisms of action.

PARRP inhibitor sensitivity can occur due to the accumulation of DSBs, which can
arise from inhibition of PARP enzymatic activity leading to unrepaired single-
strand DNA (ssDNA) breaks or PARP1 trapping and subsequent collision with
an approaching replication fork. Alternatively, inhibition of PARP can result in the

accumulation of post-replicative ssSDNA gaps. Figure created with Biorender.
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1.5.2 Clinical uses of PARP inhibitors

Following on from the original landmark studies demonstrating the utility of PARPi as
an anti-cancer therapy, olaparib was the first PARPI to be granted clinical approval for
the treatment of BRCA1/2 mutated metastatic ovarian cancer (Kim et al., 2015).
Olaparib is now approved in the use of breast (Robson et al., 2017), ovarian (Moore
et al., 2018) and pancreatic cancer (Golan et al., 2019). Additionally, three other
PARP inhibitors: rucaparib, niraparib and talazoparib have gained approval in a range
of clinical indications including ovarian, breast and peritoneal cancer. Furthermore, in
a significant advancement in PARPI therapy olaparib and rucaparib gained approval
for use in metastatic castration-resistant prostate cancer in 2020 (Abida et al., 2020;

de Bono et al., 2020) (Table 1.2).

Next-generation PARPI are constantly in development to identify more specific
inhibitors with reduced side effects. Current PARPI target both PARP1 and PARP2
enzymes and some of the side effects associated with PARPI treatments have been
attributed to its effects on PARP2. AZD5305 is a novel highly selective PARP1
inhibitor, which is 500-fold more selective for PARP1 over PARP2 (llluzzi et al., 2022).
AZD5305 has shown promising clinical activity and safety in patients with BRCA1/2-
mutant advanced HER2-negative breast, ovarian, prostate and pancreatic cancer

(Yap et al., 2022).

More recently, thioparib, a novel PARPi has been shown to be more potent than
olaparib and talazoparib due to its stronger ability for PARP trapping, as well as
inhibition of multiple PARP enzymes, including PARP7. Due to the increased potency
thioparib monotherapy can overcome mechanisms of PARPI resistance such as

53BP1 knockout in HR-deficient cells (Wang et al., 2023) (Table 1.2).
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Table 1.2- Clinical approvals for PARP inhibitors.

List of indications for clinically approved PARP inhibitors. Approvals obtained from

FDA drug approval notifications (FDA, 2023).

PARP inhibitor Clinical approval
Olaparib e First-line maintenance treatment of BRCA-mutated advanced ovarian cancer
e First-line maintenance treatment of advanced ovarian cancer with HR
deficiency in combination with bevacizumab
¢ Maintenance of BRCA-mutated recurrent ovarian cancer

¢ Adjuvant treatment of germline BRCA mutated and HER2-negative high risk
early breast cancer and metastatic breast cancer

e First-line maintenance treatment of germline BRCA mutated metastatic
pancreatic adenocarcinoma

o Treatment of HR gene mutated metastatic castration resistant prostate cancer

¢ Treatment of BRCA mutated metastatic castration resistant prostate cancer in
combination with abiraterone and prednisone or prednisolone

Rucaparib e Maintenance treatment of BRCA mutated recurrent ovarian cancer
o Treatment of BRCA mutated metastatic castration resistant prostate cancer
Niraparib ¢ Maintenance treatment of advanced ovarian cancer after response to platinum-

based chemotherapy

¢ Maintenance treatment of BRCA mutated recurrent ovarian cancer after
response to platinum-based chemotherapy

¢ Treatment of BRCA mutated metastatic castration resistant prostate cancer in
combination with abiraterone and prednisone or prednisolone

Talazoparib e Treatment of BRCA mutated locally advanced or metastatic HER2 negative
breast cancer

o Treatment of HR gene mutated metastatic castration resistant prostate cancer
in combination with enzalutamide

Veliparib e Orphan drug status for non-small cell lung carcinoma

¢ Clinical trials in a variety of cancer types including metastatic melanoma, non-
small cell lung carcinoma and prostate cancer

AZD5305 e Clinical trials in breast, ovarian, pancreatic, and prostate cancer

Thioparib e Pre-clinical development

1.5.3 PARP inhibitors beyond BRCA1

Following the landmark discovery of the specific killing of BRCA1- and BRCA2-
deficient cells with PARPI (Bryant et al., 2005; Farmer et al., 2005), further studies
revealed that many other proteins involved in HR display synthetic lethality with
PARPI. These include other proteins crucial to the HR pathway such as MRE11,

RAD51, PALB2, BARD1, BRIP1, ARID1A and RPA, components of the Fanconi
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anaemia pathway, as well as the key DDR signalling proteins CHK1/2, ATM and ATR
(Turner et al., 2008; McCabe et al., 2006). Therefore, alterations in other HR pathway
genes could provide additional biomarkers of PARPI treatment. Next generation
sequencing analysis of multiple tumour types revealed mutations in genes effecting
the HR pathway are seen in >20 % of tumours, of which mutations in BRCA1/2
genes were the most prevalent (~5%). However, a significant proportion were also
observed in ARID1A (~4 %), ATRX (~ 2 %) and ATM genes (~2 %) (Tsantikidi et al.,
2023), indicating a significant number of patients could benefit from PARPI treatment

beyond those with BRCA mutations.

1.5.3.1 ATM

Ataxia—telangiectasia mutated (ATM) is a serine threonine protein kinase belonging
to the phosphatidyl inositol 3 kinase like (PIKK) family. ATM is a large 370 KDa
protein consisting of 3056 amino acids. The C-terminus of ATM contains a kinase
domain, with significant homology to that of the phosphatidyl inositol 3 kinase (PI3K),
along with the FRAP-ATM-TRRAP (FAT) domain and FAT C-terminal (FATC) domain.
The FAT domain is required for ATM dimerisation and contains an
autophosphorylation site, whilst the FATC domain is required for protein interactions
and full ATM activation. The N-terminus of ATM consists of alpha helical HEAT repeat
motifs, which are required for interaction and recruitment of DNA repair proteins to

sites of DNA damage (Ueno, Sudo and Hirasawa, 2022) (Fig. 1.6).

38



Serine 367 Serine 1893 Serine 1981

v

1 HEAT repeats | 1903 ’ 2612 ] 3024 3056
Leucine zipper NBS1 Autophosphorylation ATM kinase Interaction
ATM dimerisation interaction site domain ‘.”‘”d.
activation
domain

Figure 1.6- Domain structure of ATM.

Schematic of ATM domain structure and associated functions. ATM is a 3056
amino acid protein containing a NLS (nuclear localisation signal), leucine zipper
for ATM dimerisation, NBS1 interaction domain, FRAP-ATM-TRRAP (FAT)
domain (containing an autophosphorylation site), phosphatidyl inositol 3 kinase
domain and a FAT C-terminal (FATC) domain (required for full ATM activation).

P= phosphorylation site. Figure created with Biorender.

As described above, ATM plays a key role in the initiation of the cellular response to
DSB repair through sensing and signalling DNA damage. ATM has a pro-HR role as it
phosphorylates several downstream HR factors including BLM, BRCA1, NBS1, CtIP
and MRE11, signalling their activation. As such, mutations in the ATM gene result in

deficiencies in HR-mediated response to DNA damage.

Mutations in ATM are also associated with the development of a rare autosomal
recessive disorder called Ataxia-Telangiectasia (A-T). A-T is a condition characterised
by cerebellar ataxia, oculocutaneous telangiectasia and frequent pulmonary
infections. A-T cells are also more sensitive to radiation and premature aging and
patients with A-T are also predisposed to cancer development, particularly lymphoid
and breast cancer. The higher risk of cancer susceptibility associated with A-T is
directly due to the homozygous loss-of-function of the ATM gene (Taylor et al., 2015).

High rates of cancer are also reported in patients with heterozygous germline
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variants of ATM (Thompson et al., 2005). Studies have shown that ATM is mutated in
5% of all cancers, including 40% of mantle cell lymphomas, 20% of colorectal cancer
and 10% of prostate and lung cancers (Gao et al., 2013). Comparing the frequency
of ATM mutations to TP53 mutations, a gene frequently mutated in up to 50% all
cancer types, highlights their significant contribution in cancer. For example, ATM
mutations are observed at a similar rate to TP53 mutations in prostate cancer (10%)
(Gesztes et al., 2022) and at much higher rates in mantle cell lymphoma (10%)
(Eskelund et al., 2017). Demonstrating ATM mutations are significant factors in the

development of several different tumour types.

The first evidence that ATM mutated cancers could be candidates for PARPI therapy
came from early studies indicating that ATM defective A-T cell lines displayed PARPI
sensitivity (Bryant, 2006). Subsequent studies have revealed that ATM-deficient
lymphoid (Weston et al., 2010) and gastric (Kubota et al., 2014) tumours exhibit
PARPI sensitivity and depletion of ATM using shRNA in colorectal cancer cell lines
induced sensitivity to olaparib treatment (Wang et al., 2017a). Furthermore, deletion
of ATM in mouse models of lung (Schmitt et al., 2017) and pancreatic cancer

(Perkhofer et al., 2017) also conferred PARPI sensitivity.

In 2016, olaparib gained approval from the FDA for monotherapy treatment of
BRCA1/2- or ATM gene-mutated metastatic castration-resistant prostate cancer
(mCRPC) who had received prior taxane-based chemotherapy. This approval was
given based on the positive results from the TOPARP-A phase Il trial. In this trial 33%
of patients showed homozygous deletions or deleterious mutations in DNA repair

genes, including ATM. Of these DDR mutated patients, 88% showed a response to
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olaparib treatment, including 4/5 patients harbouring ATM aberrations (Mateo et al.,

2015).

Despite the clinical approval and promising pre-clinical results, other studies have
shown more variable sensitivity of ATM-deficient cells to PARP inhibition (Marshall et
al., 2019; Tung et al., 2020; Rafiei et al., 2020; Neeb et al., 2021). For example, the
TOPARP-B trial found only 7 out of 19 patients with ATM aberrations showed
response to olaparib treatment (Mateo et al., 2020). This study highlights that whilst
some ATM mutated cancers respond to PARPI therapy, detection of ATM alterations
alone might not be sufficient to identify sensitivity of tumours. Further investigations
revealed that loss of ATM protein expression by immunohistochemical staining rather
than mutation status, was associated with better outcomes following PARPI. This was
because only a small number of patients with germline ATM mutations showed loss
of ATM protein expression (Carreira et al., 2021). Together these studies highlight
that the synthetic lethality in ATM-deficient cells treated with PARPi depends on
levels of ATM protein expression, as well as cellular background and molecular

events co-occurring with ATM loss.

1.5.4 Resistance to PARP inhibitors

Despite the success that PARPi have demonstrated in the clinic, there is significant
heterogeneity in response to PARPI therapy and a significant number of patients
develop resistance. For example, approximately 40% of metastatic breast cancer
patients harbouring germline BRCA1/2 mutations failed to respond to olaparib
treatment (Robson et al., 2017). Similarly, in a phase three trial investigating olaparib
treatment in newly diagnosed advanced ovarian cancer, 39% of patients showed

disease progression (Moore et al., 2018). Similar observations have been achieved
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with other PARPI. For example, 46.7% of ovarian cancer patients treated with
niraparib also displayed disease progression (Gonzalez-Martin et al., 2019). These
findings emphasise the need to further characterise novel PARPI resistance
mechanisms alongside identifying strategies to overcome resistance. Multiple
mechanisms of PARPI resistance have been described including, increased drug
efflux, altered PARP expression, restoration of HR or replication fork protection,
PARG loss and ssDNA gap suppression. Some of these mechanisms have been
verified as bone fide PARPI resistance mechanisms in patients, whilst the clinical

relevance of other remains to be determined (Fig. 1.7).

1.5.4.1 Increased drug efflux

Increased drug efflux from cells was one of the first identified mechanisms of PARPI
resistance. Upregulation of the multidrug resistance protein (MDR1) encoded by ATP-
binding cassette subfamily B member 1 (ABCB1) gene is associated with
development of multidrug resistance due to its broad drug specificity. Increased
MDR1 expression induces resistance by preventing the accumulation of PARPI drugs
in cells. Upregulation of MDR1 resulting from ABCB1 gene fusions and translocations
have been observed in 8% of chemo-resistant ovarian cancer (Christie et al., 2019).
Resistance to olaparib caused by upregulation of ABCB1 encoded efflux pumps can
be overcome by addition of the p-glycoprotein inhibitor tariquidar (Rottenberg et al.,
2008) or treatment with alternative PARPI, such as pamiparib that cannot be easily
exported by MDR1 (Xiong et al., 2020). Furthermore, increased drug efflux is one of
the few mechanisms of PARPI resistance that has been confirmed in ATM-deficient
cells to date. For example, the ABCB1 locus is amplified in olaparib resistant ATM-

deficient pancreatic ductal adenocarcinoma (PDAC), and gPCR analysis confirmed
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this amplification directly translated to upregulation of MDR1 expression (Gout et al.,

2021).

1.5.4.2 Drug target-related effects

Altered PARP expression is another mechanism of PARPI resistance. PARP
inhibitors induce cell death in HR-deficient tumours by inducing PARP trapping,
therefore if PARP expression is downregulated less PARP trapping can occur. Point
mutations in the DNA binding zinc finger domains of PARP1 were found in olaparib-
resistant ovarian cancer patients which abolished PARP trapping and thus reduced
sensitivity to the PARPI, talazoparib (Pettitt et al., 2018). Furthermore, loss of PAR
glycohydrolase (PARG) which removes PAR chains catalysed by PARP can restore
PARylation to counteract PARPi mediated cytotoxicity. By restoring PARYylation,
PARG loss also increases PARP1 autoPARYylation, resulting in reduced PARP
trapping, conferring PARPI resistance (Gogola et al., 2018). Gogola et al. identified
PARG mutations in patients eligible for PARPI treatment, suggesting this could
represent a pre-existing mechanism of PARPI resistance in patients (Gogola et al.,
2018). Furthermore, PARG loss has been identified as a major mechanism of PARPI
resistance in BRCA2-deficient cells (Bhin et al., 2023). This finding is significant as
BRCAZ2-deficient cells have been shown to have distinct PARPI resistance

mechanisms to BRCA1-deficient cells.

1.5.4.3 Restoration of replication fork protection

In addition to their roles in HR, BRCA1 and BRCAZ2 are required for RF protection.
Deficiency in BRCA1/2 results in uncontrolled RF resection and collapse. Exposed
DNA ends at stalled RFs are susceptible to degradation by nucleases such as

MRE11, CtIP, EXO1 and DNA2, therefore RF protection can also be restored by
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inhibiting the activity of these nucleases. One way this can achieved is through loss
of RF reversal. Fork reversal is mediate by fork remodelers such as SMARCAL1.
Deletion of SMARCAL1 remodels stalled RFs and restores RF stability, whilst
minimising replication stress and decreasing the sensitivity of BRCA1/2 mutant cells
to PARPI (Taglialatela et al., 2017). Additionally, deletion of RF remodelling factors,
such as PTIP and CHD4, prevent MRE11 recruitment to the RF leading to fork
protection and PARPI resistance in BRCA2-deficient cells (Chaudhuri et al., 2016).
Similarly, depletion of RADX, a RAD51 agonist restores fork stability by enhancing
the recruitment of RAD51 to reinstate fork protection and confer PARPI resistance in

BRCAZ2-deficient cells (Dungrawala et al., 2017).

1.5.4.4 Single-strand DNA gap suppression

As described above ssDNA gaps are a key determinant of PARPI sensitivity,
therefore, suppression of gap formation offers a potential mechanism of PARPI
resistance. For example, PARPI resistant ovarian cancer cell lines showed
suppressed ssDNA gap formation, suggesting that decreased gap accumulation can
confer PARPI resistance (Cong et al., 2021). As described above, loss of 53BP1
induces PARRPI resistance through restoring HR in BRCA1-deficient cells.
Alternatively, Cong et al observed that 53BP1 deletion reverses defective OF
processing that causes ssDNA gap formation by engaging a backup lagging strand

ligation pathway mediated by PARP1, XRCC1 and LIG3 (Cong et al., 2021).

Another study showed that depletion of the nucleosome remodelling enzyme CHD4
confers chemotherapy resistance in BRCA2-deficieint PEO1 cells. CHD4 depletion
protected cells from S1 nuclease following HU treatment, indicating that ssDNA gap

suppression resulted in resistance in these cells (Panzarino et al., 2021).
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Furthermore, cellular sensitivity to PARPi can be restored in cells that have
developed resistance by reinstating ssDNA gap accumulation through depletion of
LIG3 required for OF processing (Paes Dias et al., 2021). Together these findings
highlight that mechanisms to restore gap filling or suppress ssDNA gap formation are

important determinants of PARPI resistance.

Despite the evidence that restoration of fork protection and gap suppression may be
the key determinants of PARPI sensitivity, a recent study has suggested that these
factors may not be the principal determinants of PARPI sensitivity (Lim et al., 2024).
In this study the contribution of fork protection, gap suppression and HR to genome
instability and PARPI sensitivity were elucidated using a BRCA2 separation-of-mutant
mouse with functional HR but defective fork protection and accumulation of ssDNA
gaps. The study showed fork-protection- and gap-suppression-deficient mice have
minimal genome instability when compared to HR-deficient mice. Therefore, this
paper concluded that HR-deficiency following loss of BRCAZ2 is the primary

determinant of PARPI sensitivity in this context (Lim et al., 2024).

1.5.4.5 Restoration of homologous recombination

One of the most common mechanisms of PARPI resistance is restoring HR through
mutations that restore functional BRCA1/BRCAZ2. Secondary epigenetic or genetic
events can occur within BRCA-mutated cancer cells to restore the reading frame of
truncation mutants, leading to the expression of wild-type protein or functional BRCA
variants. This is evidenced by the observation that prolonged treatment of BRCA2-
mutant pancreatic cancer cell lines with PARPI resulted in the acquisition of
secondary mutations restoring full length BRCA2 or domains critical for HR function

(Sakai et al., 2008). Reversion mutations in BRCA1 have also been observed in
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patient derived xenograft mouse models of breast cancer. Sequencing of resistant
tumours following prolonged PARPI treatment identified de novo secondary mutations
restoring the BRCA1 open reading frame (ter Brugge et al., 2016). Reversion
mutations have been identified in approximately 20-25% of patients with acquired
PARPI resistance (Domchek, 2017), highlighting this is a clinically relevant

mechanism of PARPI resistance.

HR activity can also be restored in the absence of functional BRCA1 through re-
wiring of the DDR. Multiple studies have highlighted that PARPi sensitivity in BRCA1-
deifciency can be bypassed by concomitant loss of the key NHEJ regulator, 53BP1.
This has been identified in patient derived xenograft models with acquired PARPI
resistance (Cruz et al., 2018), as well as tumour biopsies from PARPi-treated
metastatic BRCA1-associated breast cancer patients (Waks et al., 2020).
Furthermore, staining of 53BP1 in archival tumour biopsies from ovarian cancer
patients who had received PARPI revealed decreased 53BP1 expression was

associated with reduced PARPI sensitivity (Hurley et al., 2019).

53BP1 is an anti-resection factor and regulates the balance between NHEJ and HR.
53BP1 promotes NHEJ through the inhibition of DNA end-resection required for
initiation of HR directed repair. Therefore, loss of 53BP1 facilitates BRCA1-
indpendent DNA end-resection, restoring HR activity, enabling the resolution of
PARPi-induced DSB, and conferring PARPI resistance. BRCA1-deficient mice with
trp53bp1 inactivation had a low incidence of tumour development and near normal
lifespan, highlighting that BRCA1 deficiency can be compensated through loss of
53BP1 (Cao et al., 2009). Loss of 53BP1 can also partially restore HR in BRCA1 null

cells, demonstrating that BRCA1 function is not essential for HR (Bouwman et al.,
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2010; Jaspers et al., 2013). This mechanism is conserved in invertebrates, as
disruption of the pro-NHEJ factor DNA-PKc can reactivate HR and confer PARPI

resistance in EXO1-deficient cells (Kolb, Gunn and Lakin, 2017).

Furthermore, loss of 53BP1 has also been identified as a mechanism of PARPI
resistance in ATM-deficient breast cancer cells (Hong et al., 2016), highlighting this
PARPI resistance mechanism could apply across multiple types of HR defects and
cancer types. This is one of the only examples of PARPI resistance in ATM-deficiency

investigated to date.

More recent studies have identified that the inactivation of downstream effectors of
the 53BP1 pathway, including RIF1 and REV7 and the newly identified 53BP1
effector complex, shieldin is also associated with PARPI resistance via this
mechanism of HR restoration (Chapman et al., 2013; Xu et al., 2015; Dev et al.,
2018). Reduced mRNA expression of the SHLD1 and SHLD2 shieldin complex
components have been identified in PARPI resistant patient-derived xenografts (Dev
et al., 2018), indicating this could be a clinically relevant PARPI resistance
mechanism. Despite this, loss of 53BP1 is unable to restore HR activity and thus
confer PARPI resistance in the absence of BRCA2. For example, Bouwman et al.
found that proliferation of mouse embryonic fibroblasts could be rescued by 53BP1
depletion in BRCA1- but not BRCA2- knockout cells (Bouwman et al., 2010). It is
thought that the DNA resection induced by 53BP1-knockout is sufficient to stimulate
residual BRCA1-independent RAD51 foci formation to enable HR mediated repair.
However, this loading is BRCA2-dependent, thus 53BP1 loss cannot rescue this
effect in BRCA2-deficient cells (Nacson et al., 2018). This is further supported by the

findings that BRCA2-deficient mouse mammary tumours displaying PARPI resistance
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are incapable of forming IR-RADS51-foci, indicating HR cannot be restored in this

context (Bhin et al., 2023).

1.5.4.6 Epigenetic resistance mechanisms

Epigenetic modifications have been shown to be important to PARPI resistance. For
example, some patients can lose BRCA1 function through epigenetic silencing
caused by hypermethylation of CpG sites close to the promoter region (Veeck et al.,
2010; Esteller et al., 2000). Loss of BRCA1 promoter hypermethylation has the
potential to restore BRCA1 function and induce PARPI resistance. This was
demonstrated using the demethylating agent 5-azacytidine which reversed PARPI
sensitivity in BRCA1-methylated breast cancer cell lines (Veeck et al., 2010).
Furthermore, in a study investigating BRCA1-methylated patient-derived xenograft
models, >50% of PARPI resistant tumours were shown to have BRCA1 promoter
demethylation (ter Brugge et al., 2016). Alternatively, BRCA1 function can be
restored and resistance cells can arise from de novo gene fusions which place
BRCA1 under transcriptional control of a heterologous promoter (ter Brugge et al.,

2016).

Epigenetic histone modifications have also been implicated in mechanisms of PARPI
resistance. Enhancer of zeste homolog 2 (EZH2) is a chromatin modifier responsible
for tri-methylation of histone H3 at lysine 27 (H3K27me3). EZH2-mediated
H3K27me3 at stalled RFs promotes the recruitment of the MUS81 endonuclease to
promote fork degradation. Thereby, it was shown that loss of EZH2 prevented
MUS81 recruitment following PARPI treatment in BRCA2-deficient cells,
consequently preventing fork degradation and conferring PARPI resistance

(Rondinelli et al., 2017).
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Furthermore, euchromatic histone-lysine N-methyltransferase 1 and 2 (EHMT1/2),
which catalyses the mono- and di-methylation of histone H3 and lysine 9
(H3K9me/me2) is upregulated in PARPi-resistant HGSOC patients. Double
knockdown or inhibition of EHMT1/2 in these resistant cells significantly increased
their sensitivity to olaparib treatment through diminishing DSB repair. These findings

were also confirmed in a patient-derived xenograft model (Watson et al., 2019).

To further highlight the important contribution of the epigenetic landscape to PARPI
resistance mechanisms, our lab has recently identified loss of the histone lysine
methyltransferase SETD1A confers PARPI resistance in BRCA1-deficient cells

(Bayley et al., 2022). This will be discussed in further detail below.
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Figure 1.7- Mechanisms of resistance to poly (ADP-ribose) polymerase
inhibitors.

Resistance is a key barrier to the success of PARP inhibitors in the clinic. PARPI
resistance mechanisms can be split into five broad categories: increased drug
efflux, drug target effects, single strand DNA gap suppression, restoration of
replication fork protection and restoration of homologous recombination activity.

Figure created with Biorender.
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1.6 Histone lysine methylation

The N-terminal tails of histone proteins undergo extensive post-translational
modifications on arginine and lysine residues, including phosphorylation, methylation,
ubiquitination, and acetylation. Histone modifications are key epigenetic features that
regulate many cellular processes through altering the charge density between
histones and DNA, to impact chromatin structure and function and recruit non-histone
proteins. As the focus of my thesis is the lysine methyltransferase SETD1A, this

section will focus on histone lysine methylation.

Histone lysine methylation is catalysed by lysine methyltransferases (KMTs), which
add methyl groups to lysine residues within histone tails using S-adenosyl-L-
methionine as a methyl donor. Lysine methylation can exist in three states: mono
(me1)-, di (me2)- and tri-methylation (me3). The addition of methyl groups does not
modify the positive charge of the lysine side chains and only causes a small change
in mass. However, lysine methylation alters the hydrogen binding potential of the
methyl-lysine, which increases hydrophobicity and decreases the ability to donate
hydrogen bonds. This increases incrementally as methylation state increases.
Therefore, histone lysine methylation exerts its effects through effector molecules
that specifically recognise and bind the methylated sites. Methyl binding proteins
display methylation state specific recruitment and possess domains which read
methylated lysine residues. These domains include bromo, MBT, PHD and PWWP
motifs, Tudor domains, chromodomains and double chromodomains. Each methyl

state recruits distinct downstream effectors containing specific reader domains.
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1.6.1 H3K4 methylation

Both histones H3 and H4 can be methylated at various lysine residues. This thesis
will specifically focus of methylation of histone H3 at lysine 4 (H3K4) due to its
association with SETD1A. H3K4 methylation in humans in mainly catalysed by the
highly conserved KMT2 family of lysine methyltransferases: KMT2A/ mixed-lineage
leukaemia (MLL) 1, KMT2B/ MLL2, KMT2C/ MLL3, KMT2D/ MLL4, KMT2F/ SETD1A
and KMT2G/ SETD1B (Fig. 1.8). Members of the KMT2 family exist in large,
multisubunit complexes. Some of these interacting partners: WDR5, ASH2L, DPY30
and RBBP5 are common to all KMT2 family members. These common partners
associate with the SET domain of KMT2s and are required for their H3K4
methyltransferase activity, as well as maintaining the integrity and stability of the

complex.

Despite identical target sites KMT2 methyltransferases have non-redundant
functions, highlighted by differing expression patterns, recruitment to different gene
targets, distinct non-histone targets and differential phenotypes observed upon
depletion in mice. This can be attributed to unique interacting proteins for each
enzyme. Furthermore, as described above different KMT2 enzymes are capable of
catalysing different methylation states. For example, SETD1A and its paralogue
SETD1B are responsible for catalysing the majority of H3K4me3 in mammalian cells,
whereas MLL1 and MLL2 can catalyse H3K4me1 and H3K4me2, but have low

H3K4me3 activity and MLL3 and MLL4 are responsible for the majority of H3K4me1.

A second family of KMTs known as SET and MYND (myeloid-nervy-DEAF1) (SMYD)
containing SMYD1, SMYD2 and SMYD3 also show H3K4me activity in addition to

methylation at other histone residues (Spellmon et al., 2015). Furthermore, KMT7
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monomethylates H3K4 in addition to a wide range of non-histone proteins (Nishioka

et al., 2002).
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Figure 1.8- The KMT2 family.

Schematic representation of domain structures for each of the KMT2
histone lysine methyltransferases. aa (Amino acids); AT-hook (adenosine-
thymidine-hook); CXXC (Zinc finger-CXXC domain); HMG (high mobility
group); N-SET (N-terminal of SET); PHD (plant homeodomain); Post-SET,
(C-terminal of SET); RRM (RNA recognition motif); SET (Su(var)3-9,
Enhancer-of-zeste and Trithorax). Figure created with Biorender. Adapted
from (Rao and Dou, 2015).
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Lysine methylation is dynamic and reversible and can be subsequently removed by
lysine demethylases (KDMs). Humans have six KDMs: KDM1A, KDM1B, KDM5A,
KDM5B, KDM5C and KDM5D. The KDM1 family removes methyl groups from
H3K4me1 and H3K4me2 only, whilst the KDM5 family can remove all three
methylation states. As for KMTs, KDMs preferentially act at specific genomic

locations (Hyun et al., 2017).

1.7 SETD1A

1.7.1 Structure

SETD1A is the main KMT2 family methyltransferase expressed in human cells. It is
comprised of 1707 amino acids, with three distinct functional domains: the SET
domain, containing the catalytic subunit responsible for the methyltransferase activity,
the N-terminal RNA interaction motif (RRM), and the C-terminal N-SET domain (Rao
and Dou, 2015) (Fig. 1.9). The lysine methyltransferase activity of SETD1A is
dependent upon the physical interactions between SETD1A and its associated
interacting partners in a large multiunit complex known as the COMPASS complex.
Some of these, as described above are common to all KMT2 family members, while
other interacting proteins: CFP1, WDR82, and HCF1, are specific to the SETD1A
COMPASS complex and dictate the functional specificity of SETD1A by recruiting it to
distinct regions of the genome. CFP1 is responsible for recruiting SETD1A to
promoter regions of the genome via binding to unmethylated CpG motifs through its
CXXC DNA-binding domain to facilitate transcriptional activation. WDR82 binds
phosphorylated RNA polymerase Il to recruit SETD1A for transcription initiation (Lee
and Skalnik, 2005; Dou et al., 2006). Furthermore, SETD1A induces histone

methylation and transcriptional activation at E2F-responsive promoters via interaction
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with HCF1. Lastly, BOD1L has been identified as a novel co-factor of SETD1A which
is required for H3K4me3 and has been implicated in the protection of RFs (Higgs et

al., 2018), as well as NHEJ-mediated DSB repair (Bayley et al., 2022) (Fig. 1.9).

SETD1A and SETD1B share a high degree of homology within the RRM domain and
C-terminal SET domain. However, the middle part of these paralogous proteins is
less conserved, containing binding sites for enzyme specific interacting partners.
SETD1A specifically interacts with HCF1 and BOD1L, whereas, SETD1B forms a
specific complex with RBM15 and BOD1 (Porter et al., 2013). SETD1A and SETD1B
also have different localisation patterns. For example, the localisation of SETD1A
within the nucleus does not overlap with SETD1B (Lee et al., 2007). Additionally,
SETD1B expression has been detected in the cytoplasm (Weerts et al., 2021; Wang
et al., 2017b). Owing to these differences SETD1A and SETD1B have non-redundant
functions, are recruited to different target sites, and regulate unique sets of genes,

meaning in many instances loss of SETD1A cannot be rescued by SETD1B.
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Figure 1.9- The structure and function of the SETD1A COMPASS complex.

SETD1A forms part of the COMPASS complex associating with WDR5, RbBP5,
ASH2L, DPY30, CPF1 and WDR82. Furthermore, SETD1A specifically
associates with BOD1L and HCF1. It was also identified that SETD1A interacts
with cyclin K via the newly identified FLOS domain. Together this complex
mediates the mono-, di- or tri-methylation of histone H3 at Lysine 4 to regulate
cellular processes including DNA damage repair, transcription and replication.

Figure created with Biorender.
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1.7.2 SETD1A-dependent H3K4 methylation

SETD1A deposits H3K4me3 at specific genomic regions through sequence specific
binding factors, association with transcriptional machinery and chromatin through
histone modifications, and recruitment by RNA. For example, SETD1A-mediated
H3K4 methylation is dependent on presence of the E3 ubiquitin protein ligase RNF20
dependent mono ubiquitination of H2B at Isyine123. In the absence of H2B
ubiquitination an arginine rich motif present within the N-SET domain inhibits contact
between the SET domain and the H3 tail to prevent methylation. Upon H2B
ubiquitination this motif undergoes a conformational change allowing the SET domain
to contact H3K4 (Hsu et al., 2019). Conversely, H3R2 methylation performed by
PRMTG6 interferes with WDRS5 binding to the H3 histone tail, preventing H3K4me3
(Hyllus et al., 2007). H3K4me3 is also inversely correlated with H3K27me3, which
inhibits the interaction of H3 with WDR5 and RBBP5. Consequently, H3K27
demethylation is a prerequisite for H3K4me3 (Kim et al., 2013). The combination of
these mechanisms works to specifically recruit SETD1A to the genome with different
mechanisms working at different target genes to have functional consequences on a

range of biological processes (Ruthenburg, Allis and Wysocka, 2007).

1.7.3 Biological function of SETD1A-dependent H3K4 methylation

1.7.3.1 Transcription

H3K4me3 is most well known as a marker of genomic regions undergoing active
transcription. There is a correlation between the degree of H3K4me at specific
genomic loci and gene expression levels. For example, H3K4me3 is associated with
transcription start sites (TSS) and active promoter regions, whereas H3K4-me1 and -

me2 are associated with enhancers and sites further within the gene body,
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respectively. H3K4 methylation regulates transcription by recruiting chromatin
remodelling and histone modifying enzymes to modulate the chromatin structure. For
example, H3K4me3 facilitates the binding of the general transcription factor TAF3, a

component of the RNA polymerase Il preinitiation complex, at promoters.

SETD1A contributes to transcriptional activation through mediating H3K4me3, which
is enriched at the TSSs and promoter regions, altering the chromatin state
surrounding actively transcribed genes. Chromatin remodelling factors such as the
NURF complex recognises H3K4me3 marks and create nucleosome free regions at
the promoters, allowing for the recruitment of transcription factors (Wysocka et al.,
2006). This was demonstrated in a study by Li et al. who observed that loss of
SETD1A resulted in decreased transcription of erythroid genes. This was due to
reduced levels of H3K4me3, subsequently decreasing the recruitment of NURF to

chromatin, preventing chromatin accessibility at erythroid promoters (Li et al., 2016).

Multiple studies have highlighted the key role of SETD1A in regulating gene
expression in various cancer types. For example, SETD1A regulates the transcription
of cell cycle related genes such as FOXM1 in prostate cancer cells via binding to the
E2F1 transcription factor. Suggesting that SETD1A drives cell proliferation and
migration in mCRPC (Yang et al., 2020b). Furthermore, SETD1A and its associated
H3K4me3 have been identified as upregulated in human colorectal cancer cells and
SETD1A knockdown resulted in altered expression of Wnt/B-catenin target genes.
SETD1A mediates expression of genes in this pathway by being recruited to
promoters of Wnt signalling genes though interaction with 3-catenin. The role of
SETD1A in gene expression was shown to be directly mediated through H3K4me3,

as SETD1A knockdown in colorectal cancer cell lines significantly decreased the
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enrichment of H3K4me3 at TSS of Wnt/B-catenin target genes, including MYC and

TWIST2 (Salz et al., 2014).

SETD1A is also a key regulator of gene expression in haemopoietic stem cells
(HSCs). Transcriptomic profiling of SETD1A deleted cells revealed differential
expression of genes related to DNA repair and stress response pathways.
Furthermore, cells lacking SETD1A accumulated DNA breaks and failed to repair
replicative stress, suggesting SETD1A coordinates the DNA damage response in

HSCs (Arndt et al., 2018).

In addition to regulating gene expression through H3K4 methylation, the non-
enzymatic FLOS domain of SETD1A has also been shown to regulate gene
expression in leukaemia cells. In this study they showed that the newly identified
FLOS domain interacts with cyclin K to control expression of DNA damage response
genes during S phase of the cell cycle (Hoshii et al., 2018). This study highlights that
SETD1A modulates gene expression via multiple mechanisms including both

enzymatic and non-enzymatic functions.

1.7.3.2 Development

SETD1A plays a significant role in early embryonic development. This is highlighted
by the fact that SETD1A deletion during early mouse embryonic development results
in embryonic lethality at embryonic day 7.5. Furthermore, SETD1A is required for
embryonic stem cell (ESC) viability, as ESCs cannot be derived in blastocysts with
conditional SETD1A depletion. The same study found that SETD1A has unique roles
in development in comparison to its paralogue SETD1B. SETD1B was shown to play

a role in later stages of embryonic development and SETD1B knockout had no effect
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on ESC survival. Furthermore, overexpression of SETD1B is unable to rescue the
ESC defects following SETD1A knockout. Beyond embryonic development SETD1A
was also shown to be required for the survival of adult mice with mice which died
within 3 weeks of SETD1A knockout, highlighting the essential role for SETD1A

mammalian development (Bledau et al., 2014).

1.7.3.3 Haematopoiesis

SETD1A is also essential for the development of the hematopoietic system. The
generation of haematopoietic stem and progenitor cells (HSPCs), which give rise to
all blood lineages in adult organisms, is compromised in absence of SETD1A. For
example, SETD1A deletion in mice resulted in the absence of definitive HSPCs
during foetal development (Arndt et al., 2018). Furthermore, global loss of SETD1A in
adult mice results in a significant reduction in erythroid progenitor cells, suggesting a

role for SETD1A in erythropoiesis (Li et al., 2016).

1.7.3.4 DNA damage repair

H3K4 methylation mediates DNA damage repair through control of chromatin
configuration to allow access of repair proteins to the DNA, furthermore methylated
proteins act as docking sites for the recruitment of HR and NHEJ proteins (Wei et al.,
2018). Several studies have identified that SETD1A plays multiple, diverse roles
within the DDR and disruption of SETD1A expression effects the ability of cells to
recover from DNA damage. For example, upon depletion of SETD1A in HSCPs the
transcription of genes associated with BER, NER, HR and NHEJ were significantly
reduced. Furthermore, loss of SETD1A resulted in accumulation of DSBs after IR and
a delay in repair kinetics, indicating an important role for SETD1A in the DDR (Arndt

et al., 2018). Hoshii et al. also found by chromatin immunoprecipitation-sequencing
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that SETD1A is enriched at genes associated with the DDR, including FANCD2,
MLH1 and ATR in a mouse model of acute myeloid leukaemia (Hoshii et al., 2022).
The same group also found that a newly identified domain of SETD1A called the
FLOS domain regulated the transcription of DDR genes, including FANCD2, through
mechanisms relying on the interaction between SETD1A with cyclin K. (Hoshii et al.,

2018).

A less well-established role for SETD1A in the DDR is through its association with the
E3 ubiquitin ligase enzyme RAD18 (Alsulami et al., 2019), which is responsible for
ubiquitinating PCNA at lysine 164 in response to DNA damage (Geng, Huntoon and
Karnitz, 2010). As well as a physical interaction with RAD18, this study also revealed
that knockdown of SETD1A could abolish the ubiquitination of PCNA following
mitomycin C induced DNA damage, indicating a potential role for SETD1A in the
maintenance of genome instability in response to replication stress (Alsulami et al.,

2019). However, further investigation is needed to verify this interaction.

SETD1A-dependent H3K4 methylation also plays a key role in promoting genomic
stability by preventing DNA damage at stalled RFs. In cooperation with its co-factor
BOD1L, SETD1A methylates H3K4 at stalled RFs, facilitating the FANCD2 mediated
mobilisation of histones to promote RAD51-dependent fork protection. Methylated
H3K4 at reversed RFs stabilises RAD51 and controls access of the chromatin
remodelling factor CHD4 to reversed forks, protecting nascent DNA from uncontrolled

resection by DNA2 (Higgs et al., 2018).

Having identified the crucial role of SETD1A as an anti-resection factor during

replication stress, the Higgs lab hypothesised that SETD1A may also act as a global
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anti-resection factor at DSBs to promote NHEJ. This is also in keeping with findings
in yeast showing that cells that cannot undergo H3K4me3 display a defect in DSB by

NHEJ (Faucher and Wellinger, 2010).

As described above the 53BP1-RIF1-shieldin pathway is a critical determinant of
DNA end-protection counteracting end-resection at DSBs by BRCA1. Loss of
members of this pathway results in unstrained end-resection in G1 cells and impaired
NHEJ. SETD1A, along with its co-factor BOD1L is required to recruit RIF1 to DSBs to
enable efficient repair. Cells depleted of SETD1A, BOD1L or RIF1 also had an
increased number of DSBs undergoing resection, as measured by native IdU foci,
suggesting these factors act together to suppress inappropriate DNA resection at
DSBs. This data suggested that SETD1A may act in concert with RIF1 and the
53BP1 pathway as a pro-NHEJ factor. This hypothesis was confirmed as depletion of
SETD1A suppressed the fusion of dysfunctional telomeres in the absence of the
shelterin subunit TRF2 (Bayley et al., 2022). Bayley et al. then went on to show that
the SETD1A-dependent recruitment of RIF1 to facilitate NHEJ was reliant on the
H3K4 methyltransferase activity of SETD1A, as perturbation of H3K4 inhibited RIF1
foci formation following IR. In conclusion, this paper showed that SETD1A-dependent
H3K4me3 facilitates the recruitment of RIF1 to DSBs, inhibiting DNA end-resection
and promoting NHEJ through facilitation of the RIF1-53BP1-Sheildin pathway (Bayley

et al., 2022).

1.7.4 SETD1A in disease

1.7.4.1 Cancer

Unsurprisingly, due to the critical role of SETD1A in the DDR, ectopic expression of

SETD1A is associated with a variety of human diseases, including the development
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of human cancers. SETD1A mutations are most prevalent in large intestine, lung and
endometrial cancers, with 15.6% of mutations occurring in the catalytic SET domain

(Rao and Dou, 2015).

Amplification or mutations of SETD7A and increased mRNA expression have been
identified in non-small cell lung carcinoma (NSCLC) and are associated with poor
survival in these patients (Du et al., 2021). Increased SETD1A has been shown to
drive epithelial-mesenchymal transition (EMT) and enhanced DNA replication. These
effects are achieved through elevated H3K4me3 upstream of oncogenes critical for

lung tumour growth including CDC7 and TOP1 (Kang et al., 2021b).

Other studies have found links between SETD1A and breast cancer. With 45% of
breast cancers harbouring gain in copy number of SETD1A, and another 6.8%
harbouring loss of copy number. Elevated SETD1A expression is associated with
increased H3K4me3-mediated activation of genes linked to proliferation and invasion
of breast cancer, including matrix metalloproteases, Six1 and cyclin A, promoting

metastatic behaviour (Salz et al., 2015).

Increased levels of SETD1A are also associated with lower overall survival in gastric
cancer (Wu et al., 2020). Elevated SETD1A drives tumorigenesis and gastric cancer
progression through upregulation of HIF1a target genes, enhancing glycolysis. The
same group have also shown that SETD1A contributes to gastric cancer cell
migration, invasion and metastasis by inducing EMT through epigenetic

reprogramming of the Snail transcription factor (Wu et al., 2021).
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1.7.4.2 Neurological defects

SETD1A is highly expressed in the adult mouse brain, specifically within the
neocortex, indicating a potential role for SETD1A in neurodevelopment. This was
confirmed in mice with SETD1A haploinsufficiency, which showed defects in the
development of murine cortical axons, dendrites, and spines, resulting in significant
cognitive defects. Reestablishing the expression of SETD1A in adult mice
subsequently reversed these cognitive defects (Mukai et al., 2019). This is further
supported by Cameron et al. who showed SETD1A knockdown in human neural cell
lines resulted in widespread changes in gene expression, particularly in genes

involved in neurodevelopment, such as DCX and DLX5 (Cameron et al., 2019).

As such, loss of function variants (LoF) in SETD1A have been identified in
schizophrenia and other neurodevelopmental phenotypes (Singh et al., 2016;
Kummeling et al., 2020; Cameron et al., 2019). These patients displayed increased
DDR activation following high dose hydroxyurea and severe nascent DNA
degradation upon DNA damage induction, highlighting SETD1A-dependent DNA
damage repair is defective in these cells (Kummeling et al., 2020). Furthermore, a
large-scale study conducted by Singh et al. identified LoF variants in SETD1A in
patients with schizophrenia. Greater than 40% of these variants were a two-base
deletion at the splice acceptor of exon 16, located upstream of the catalytic SET
domain (Singh et al., 2016), highlighting SETD1A as a candidate gene in

schizophrenia.

1.7.5 SETD1A and PARPiI resistance

As previously described, loss of pro-NHEJ factors such as 53BP1, RIF1 or REV7-

shieldin confers resistance to PARPI by restoring HR. In accordance with the role of
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SETD1A in regulating RIF1-dependent NHEJ and inhibiting DNA end-resection,
further data from my lab also revealed that depletion of SETD1A attenuates the
sensitivity of BRCA1-deficient cells to PARPI treatment, suggesting loss of SETD1A
may offer a novel PARPI resistance mechanism. Furthermore, it was shown that cells
deficient for both BRCA1 and SETD1A were able to recruit RAD51 to chromatin
following PARPI, at least partially restoring functional HR (Bayley et al., 2022). These
phenotypes were also observed in cells with perturbed H3K4 methylation, either
through mutation or overexpression of the KDM5A lysine demethylase, suggesting
that PARPI resistance in BRCA1-deficient cells is driven by epigenetic modifications
(Bayley et al., 2022) (Fig. 1.10). These observations suggest that loss of SETD1A or
associated H3K4me3 may provide a novel epigenetic mechanism of PARPI
resistance in BRCA1-deficient cells by restoring HR, in a similar manner to loss of

53BP1, RIF1 or components of the shieldin complex.

A key area of outstanding research is to establish whether PARPI resistance induced
by loss of SETD1A provides a general mechanism of resistance that can be applied
to wider HR-deficient contexts. As discussed above, there is growing evidence that
the efficacy of PARPi extends beyond BRCA1-deficiency to include ATM-deficient
tumours. Despite this, the variable response of ATM-deficient tumours to PARPI in
clinical trials highlights an urgent need to better understand mechanisms of PARPI
resistance applicable to this genetic context. Therefore, in this thesis | ask whether
SETD1A-induced PARRPI resistance is specific to BRCA1-deficiency or whether it can

also apply to ATM-deficient contexts.
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Figure 1.10- SETD1A facilitates RIF1-dependent non-homologous end joining
driving PARPi resistance in BRCA1-deficient cells.

(Top) In G1 cells 53BP1 is recruited to sites of DSBs by binding to pre-existing
H4K20me2 and H2AK15Ub. SETD1A and its co-factor BOD1L catalyse H3K4me to
stabilise the recruitment of RIF1. This suppresses BRCA1-dependent resection and
promotes NHEJ. In BRCA1-deficient cells, DNA end-resection and RAD51 loading
are inhibited. Therefore, DNA damage cannot be repaired by homologous
recombination (HR), resulting in sensitivity to PARP inhibition. (Bottom) In the
absence of SETD1A, H3K4me levels are reduced and RIF1 recruitment is
destabilised, leading to inappropriate resection of DSBs. In BRCA1-deficient cells
loss of SETD1A patrtially restores HR, conferring cell survival and resistance to
PARP inhibition. Figure created with Biorender. Adapted from (Bayley et al., 2022).
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1.8 Hypothesis and aims

Hypothesis: SETD1A-dependent H3K4 methylation dictates PARP inhibitor
sensitivity in BRCA1- and ATM-deficient cancers through restoring homologous

recombination.

Aims:

The first aim of this thesis, explored in chapter three, is to establish whether loss of
SETD1A provides a general mechanism of PARPI resistance that can be applied to
ATM-deficient contexts. To this end | used ATM-depleted Hela cells and assessed
effects of SETD1A depletion on PARPI sensitivity and DDR kinetics using clonogenic

survival assays and immunofluorescent microscopy techniques, respectively.

As discussed in chapter four, | then utilised BRCA1- and ATM-mutated cancer cell
lines, along with survival analysis of HR-deficient cancers from cancer genomic
databases to begin to establish the relevance of loss of SETD1A as a PARPI

resistance mechanism in HR-deficient cancers.

In chapter five | then aimed to validate loss of SETD1A as a mechanism of PARPI

resistance in an inducible CRISPR/Cas9 system.

Finally, in chapter six, | employed transcriptomic approaches such as RNA
sequencing and gPCR to identify genes regulated by SETD1A in BRCA1- and ATM-
deficient backgrounds. | then investigated the functional relevance of candidate

genes in mediating PARPI resistance.
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2. CHAPTER 2: MATERIALS AND METHODS

All chemicals were from Sigma-Aldrich, all cell culture reagents were from Gibco/Life

technologies and all plasticware was from Corning, unless otherwise stated.

2.1 Mammalian cell culture

All cell lines were from ATCC, unless otherwise stated. HeLa, HeLa-H3-GFP (WT and
K4A) (Higgs et al., 2018; Sato et al., 2012), A549 and MCF7 cell lines were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM, 41966029) supplemented with foetal
calf serum (FCS, 10270106) (10 % v/v) and penicillin-streptomycin (15140122) (1 %
v/v). SKOV3 and U-2-OS Flp-In T-Rex cells (Stephen Taylor, University of
Manchester) were cultured in McCoy’s 5A media (26600023) supplemented with FCS
(10 % v/v) and penicillin-streptomycin (1 % v/v). HCC1937 and H1395 cells (both
from CLS Cell Lines Service) were cultured in RPMI-1640 (21875-034)
supplemented with FCS (10 % v/v) and penicillin-streptomycin (1 % v/v). UWB1.289
cells were cultured in RPMI-1640, with 50 % Mammary Epithelial Cell Growth
Medium (CC-3150, Clonetics™, Lonza) supplemented with FCS (3 % v/v). A Hela
Kyoto cell line expressing inducible Cas9 (HeLa Kyoto iCas9) (Simon Boulton) was
transduced with lentivirus made from pLentiGuide-Puro modified to contain a sgRNA
targeting human SETD1A (gRNA #4 AGAGCCATCGGAAATTTCCG, gRNA #5
CGTATGCTCTATATGCACAG or gRNA #7 TATGTGCCGTAAGTACGGTG). HelLa
Kyoto iCas9 cells were cultured in DMEM supplemented with tetracycline-free FCS
(10 % v/v), penicillin-streptomycin (1 % v/v), and 0.5 pg/ml Puromycin (A11138-03).
Where appropriate, Cas9 expression was induced with 1 ug/ml of doxycycline
(14422, Cayman Chemical) for 48 hours. All cell lines were maintained at 37 °C and

5 % COo.
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2.2 Creation of inducible U-2-OS Flp-In cells expressing FLAG-RBBP2

Tetracycline-inducible U-2-OS Flp-In cell lines expressing FLAG-RBBP2 or FLAG-
RBBP2-H438A were generated according to the manufacturer’s protocols (Thermo
Fisher Scientific). Briefly, the parental U-2-OS Flp-In T-REXx cell line was transfected
with pOG44 Flp-recombinase expression vector and either pCDNAS-FRT-T/O-FLAG-
RBBP2 or pPCDNA5-FRT-T/O-FLAG-RBBP2-H438A at a 9:1 ratio using FUGENE®
transfection reagent (Promega). Cells were selected in McCoys5A cell culture media
with tetracycline-free FCS (10 % v/v), penicillin-streptomycin (1 % v/v) and 100 pg/ml
hygromycin for 10 days. To induce expression of the protein of interest, cells were
grown in McCoys5A cell culture media with tetracycline-free FCS (10 % v/v),
penicillin-streptomycin (1 % v/v) and 100 pg/ml hygromycin for 3 days, then fresh

media containing 1 ug/ml doxycycline for 48 hours. Untransfected U-2-OS Flp-In T-

REX cells were used as a parental control.

2.3 siRNA transfection

Cells were seeded at a density of 5 x 10° cells per 6 cm dish one day prior to
transfection. Cells were then transfected with ON-TARGETplus siRNAs (Dharmacon)
(Table 2.1) at a final concentration of 100 nM in pre-warmed Opti-MEM (11058021,
Gibco) and Oligofectamine transfection reagent (12251011, Invitrogen), according to
the manufacturer’s instructions. Transfected cells were rescued ~18 hours post
transfection by the addition of complete growth medium supplemented with FCS or

tetracycline free FCS (20 % v/v) without penicillin-streptomycin.
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Table 2.1- siRNA oligonucleotide sequences.

Details of catalogue numbers and oligonucleotide sequences of the siRNAs used.

siRNA Sequence

ON-TARGET plus Human SETD1A SMARTPool Cat# L-022793-01-0010

J-022793-09 CGGAAAGAGCCAUCGGAAA
J-022793-10 CUCAGAAGGUGUACCGCUA
J-022793-11 AGUAUAUACCAGUCGAAGA
J-022793-12 ACAUAUGUUAAUAGCGCAA
ON-TARGET plus Human ATM SMARTPool Cat# L-003201-00-0005
J-003201-11 GCAAAGCCCUAGUAACAUA
J-003201-12 GGUGUGAUCUUCAGUAUAU
J-003201-13 GAGAGGAGACAGCUUGUUA
J-003201-14 GAUGGGAGGCCUAGGAUUU
ON-TARGET plus Human BRCA1 SMARTPool Cat# L-003461-00-0005
J-003461-09 CAACAUGCCCACAGAUCAA
J-003461-10 CCAAAGCGAGCAAGAGAAU
J-003461-11 UGAUAAAGCUCCAGCAGGA
J-003461-12 GAAGGAGCUUUCAUCAUUC
ON-TARGET plus Human RIF1 SMARTPool Cat# L-027983-01-0005
J-027983-09 CCUCAAAUGAAAUGCGAAA
J-027983-10 UCACGUAGCCCUAAAUUUA
J-027983-11 GAAUCAAAUCUAAGGACUA
J-027983-12 GCAAGUUCCUGAUGAUUUA

ON-TARGET plus Human SETD1A — Set of 4 Cat# LQ-022793-01-0005

SETD1A siRNA 1 J-022793-09 CUCAGAAGGUGUACCGCUA
SETD1A siRNA 2 J-022793-10 CUCAGAAGGUGUACCGCUA
SETD1A siRNA 3 J-022793-11 AGUAUAUACCAGUCGAAGA
SETD1A siRNA 4 J-022793-12 ACAUAUGUUAAUAGCGCAA

ON-TARGET plus Human EME1 SMARTPool Cat# L-016420

J-016420-09 GAAUUUGCUCGCAGACAUA
J-016420-10 GUGCAGUUGUGAAUGCCUA
J-016420-11 CCGCAUUGGACCAGAACUA
J-016420-12 GCUAAGCAGUGAAAGUGAA

Control siRNA CTM-334043

Control siRNA

CGUACGCGGAAUACUUCGDTDT
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2.4 Western blotting

Cells were harvested by trypsinisation and pelleted at 1,200 x g for 5 minutes at room
temperature, washed in PBS and cell pellets snap frozen in liquid nitrogen. Cells
were then lysed on ice in UTB lysis buffer (8 M Urea, 50m M tris and 150 mM [3-
mercaptoethanol) followed by two cycles of sonication at 10 % power for 10 seconds
using a Microson Ultrasonic Cell Disrupter (Misonix). Lysates were clarified by
centrifugation at 12000 x g for 20 minutes at 4 °C. Lysate protein concentration was
determined by Bradford protein assay (5000006, Bio-Rad) using bovine serum
albumin standards (0-2 mg/ml), by measuring absorbance at 595 nm. Proteins were
then diluted in Laemmli sample buffer (1610737EDU, Bio-Rad) supplemented with (3-
mercaptoethanol (10% v/v) and boiled at 95 °C for 10 minutes. Fifty micrograms of
protein was resolved on a 6 % or biphasic 12 % and 6 % tris-bicine polyacrylamide
gel at a constant current (0.025 A per gel) and transferred onto a nitrocellulose
membrane at a constant current (0.2 A) for 18 hours. Membranes were blocked in 5
% dried milk in tris-buffered saline with 0.1% Tween 20 (TBST) for at least 1 hour,
followed by overnight incubation at 4 °C with primary antibodies diluted in 5 % dried
milk/TBST or 10 % BSA. Membranes were then washed three times for 10 minutes in
TBST then incubated with horseradish peroxidase-conjugated (HRP) secondary
antibodies diluted in 5 % dried milk/TBST for 1 hour at room temperature.
Membranes were washed again three times in TBST for 10 minutes. Protein bands
were visualised using ECL detection reagents (GERPN2209, Cytiva) and developed
using Amersham Hyperfilm chemiluminescent film (28906846, Cytiva) or the Bio-Rad

ChemiDoc imaging system.
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2.5 Antibodies

The antibodies used in this study are detailed in Table 2.2

Table 2.2- Antibodies used in this study.

Antigen ' Catalogue number Manufacturer

ATM Sc-53173 Santa Cruz Biotechnologies
BOD1L N/A Grant Stewart (Higgs et al., 2015)
BRCA1 Sc-6954 Santa Cruz Biotechnologies
B-tubulin 86298 Cell signalling Technology
Cas9 844302 BioLegend

CENPF 58982 Cell signalling Technology
CHK1 Sc-8408 Santa Cruz Biotechnologies
P-CHK1 (Ser 345) 2348 Cell signalling Technology
CREB Ab32515 Abcam

P-CREB (Ser 121) SAB4503908 Sigma-Aldrich

EME1 Sc-53275 Santa Cruz Biotechnologies
FLAG (anti-DDDDK tag) NBP1-06712 Novus Biologicals

H2A 07-16146 Millipore

yH2AX 05-636 Millipore

Histone H3 Abl1791 Abcam

H3K4me3 Ab8580 Abcam

KAP1 A300-274A Bethyl Laboratories
P-KAP1 (Ser 824) Ab70369 Abcam

Luciferase Sc-745480 Santa Cruz Biotechnologies
Mitosin 610768 BD Biosciences

NBS1 14956 Cell signalling Technology
P-NBS1 (Ser 343) Ab47272 Abcam

PARP1 Sc-74470 Santa Cruz Biotechnologies
RAD51 PC130 Calbiochem

RBBP2 Ab70892 Abcam

RIF1 A300-568A Bethyl Laboratories

RPA NA18 Millipore

P-RPA (Ser 4/8) A300-245A Bethyl Laboratories
SETDI1A A300-289A Bethyl Laboratories

WDR5 A302-430A Bethyl Laboratories
Alexa-fluor anti-mouse 488 A11029 Thermo Fisher Scientific
Alexa-fluor anti-rabbit 488 A11070 Thermo Fisher Scientific
Alexa-fluor anti-mouse 555 A532773 Thermo Fisher Scientific
Alexa-fluor anti-rabbit 555 A32794 Thermo Fisher Scientific
Anti-mouse-HRP P0399 Dako

Anti-rabbit-HRP P0447 Dako
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2.6 Chromatin fractionation

Cells were harvested by trypsinisation as above and resuspended in chromatin
fractionation (CF) buffer (20 mM Tris-HCI, 100 mM NaCl, 5 mM MgClI2, 10 %
glycerol, 0.2 % IGEPAL CA-620, 0.5 mM DTT) supplemented with protease inhibitor
cocktail and lysed on ice for 15 minutes. Lysates were then centrifuged at 2000 x g
for 5 minutes at 4 °C. Supernatant was retained to form the soluble fraction, and the
chromatin pellet was washed and resuspended in CF buffer before two cycles of
sonication at 10 % power for 10 seconds. Protein concentration was determined by
Bradford protein assay as above. Forty micrograms of whole cell lysate was analysed
by SDS-PAGE and immunoblotting alongside 20 ug of both soluble and chromatin

fractions. B-tubulin and Histone H3 were used as a negative and positive control for

chromatin-bound protein, respectively.

2.7 Immunoprecipitation

Cell pellets from U-2-OS Flp-In-FLAG-RBBP2 or U-2-OS Flp-In-FLAG-RBBP2-H438A
cells were harvested and lysed in NETN lysis buffer (250 mM NaCl, 50 mM Tris, pH
8, NP-40 (1 % v/v), 2 mM MgCI2, 90 units/ml benzonase and EDTA free protease

inhibitor), by rotating for 30 minutes at 4 °C. Lysates were clarified by centrifugation
at 44,000 x g for 30 minutes at 4 °C. Supernatant protein concentration was

determined by Bradford protein assay as described above. Twelve microlitres of each

sample was saved for an input sample.

Rabbit IgG antibody (X0903, Dako) was prebound to protein A beads (88845, Thermo

Fisher Scientific) and rotated for 3 hours at 4 °C. One and a half milligrams of protein

was incubated with 5 ug of IgG or anti-FLAG® M2 affinity gel (A2220, Millipore) and
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rotated for 3 hours at 4 °C. Lysates were spun down at 3000 x g for 20 seconds and
the supernatant was removed. Beads were washed three times in NTN wash buffer
(100 mM NacCl, 20 mM Tris pH 7.4, NP-40 (0.05 % v/v) and protease inhibitor with
EDTA). The supernatant was diluted in Laemmli sample buffer and boiled for 10

minutes at 95 °C. Samples were analysed by western blotting as described above.

2.8 Colony survival assays

Following transfection with indicated siRNAs, or after an additional 24-hour treatment
with 1 uM AZD0156 (S8375, Selleckchem), transfected cells were seeded at low
density and left overnight. Cells were then exposed to increasing concentrations (O,
0.2, and 2 uM) of olaparib (AZD2281) (S1060, Selleckchem) or equivalent volumes of
dimethyl sulfoxide (DMSO) (D2650, Sigma Aldrich), and left to form colonies for 10
days, with olaparib replaced every 3 days. After 10-12 days colonies were stained
with 0.5 % crystal violet solution (HT90132, Sigma-Aldrich) and enumerated.
Alternatively, crystal violet stain was resolubilised with 0.1 % SDS for 1 hour with
constant agitation and the absorbance measured at a wavelength of 595 nm. Data in
either case was expressed as percentage survival normalised to an untreated

control.
2.9 Immunofluorescence

2.9.1 Pre-extraction and fixation

Transfected cells were grown on glass coverslips at a density of 2 x 10° cells per well
of a 6 well plate. Following the relevant treatment with inhibitors and/or genotoxic
agents, cells were permeabilised with nuclear extraction buffer (20 mM NaCl, 3 mM

MgCI2, 300 mM sucrose, 10 mM PIPES, 0.5 % Triton X-100, pH 6.8) for 5 minutes on
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ice and then fixed with 4 % paraformaldehyde for 10 minutes at room temperature.
Coverslips were then washed in PBS three times before blocking for at least 1 hour
in PBS supplemented with FCS (10 % v/v) and sodium azide (0.1% v/v) at 4 °C prior

to staining.

2.9.2 Staining and imaging

Fixed and permeabilised cells were incubated with primary antibodies diluted in PBS
supplemented with FCS (3% v/v) for 1 hour at room temperature. Coverslips were
then washed in PBS three times and then incubated with Alexa Fluor conjugated
secondary antibodies diluted in PBS supplemented with FCS (3% v/v) for 1 hour in
the dark at room temperature. Coverslips were then washed three times with PBS
and then mounted onto slides with Duolink® in situ mounting medium with DAPI
(DUO82040, Sigma-Aldrich). Images were taken using a Nikon E600 Eclipse
equipped with a 60x oil lens, a Zyla 5.5 SCMOS camera (Andor) and NIS-Elements
imaging software (Nikon). Foci numbers enumerated using Imaged software. For

each independent experiment at least 100 nuclei were counted per condition.

2.10 Homologous recombination assay

Homologous recombination was measured using a CRISPR-Cas9 based LMNA
assay (Pinder, Salsman and Dellaire, 2015). In brief, HeLa cells were transfected
with siRNA as described above. Forty-eight hours post transfection cells were
seeded onto glass coverslips at high confluency. Cells with then transfected with 2 ug
each of pLX330-LMNA-gRNA, pCR2.1-Clover-LMNA-donor and pRFP plasmids
(Pinder, Salsman and Dellaire, 2015) using Lipofectamine™ 2000 (11668027,

Invitrogen) according to the manufacturer’s instructions. After 48 hours coverslips
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were fixed for 10 minutes at room temperature in 4 % paraformaldehyde, followed by
permeabilisation for 5 minutes at room temperature in PBS supplemented with Triton-
X-100 (0.5 % vl/v). Following this, coverslips were blocked with PBS supplemented
with FCS (10 % v/v) for 30 minutes, before mounting on microscope slides with
Duolink® in situ mounting medium with DAPI. Images were taken using a Nikon
E600 Eclipse equipped with a 60x oil lens, a Zyla 5.5 SCMOS camera (Andor) and
NIS-Elements imaging software (Nikon). Relative percentage homologous
recombination was quantified by counting the number of green-ringed cells
normalised to the efficiency of pRFP transfection. For each independent experiment

at least 100 nuclei were counted per condition.

2.11 Metaphase spreads

Radial chromosomes were quantified in HeLa, H3-GFP and HelLa Kyoto iCas9 cells.
Briefly, transfected cells were treated with 10 uM olaparib for 24 hours prior to
harvesting. Three hours prior to harvesting cells were treated with 0.1 ug/ml
Colcemid™ (15212012, Gibco). Cells were harvested by trypsinisation and treated
with pre-warmed 0.075 M KCI and incubated at 37 °C for 10 minutes. Cells were then
fixed in ice-cold methanol/ acetic acid (3:1) solution, and metaphases were dropped
onto microscope slides pre-soaked in fixative solution. Slides were then placed on a
heating block at 80 °C for 1 minute and allowed to dry overnight. Metaphase spreads
were mounted with Duolink™ jn situ mounting media containing DAPI. Images were
taken using a Nikon E600 Eclipse equipped with a 100x oil lens, a Zyla 5.5 SCMOS
camera (Andor) and NIS-Elements imaging software (Nikon). Radial chromosomes
were quantified using Imaged software. For each independent experiment at least 50

metaphases were analysed per condition.
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2.12 Cloning

2.12.1 pET23a-RIF1

pET23a-RIF1 plasmid was created from a plasmid encoding GFP-tagged RIF1
(PCDNAS5-FRT-T/O-eGFP-RIF 1) obtained from Dan Durocher (Escribano-Diaz et al.,
2013). RIF1 was subcloned from this vector into the Notl-BamHI sites of pET23a
using primers (Table 2.3) by PCR to create pET23a-RIF1 (aa1-2446). PCR
conditions were as follows: initial denaturation at 98 °C for 30 seconds, 32 cycles of
98 °C for 10 seconds, 68 °C for 30 seconds and 72 °C for 5 minutes and a finale

extension step of 72 °C for 4 minutes.

2.12.2 pET23a-RIF1-AHEAT

pET23a-RIF1-AHEAT (aa978-2446) was created from pET23a-RIF1 using a Q5 site-
directed mutagenesis kit (E0554S, New England Biolabs) and corresponding primers
to remove the 5’ end of RIF1 (Table 2.3). PCR conditions were as follows: initial
denaturation at 98 °C for 30 seconds, 25 cycles of 98 °C for 10 seconds, 63 °C for 30
seconds and 72 °C for 4 minutes, and a final extension at 72 °C for 2 minutes. PCR
products were transformed into NEB® 5-apha competent E. coli (C29871, New
England Biolabs) and ampicillin-resistant colonies selected. Plasmid DNA was then
isolated from mini-cultures of these bacteria using the Nucleobond Xtra Maxi kit
(740414.10, Macherey-Nagel) according to the manufacturer’s protocol before

screening as below.

21221 Colony PCR

Ten colonies (clones 1-10) were selected for colony PCR to confirm HEAT repeat

deletion using RIF1 primers 4 and 8 (Table 2.3). A positive control colony PCR was

77



also performed using primers 9 and 12 (Table 2.3). A negative no template control
was also included. Colony PCR was performed using HotStarTag® polymerase kit
(203203, Qiagen) according to manufactures instructions. PCR conditions were as
follows: initial activation at 95 °C for 15 minutes, 25 cycles of 94 °C for 30 seconds,
55 °C (Primers 4 and 8) or 50 °C (Primers 9 and 12) for 30 seconds and 72 °C for 2

minutes, with a final extension step at 72 °C for 2 minutes.

Ten microlitres of PCR product was analysed on 1 % agarose gel at 100 V for 1.5

hours with a 1 Kb gene ruler ladder (SM0311, Thermo Fisher Scientific).

212.2.2 Restriction digestion

Restriction digestion was carried out using Kpnl-HF (R3142S, New England Biolabs)
and Notl-HF (R3189S, New England Biolabs) enzymes and 10x cutsmart buffer
(B7204S, New England Biolabs) according to manufacturer’s instructions. Restriction
reactions were incubated at 37 °C for 1 hour followed by heat inactivation at 65 °C for
20 minutes. Restriction fragment sizes of ~2804 bp and ~8187 bp for pET23a-RIF1
and ~ 2804 bp and ~5000 bp for pET23a-AHEATRIF1 were confirmed using agarose
gel electrophoresis. Ten microlitres of pET23a-RIF1 or 20 pl pET23a-AHEATRIF1
restriction digestions were run on a 0.8 % agarose gel with the 1 Kb gene ruler ladder

at 90 V for 1 hour.

2.12.3 pCDNAS5-FRT-T/O-GFP-RIF1 1-411

Constructs encoding pCDNA5-FRT-T/O-eGFP-RIF1 and pCDNA5-FRT-T/O-GFP-
RIF1 1-411 were obtained from Dan Durocher (Escribano-Diaz et al., 2013).

HEK293T cells were transfected using Lipofectamine™ 2000 (11668027, Invitrogen)
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following manufacturer’s instructions. Forty-eight hours post transfection cell lysates

were harvested for histone pulldown assays.

Table 2.3- Oligonucleotide sequences for primers.

Oligonucleotide sequences of the primers used.

Primer Sequence Supplier |
RIF1 pET23a forward ATAAAGAATGCGGCCGCTAAACTAT | Sigma Aldrich
AAATAGAATTTTCATGGGA
RIF1 pET23a reverse CGCGGATCCGCGATGACGGCCAG | Sigma Aldrich

GGGTCAG
AHEAT RIF1 forward AAACAAAAATTTCTGCTCCTGTTG Sigma Aldrich
AHEAT RIF1 reverse ACCCATTTGCTGTCCACC Sigma Aldrich
RIF1 primer 4 TCCTTTTTTTCCAAACATGC Sigma Aldrich
RIF1 primer 8 CCGACTTGTAGGGTATGGGG Sigma Aldrich
RIF1 primer 9 TCTAATACCACTGTTGCTGG Sigma Aldrich
RIF1 primer 12 TCTCCTCACCCTCCTACTTC Sigma Aldrich

2.13 Production of recombinant RIF1 protein

Recombinant full length or AHEAT RIF1 protein was produced from the pET23a-RIF1
or pET23a-AHEATRIF1 plasmids using the TnT® T7 Quick Coupled
Transcription/Translation cell-free system (L1170, Promega). The reaction was
prepared using 40 yl TnT® Quick Master Mix, 1 yl 1 mM methionine, 1 pl T7 TnT®
PCR enhancer and 1 pg of pET23a-RIF1 or pET23a-ARIF1 plasmid DNA, in a final
volume of 50 pl, and incubated at 30 °C for 75 minutes. Luciferase T7 control DNA
was used as a positive control. Protein concentration was analysed against BSA
standards on a tris-bicine polyacrylamide gel followed by staining with Coomassie
blue (acetic acid (10 % v/v), methanol, (45 % v/v) and H20 (45 % v/v) and 0.25 g
Brilliant Blue G (27815, Sigma)) for 30 minutes on rocker at room temperature. Gel
was then destained (acetic acid (10 % v/v), methanol, (45 % v/v) and H20 (45 % v/v))

for 1 hour. Fresh destain was then added overnight.
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2.14 Histone pulldowns

Lyophilised recombinant biotinylated histone H3 (31296, Active Motif) and histone
H3K4me3 (Expressed Protein Ligation) (31282, Active Motif) were resuspended at 1
pg/ul in 25 mM Tris pH 7.5, 150 mM NaCl, 5 % glycerol. Two hundred nanograms of
in vitro translated protein or HEK-29 cell lysate were mixed with 1 ug of recombinant
histones in binding buffer (20 mM Tris pH 7.5, 150 mM KCI, 300 mM sucrose, 1 mM
MgCl2 and protease inhibitor cocktail) and rotated at 4 °C for 3 hours. Protein
complexes were isolated via binding to streptavidin agarose beads (S1638, Sigma-
Aldrich) and washed in binding buffer with 0.1 % Triton x-100. Samples were then

analysed by western blotting as described above.

2.15 RNA-sequencing

HelLa Kyoto iCas9 cells expressing SETD1A gRNA #4 were transfected with control
siRNA, ATM siRNA or BRCA1 siRNA as described above. Cas9 expression was
induced with 1 pg/ml doxycycline for 48 hours, and cells were pelleted as above.
Total RNA was extracted from cell pellets using a RNeasy kit (74104, Qiagen) with
on-column DNase digestion (79254, Qiagen). RNA quality was confirmed using
TapeStation (Agilent Technologies). mMRNA was isolated using an NEBNext Poly(A)
MRNA magnetic isolation module (E7490, New England Biolabs) and sequencing
libraries were created using NEBNext Ultra Il directional RNA library prep kit for
lllumina (E7760, New England Biolabs). DNA libraries were validated with
TapeStation (Agilent Technologies) and quantified using Qubit® 2.0 Fluorometer
(Thermo Fisher Scientific). Libraries were pooled and sequenced on the lllumina
NovaSeq 6000, and the resulting data was analysed by workflows on Galaxy

https://usegalaxy.eu/ (Afgan et al., 2018). RNA sequencing data can be accessed via
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the NCBI Gene Expression Omnibus (GEO) using the accession number

GSE271430.

2.16 Real-time quantitative polymerase chain reaction (RT-qPCR)

After cell lysis and RNA extraction as above, cDNA was synthesised from RNA using
the High-Capacity cDNA Reverse Transcriptase kit (4368814, Applied Biosystems).
Two micrograms of RNA was used per reverse transcriptase reaction. RNA was then

quantified using NanoDrop Lite Spectrophotometer (Thermo Fisher Scientific).

For validation of RNA-sequencing data cDNA fragments were quantified using a
custom TagMan gene expression array (Applied Biosystems) (Table 2.4). Each
reaction included 10 ul of cDNA and 10 pl of TagMan™ Fast Advanced Master Mix

(4444556, Applied Biosystems), and RT-gPCR was performed on a QuantStudio 5
PCR system (Thermos Fisher Scientific). Analysis was carried out of five independent

biological repeats.

For other gPCR analysis, cDNA fragments were quantified using TagMan gene

expression assays (Applied Biosystems) (Table 2.5) using 2 ul cDNA, 1 ul TagMan
gene expression assay, 10 ul TagMan™ Fast Advanced Master Mix and 7 pl
nuclease-free water. RT-gPCR was performed as above, and data was obtained from
three independent biological repeats. PCR conditions in all cases were as follows:
UNG incubation at 50 °C for 2 minutes, followed by enzyme activation at 95 °C for 2
minutes, followed by 40 cycles of 95 °C for 1 second and 60 °C for 20 seconds.

Quantification cycle (Cq) values were converted into relative quantities using the 2-

AACt method.
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Table 2.4- Custom TagMan gene expression array assay.

List of TagMan probes and assays IDs used to validate RNA sequencing results by

real-time quantitative polymerase chain reaction.

TagqMan probe Assay ID

18s rRNA Hs99999901 s1

GAPDH Hs99999905 m1
HPRT Hs99999909 m1
GUSB Hs99999908 m1
BRCA1 Hs01556193_m1
ATM Hs00175892_m1
SETD1A Hs00322315_m1
TM2D3 Hs00365245_m1
C190rf54 Hs00418251_m1
TRMT1L Hs00388276_m1
ITGAM Hs00167304_m1
CHAC1 Hs00225520_m1
ACAD10 Hs00228886_m1
NLRX1 Hs04962648 m1
C220rf54 Hs00419781_m1
PTGR2 Hs01584044_m1
PEX10 Hs00538217_m1
TMEM143 Hs01553540_m1
C120rf66 Hs00329464_m1
OMA1 Hs00377028_m1
STX1B Hs01041315_m1
CD180 Hs00194403_m1
EME1 Hs01103352_m1
RECQL5 Hs00696997_m1
ZFP41 Hs00403025_m1
ARLGIP6 Hs00611181_m1
IRF2BPL Hs00766831_s1

LOC100287896 Hs01931732_s1

PEX12 Hs00704672_s1

DARS Hs00154683_m1
PAAF1 Hs00228523 _m1
RAD9B Hs00332650_m1
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Table 2.5-TagMan gene expression assay IDs.

List of TagMan probes and assays IDs used for real-time quantitative polymerase

chain reactions.

TagqMan probe Assay ID

GUSB Hs00939627_m1
EME1 Hs01103352_m1
SETD1A Hs00322315_m1
SETD1A Hs00986930_m1

2.17 Cancer genomic data analysis

cBioPortal (https://www.cbioportal.org/) (Cerami et al., 2012; Gao et al., 2013) was

used to access genomic data from TCGA lung adenocarcinoma, ovarian serous
cystadenocarcinoma and METABRIC breast carcinoma datasets (Curtis et al., 2012).
In all cases, log2 mRNA expression of indicated genes was obtained from RNA
sequencing datasets. Patients were stratified based on SETD1A mRNA expression
using the following parameters: Low= homozygous SETD1A deletion or mMRNA
expression <=-2 standard deviations (SD) below mean; High= SETD1A mRNA
expression >2 SD above mean. For Kaplan-Meir survival analysis ATM-, BRCA1- or
BRCAZ2-deficient or -proficient cancer patients were selected (defined as
homozygous deletion, mutation, or mRNA expression <=-2 SD below mean) and
overall survival data obtained from cBioPortal. Patients were then stratified by low
(bottom 50% MRNA expression) or high SETD1A (upper 50% mRNA expression)

MRNA expression.

2.18 ChIP-sequencing data analysis

ChIP sequencing data of SETD1A from mouse embryonic stem cells was

downloaded from the Gene Expression Omnibus (GEO: GSE93538) (Brown et al.,
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2017). Reads were aligned to the mouse mm10 genome using Bowtie2 on the online

Galaxy server (https://usegalaxy.eu/) (Afgan et al., 2018). SETD1A peaks were called

using EaSeq ChIP analysis software (htips://easeq.net/) (Lerdrup et al., 2016). Plots

were created in IGV Genome Browser (Robinson et al., 2011) for the selected

genes.

2.19 Statistical analysis

Unless otherwise stated in figure legends, statistical differences were determined as
follows. Statistical differences for radial chromosomes were determined by Kruskal-
Wallis test with multiple comparisons. Clonogenic survival assays were analysed by
two-way ANOVA. Kaplan-Meir survival plots were analysed by Log-rank Mantel-Cox
text. Statistical differences for foci percentage, HR assays and immunoblot
quantification, were determined by one-way ANOVA with post-hoc Tukey’s test for
multiple comparisons. For RNA-sequencing and qPCR validation, statistical
differences were determined by a two-tailed Student’s t-test. Statistical tests were
performed using GraphPad Prism (GraphPad Software, LLC) and determined by
comparison to control-treated samples unless otherwise stated. In all cases * P
=<0.05, ** P =<0.01, *+* P=<0.001, **** P=<0.0001. Error bars represent standard

deviation (SD) or standard error of the mean (SEM).
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3. CHAPTER 3: LOSS OF SETD1A REDUCES OLAPARIB

SENSITIVITY OF ATM-DEFICIENT CELLS

3.1 Introduction

Previous work demonstrated that loss of the lysine methyltransferase, SETD1A,
decreased the sensitivity of BRCA1-deficient cells to the PARPI, olaparib. This was
attributed to restoration of HR in the absence of SETD1A or upon perturbation of
H3K4me, offering a potential new epigenetic mechanism of PARPI resistance

(Bayley, Sweatman and Higgs, 2023).

However, there are multiple examples of HR-deficiency that drive synthetic lethality
with PARPI; including alterations in BRCA2, RAD51 and ATM (McCabe et al., 2006).
For example, 80% of ATM mutated mCRPC patients responded to treatment with
olaparib (Mateo et al., 2015). Based on these findings olaparib was approved for
MCRPC patients harbouring mutations in ATM or other DDR genes. These
indications could be expanded in the future as loss of ATM sensitises a variety of
other tumour types to PARPI, including haematological (Weston et al., 2010), gastric
(Kubota et al., 2014), pancreatic (Perkhofer et al., 2017) and lung (Schmitt et al.,

2017) cancer.

Despite the clinical approval and promising pre-clinical results, further clinical trials
have shown variable sensitivity of ATM-deficient cells to PARPI, highlighting an
urgent need to better understand mechanisms of PARPI resistance applicable to this
genetic context. However, to date research into PARPI resistance mechanisms have
focused on BRCA-deficiency. To gain further insights into PARPI resistance

mechanisms relevant to ATM-deficiency, | assessed whether loss of the lysine
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methyltransferase SETD1A could also convey PARPI resistance in the absence of

ATM activity.

3.2 ATM inhibition or depletion reduces ATM kinase activity following

exposure to ionising radiation

Firstly, | set out to investigate the effect of ATM silencing or inhibition on the HelLa
cervical cancer cell line, before investigating response to PARPI. | transfected HelLa
cells with control siRNA or those targeting ATM. Alternatively, cells were treated with

1 uM AZD0156 (a potent, selective inhibitor of ATM kinase (Riches et al., 2019)) for
24 hours. Cells were then exposed to 3 Gy ionising radiation to induce DNA damage
and harvested for immunostaining 8 hours post exposure. ATM activity was assessed
through immunoblotting for downstream ATM phosphorylation targets in whole cell

extracts.

AZDO0156 treatment inhibited activation of ATM signalling following ionising radiation-
induced DNA damage, highlighted by reduced phosphorylation of downstream ATM
targets, including ATM-autophosphorylation, KAP1 and yH2AX. The reduced
phosphoprotein expression was not due reduced expression of total protein (Figs 3.1
A and B). A similar decrease in the phosphorylation of downstream ATM targets was
observed after ATM depletion using siRNA (Figs 3.1 C and D). These results show
that AZD0156 or siRNA transfection effectively reduce ATM-dependent DDR

signalling.
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Figure 3.1- The effect of AZD0156 or ATM depletion on ATM-dependent DNA
damage repair signalling following exposure to ionising radiation.

(A.) HelLa cells were treated with + 1 uM AZD0156 (C.) and/or indicated siRNAs
and exposed to 3 Gy ionising radiation (IR). Whole cell lysates were harvested 8
hours post IR and immunoblotted with the indicated antibodies. *= nonspecific
band. (B. and D.) Relative protein density of immunoblots quantified using Imaged.

All plots represent the mean + SD from three independent biological repeats.
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3.3 SETD1A does not affect DNA damage induced ATM activation

A key step in the cellular response to DNA damage is ATM activation, illustrated by
increased ATM-kinase activity following PARPI treatment (Aguilar-Quesada et al.,
2007). Therefore, | next assessed whether loss of SETD1A impacted ATM activation,
following treatment with olaparib. HelLa cells were transfected with control or SETD1A
siRNA and treated with 5 uM olaparib for 0-24 hours. ATM activity was assessed as

described above.

As expected, SETD1A siRNA significantly decreased SETD1A protein expression. In
addition, and in keeping with the role of ATM in the cellular response to PARPI
treatment, ATM autophosphorylation and CHK1 phosphorylation incrementally
increased over 24 hours of olaparib treatment. However, olaparib did not significantly
impact PARP1 expression or the phosphorylation of H2AX or NBS1. In most cases,
no additional changes were observed following SETD1A depletion (Figs 3.2 A and
B). At 8 hours there was a slight decrease in the levels of phosphorylated ATM
following loss of SETD1A compared to control cells, however this effect was lost after
24 hours of Olaparib treatment. This could indicate a slight delay in ATM
autophosphorylation upon loss of SETD1A but this does not appear to have

significant effects on downstream ATM signalling.
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Figure 3.2- Loss of SETD1A does not affect ATM activation following PARP

inhibition.

HelL a cells were transfected with indicated siRNAs then exposed to 5 uM olaparib
for indicated time(s). (A.) Whole cell lysates were immunoblotted using the
indicated antibodies. *= nonspecific band. (B.) Relative protein densities of
immunoblots quantified with Imaged. All plots represent the mean + SD from three

independent biological repeats.
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3.4 SETD1A depletion reduces sensitivity of ATM-deficient cells to olaparib

Having confirmed ATM-kinase activity can be suppressed using AZD0156 and that
loss of SETD1A does not affect ATM activation per se, | next set out to examine
whether loss of SETD1A impacted sensitivity to PARP inhibitors in the absence of
ATM activity. To this end, cells were depleted of SETD1A or treated £ 1 yM AZD0156
for 24 hours, and their sensitivity to olaparib was analysed using a clonogenic

survival assay (Fig. 3.3 A).

As can be seen in (Fig. 3.3 B), siRNA knockdown of SETD1A was effective, as
confirmed by western blot (Fig. 3.3 B). As previously observed (Bayley et al., 2022),
depletion of SETD1A alone induced minimal sensitivity to olaparib treatment.
Furthermore, as expected, inhibition of ATM-kinase activity resulted in a significant
increase in sensitivity to olaparib treatment. Whilst not statistically significant, co-
depletion of SETD1A led to a 10% decrease in the sensitivity of ATM-inhibited cells to
Olaparib (Figs 3.3 C and D). These results demonstrates that loss of SETD1A may

reduce PARPI sensitivity in cells lacking ATM activity.
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Figure 3.3- Loss of SETD1A reduces sensitivity of ATM-inhibited cells to
olaparib treatment.

(A.) Schematic of experimental time course. (B.) Whole cell extracts of HelLa cells
treated with indicated siRNAs were immunoblotted with the indicated antibodies. (C.)
Clonogenic survival of HeLa cells transfected with the indicated siRNAs + 24-hour
treatment with 1 uM of the ATM inhibitor AZD0156. Transfected HelLa cells were
exposed to the indicated doses of olaparib for 10 days before staining with crystal
violet and colonies counted. * = P <0.05 Control siRNA vs Control siRNA + AZD0156,
ns= not significant Control sSiRNA + AZD0156 vs SETD1A siRNA + AZD015 as
determined by a two-way ANOVA with post-hoc Tukey’s test for multiple comparisons.
(D.) Percentage cell survival from (C.) at 2 uM olaparib. Data points represent the
mean + SEM from three independent biological repeats. ns = not significant as

determined by a one-way ANOVA with post-hoc Tukey'’s test for multiple comparisons.
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Although pharmacological inhibition of ATM with AZD0156 reduces ATM kinase
activity, it does not decrease ATM expression; therefore, findings were confirmed
using siRNA -mediated ATM knockdown. HeLa cells were transfected with control,
SETD1A and/or ATM siRNAs, exposed to olaparib, and their survival assessed as

above.

As before, depletion of ATM or SETD1A was confirmed by western blot (Fig. 3.4 B).
As observed in previous experiments using ATM inhibitors, ATM knockdown also
resulted in sensitivity to olaparib, although ATM knockdown did not induce as greater
sensitivity compared to inhibition of kinase activity. In a similar manner to previous
data, co-depletion of SETD1A reduced the sensitivity of ATM-deficient cells to
olaparib treatment by ~20%, but this was not statistically significant (Figs 3.4 C and
D). Together, these findings demonstrate that loss of SETD1A reduces sensitivity to

PARPI treatment in ATM-deficient contexts.
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Figure 3.4- Loss of SETD1A reduces sensitivity of ATM depleted cells to
olaparib treatment.

(A.) Schematic of experimental time course. (B.) Whole cell extracts of HelLa cells
treated with indicated siRNAs were immunoblotted with the indicated antibodies.
(C.) Clonogenic survival curve for HelLa cells transfected with the indicated
SiRNAs. Transfected Hel a cells were exposed to the indicated doses of olaparib
for 10 days before staining with crystal violet and colonies counted. ***= P < 0.001
Control siRNA vs ATM siRNA, ns= not significant ATM siRNA vs SETD1A siRNA +
ATM siRNA as determined by a two-way ANOVA with post-hoc Tukey'’s test for
multiple comparisons. (D.) Percentage cell survival from (C.) at 2 uM olaparib.
Data points represent the mean + SEM from three independent biological repeats.
ns = not significant as determined by a one-way ANOVA with post-hoc Tukey'’s test

for multinle comparisons.
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3.5 SETD1A depletion partially restores homologous recombination in ATM-

deficient cells

A well characterised mechanism of PARPI resistance in HR-deficient cells is the
BRCA1-independent restoration of HR. In BRCA1-deficient cells, loss of pro-NHEJ
factors, such as 53BP1 (Escribano-Diaz et al., 2013; Zimmermann et al., 2013), RIF1
(Chapman et al., 2013), REV7 and shieldin (Dev et al., 2018; Noordermeer et al.,
2018; Xu et al., 2015), can restore HR and confer PARPI resistance. Furthermore, in
our earlier paper we showed that loss SETD1A could also restore HR in BRCA1-
deficient cells (Bayley et al., 2022). Therefore, | next investigated the effect of

SETD1A loss on HR activity in ATM-deficient cells.

To examine this, | first assessed the formation of RAD51 foci as a surrogate marker
of HR in cells lacking ATM and/or SETD1A. HelLa cells transfected with the
appropriate siRNAs were seeded onto coverslips and treated with 5 uM olaparib + 1
MM AZD0156 for 24 hours before being immunostained for RADS1. The number of

cells expressing RADS1 foci were determined by immunofluorescence (Fig. 3.5 A).

As expected, inhibition or knockdown of ATM resulted in a defect in the formation of
PARPi-induced RAD51 foci (most notable in ATM inhibited cells), although the defect
was not as significant as that observed in BRCA1-deficient cells (Bayley et al., 2022).
Notably, co-depletion of SETD1A in ATM inhibited cells resulted in a significant
increase in PARPi-induced RAD51 foci formation to levels comparable to control
cells, suggesting that SETD1A depletion partially restores HR in ATM inhibited cells
(Figs 3.5 B and D). A similar effect was observed in ATM knockdown cells however,

this was not statistically significant (Figs 3.5 C and E).
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Figure 3.5- Loss of SETD1A restores RAD51 foci formation in ATM-deficient
cells treated with olaparib.

(C. and E.) HelL a cells were transfected with indicated siRNAs and exposed to 5 uM
olaparib (B. and D.) + 1 uM AZDQ0156 for 24 hours. Cells were immunostained for
RADS51 foci and nuclei counterstained with DAPI. Foci formation was enumerated by
fluorescent microscopy (A.). Schematic of experimental time course. (B. and C.)
Representative immunofluorescent images (scale bar 10 um). (D. and E.) Graphical
representation of the percentage of cells with =2 10 RAD51 foci 24 hours post
olaparib treatment. At least 100 cells were counted per condition. Results represent
the mean + SD from three biologically independent experiments. ns= not statistically
significant, * = P < 0.05 as determined by a one-way ANOVA with post-hoc Tukey’s

test for multiple comparisons.

95



These findings were also validated by directly measuring functional HR using a
CRISPR-Cas9 based LMNA-HR assay (Pinder, Salsman and Dellaire, 2015). Briefly,
this involves two plasmids: one encoding Cas9 and a gRNA to the LMNA gene,
which induces site specific DSB formation, and a donor plasmid encoding a repair
template with homology arms corresponding to regions of the LMNA gene flanked by
a sequence for the monomeric green fluorescent protein, Clover. Cells undergoing
functional HR, repair the DSB using the repair template, resulting in the incorporation
of the fluorescent clover protein into the LMNA sequence and the appearance of

green-fluorescent ringed nuclei (Fig. 3.6 C).

To assess HR levels, Hela cells were first transfected with control, SETD1A, ATM or
BRCA1 siRNA = 1 yM AZD0156, and then transfected with CRISPR-HR assay
plasmids for 48 hours, before harvesting and processing for fluorescent microscopy

(Fig. 3.6 A).

As expected, loss of BRCA1 or ATM knockdown/inhibition resulted in a significant
decrease in the percentage of cells undergoing HR. Co-depletion of SETD1A in
BRCA1- and ATM-deficient cells resulted in an increase in the percentage of cells
undergoing HR (Fig. 3.6 C). However, this was not statistically significant, likely due
to the variability seen between repeats. These findings provide further support to the

notion that SETD1A depletion increases HR in BRCA1- and ATM-deficient cells.
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Figure 3.6- Loss of SETD1A increases HR in BRCA1- and ATM-deficient cells.
HR was assessed using the CRISPR-Cas9 LMNA-HR system. HelLa cells were
transfected with the indicated siRNAs + 1 uM AZD0156 ATM inhibitor. Cells were
later transfected with CRISPR-Cas9 HR plasmids encoding fluorescent nuclear
Lamin A/C and a plasmid encoding red fluorescent protein (RFP). Relative
percentage of cells expressing fluorescent Lamin and RFP were enumerated by
fluorescent microscopy. (A.) Schematic representation of experimental time
course. (B.) Whole cell extracts of HeLa cells treated with indicated siRNAs were
immunoblotted with the indicated antibodies. (C.) The number of fluorescent Lamin
expressing cells were normalised to RFP expression and is denoted in the graph
as percentage relative repair by HR (inset illustrates a positive cell; scale bar 10
um). At least 100 cells were counted per condition. Results represent the mean +
SEM from three biologically independent experiments. ***= P < 0.001, **** =P <
0.0001 as determined a one-way ANOVA with post-hoc Tukey test for multiple

comparisons.
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3.6 SETD1A depletion decreases NHEJ-mediated radial formation in ATM-

deficient cells

Olaparib-induced cell death in HR-deficient cells is driven by an increase in the
formation of radial chromosomes, which is mediated by an increase in NHEJ (Patel,
Sarkaria and Kaufmann, 2011). Given the role of SETD1A in regulating NHEJ-
mediated DSB repair, | next assessed the effect of SETD1A depletion on radial
chromosome formation in ATM- and BRCA1-deficient cells, using metaphase
spreads. Hela cells were transfected with indicated siRNAs + 1 uM AZD0156 and
radial chromosome formation was quantified in metaphase spreads (Fig. 3.7 A). As

before, siRNA efficacy was confirmed by western blotting (Fig. 3.7 B).

Consistent with previous data, ATM- and BRCA1-deficient cells had significantly
elevated numbers of chromosomal radials following olaparib treatment. Notably, this
was significantly decreased upon co-depletion of SETD1A in both HR-deficient
backgrounds (Fig. 3.7 C), providing further evidence that loss of SETD1A shifts DSB
repair pathway usage from pro-NHEJ towards HR, restoring recombination in

BRCA1- and ATM-deficient backgrounds.
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Figure 3.7- Loss of SETD1A decreases NHEJ-mediated radial formation in ATM-
and BRCA1-deficient cells treated with olaparib.

HelLa cells were transfected with the indicated siRNAs and treated with 5 uM
olaparib for 24 hours + 1 uM AZD0156. Radial chromosome formation was analysed
in metaphase spreads by DAPI staining and light microscopy. (A.) Schematic of
experimental time course (B.) Whole cell extracts of HeLa cells treated with

indicated siRNAs were immunoblotted with the indicated antibodies. *= nonspecific
antibody (C.) Graphical representation of number of radials/metaphases. At least 50
metaphases counted per condition (Scale bar 10um). Data points represent mean +
SEM from three independent biological repeats. * = P < 0.05, ***= P < 0.001, **** =

P < 0.0001 as determined by a Kruskal Wallis test with multiple comparisons.
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3.7 Perturbing H3K4 methylation reduces sensitivity of ATM-deficient cells to

olaparib by partially restoring homologous recombination

SETD1A catalyses the mono-, di- and tri-methylation of lysine 4 of histone H3
(H3K4), which has important roles in protecting stalled RFs, regulating transcription
and promoting DNA damage repair. In our previous paper we showed that
perturbation of histone lysine methylation phenocopies loss of SETD1A in BRCA1-
deficient cells (Bayley et al., 2022). Therefore, one obvious question to answer is
whether the lysine methyltransferase activity of SETD1A is involved in PARPI
resistance in ATM-deficient contexts. To investigate this question, | used a HelLa cell
line expressing either wild-type GFP-tagged histone H3 (H3-WT-GFP) or a lysine 4 to
alanine mutant (H3-K4A-GFP), which perturbs methylation at lysine 4 (Higgs et al.,
2018; Sato et al., 2012). These cells were transfected with control or ATM siRNA, and
the cellular response to olaparib was examined by clonogenic survival assay (Fig.
3.8 A). As with previous experiments, efficient knockdown of ATM using siRNA was

confirmed by western blot (Fig. 3.8 B).

As observed previously, H3-K4A-GFP cells displayed limited sensitivity to olaparib
treatment. H3-WT-GFP cells showed a slight increase in PARPI sensitivity at the
highest PARPi concentration but not to the same degree as ATM knockdown, which
significantly sensitised H3-WT-GFP cells to olaparib treatment. On the other hand,
knockdown of ATM in the H3-K4A-GFP cells phenocopied loss of SETD1A and
conferred an increase in cellular survival following olaparib treatment (Figs 3.8 C and
D). These findings demonstrate that loss of H3K4me3, which is catalysed by
SETD1A, also influences PARPI sensitivity in ATM-deficient cells, suggesting

SETD1A-induced PARRPI resistance is dependent upon the histone lysine
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methyltransferase activities of SETD1A, highlighting the importance of epigenetic

mechanisms in the cellular response to PARP inhibition.

Next, | investigated whether changes in SETD1A-mediated histone methylation also
underpinned HR restoration in ATM-deficient cells following loss of SETD1A. As
before, | analysed RAD51 foci formation as a surrogate marker for HR (Fig. 3.9 A). In
agreement with my previous findings, loss of ATM from H3-WT-GFP cells significantly
reduced RAD51 foci formation, indicating compromised HR. Furthermore, loss of
H3K4me3 through expression of the K4A mutant increased RAD51 foci formation,
and thus HR in ATM-deficient cells following 5 uM olaparib treatment (Figs 3.9 B and
C). These findings support the hypothesis that loss of SETD1A reduces the sensitivity
of ATM-deficient cells to PARPI through restoration of HR because of reduced histone

methylation.
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Figure 3.8- Loss of H3 lysine 4 tri-methylation reduces sensitivity of ATM
depleted cells to olaparib treatment.

H3-WT-GFP or H3-K4A-GFP cells were transfected with the indicated siRNAs.
Transfected cells were exposed to the indicated doses of olaparib for 10 days,
before staining with crystal violet and colonies counted. (A.) Schematic of
experimental time course. (B.) Whole cell extracts of H3-WT-GFP and H3-K4A-
GFP cells treated with indicated siRNAs were immunoblotted with the indicated
antibodies. (C.) Clonogenic survival curve *= P < 0.05 H3-WT-GFP Control siRNA
vs H3-WT-GFP ATM siRNA and H3-K4A-GFP ATM siRNA vs H3-WT-GFP ATM
SiRNA as determined by a two-way ANOVA with post-hoc Tukey’s test for multiple
comparisons. (D.) Percentage cell survival from (C.) at 2 uM olaparib. Data points
represent the mean £+ SEM from three independent biological repeats. * = P < 0.05
as determined by a one-way ANOVA with post-hoc Tukey'’s test for multiple
comparisons. 102
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Figure 3.9- Loss of H3 lysine 4 tri-methylation restores RAD51 foci formation in
ATM depleted cells treated with olaparib.

H3-WT-GFP or H3-K4A-GFP cells were transfected with indicated siRNAs and
exposed to 5 uM olaparib for 24 hours. Cells were immunostained for RAD51 foci
and nuclei were counterstained with DAPI. Foci formation was enumerated by
fluorescent microscopy (A.) Schematic of experimental time course. (B.)
Representative immunofluorescent images (scale bar 10 um) (C.) Graphical
representation of the percentage of cells with 210 RAD51 foci 24 hours post olaparib
treatment. At least 100 cells were counted per condition. Results represent the
mean t SD from three biologically independent experiments. * = P < 0.05 as
determined by a one-way ANOVA with post-hoc Tukey'’s test for multiple

comparisons.
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Finally, | assessed whether SETD1A-mediated histone methylation regulated the
balance between HR and NHEJ in ATM-deficient cells. To this end, | performed
metaphase spreads to determine the effect of abrogating H3K4me3 on chromosomal
radial formation in ATM-deficient cells following olaparib treatment (Fig. 3.10 A).
Consistent with my previous findings, loss of ATM in H3-WT-GFP cells significantly
increased radial formation following olaparib treatment. On the other hand,
expression of the K4A mutant significantly reduced olaparib-induced radial formation
in ATM-deficient cells, indicative of decreased genomic instability and reduced cell
death (Fig. 3.10 C). Taken together these findings highlight the key role of histone
lysine methylation in mediating the cellular response to olaparib treatment in ATM-
deficient cells. In summary, SETD1A influences PARPI sensitivity in ATM-deficient
cells through restoring HR via a mechanism dependent on its H3K4

methyltransferase activity.
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Figure 3.10- Loss of H3 lysine 4 tri-methylation decreases NHEJ-mediated
radial formation in ATM depleted cells treated with olaparib.
H3K4-WT-GFP or H3K4A-GFP cells were transfected with the indicated siRNAs and
treated with 5 uM olaparib for 24 hours. Radial chromosome formation was
analysed by DAPI staining and light microscopy. (A.) Schematic of experimental
time course. (B.) Whole cell extracts of HeLa cells treated with indicated siRNAs
were immunoblotted with the indicated antibodies. (C.) Graphical representation of
number of radials/metaphases. At least 50 metaphases counted per condition (scale
bar 10 um). Data points represent mean + SEM from three independent biological
repeats. ***= P < 0.001, as determined by a Kruskal-Wallis test with multiple
comparisons.
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3.8 Developing a RBBP2 overexpressing cell line

Lysine methylation is dynamic, and the methylation marks deposited by SETD1A are
removed by the lysine specific demethylase enzyme, KDM5A, also known as, RBBP2
(Klose et al., 2007). Overexpression of RBBP2 abrogates H3K4me, thus
phenocopying loss of SETD1A or expression of the H3-K4A-GFP mutant cell line. To
further validate my findings that SETD1A-induced PARPI resistance is dependent on
H3K4me3, | aimed to repeat previous clonogenic survival and RADS1 experiments

using a RBBP2 overexpressing cell line.

| generated a stable mammalian cell line with tetracycline inducible expression of
FLAG-RBBP2 or a FLAG-RBBP2-H483A mutant using the U-2-OS Flp-In™ T-Rex
system. RBBP2 overexpression was induced following 48-hour doxycycline treatment
and confirmed by western blotting of whole cell lysates. As seen in (Fig. 3.11 A),
doxycycline treatment induced FLAG expression in the FLAG-RBBP2 and -H483A
cell lines, but not the parental cell line. Despite this, however, an increase in RBBP2
protein expression was not detected. Furthermore, in contradiction to the anticipated
phenotype, induction of FLAG-RBBP2 lysine demethylase overexpression

unexpectedly increased H3K4me3 (Fig. 3.11 A).

Next, | attempted to isolate the overexpressed FLAG-tagged RBBP2 proteins by
performing a FLAG-tag immunoprecipitation, followed by western blotting for RBBP2.
Following 48 hours doxycycline treatment the FLAG-tag was successfully
immunoprecipitated in the RBBP2 WT and H483A cell line, whilst being absent from
the un-transfected parental cell line. However, as before, RBBP2 protein expression

was not detected in the immunoprecipitations of either cell line (Fig. 3.11 B).
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Figure 3.11- RBBP2 U-2-0OS Fip-In T-Rex cell lines do not overexpress RBBP2

protein.

Parental, RBBPZ2 wild-type (WT) or RBBP2 H483A mutant U-2-OS Flp-In T-Rex cell

lines were treated doxycycline for 48 hours to induce transgene expression. (A.)

Whole cell lysates were immunoblotted using the indicated antibodies. (B.)

Immunoblot of FLAG/IgG immunoprecipitation using the indicated antibodies. *=

nonspecific band.
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3.9 RIF1 associates with methylated H3K4 via N-terminal HEAT repeats

Together with previous findings, | have now shown loss of SETD1A, or associated
H3K4me3 reduces the sensitivity of both BRCA1- and ATM-deficient cells to PARPI
treatment, by increasing HR. It was previously shown that SETD1A mediates HR by
regulating the recruitment of the downstream 53BP1 effector protein, RIF1, to the
chromatin at DSBs, via H3K4me3. Mechanistically, loss of SETD1A can induce HR
restoration and subsequent PARPI resistance by reducing the recruitment of RIF1 to

DSBs, promoting inappropriate DNA end-resection (Bayley et al., 2022).

Histone pulldown experiments using irradiated nuclear extracts suggested that RIF1
binds preferentially to methylated histone H3 (Bayley et al., 2022). However, the
presence of other interacting proteins facilitating RIF1 binding to H3K4me3 cannot be
excluded. To further characterise whether the RIF1 recruitment to H3K4me3 occurs
via a direct or indirect mechanism, | performed histone pulldown experiments with

recombinant RIF1.

Recombinant RIF1 was produced using the cell-free TnT® Quick Coupled
Transcription/Translation System (Promega). Firstly, | optimised the TnT protocol. As
shown in Fig. 3.12, using the standard protocol, | failed to detect recombinant RIF1
protein expression by western blotting, despite expression of the luciferase positive
control (Fig. 3.12 A). Following this, | increased plasmid concentration, volumes of
the T7 enhancer (Fig. 3.12 B), and incubation temperature (Fig. 3.12 C). Notably, |
found the addition of 1 ul of the T7 PCR enhancer successfully induced recombinant
RIF1 expression, whereas, increasing the volume of T7 enhancer had no additional

effect on the expression of recombinant RIF1 (Fig. 3.12 B). Furthermore, neither
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decreasing the temperature, nor the addition of protease inhibitors, increased the

yield of recombinant RIF1 (Fig. 3.12 C).

Having optimised the TnT reaction conditions, | bulked up the volume of recombinant
RIF1 protein then performed a Coomassie staining to semi-quantify the concentration

of RIF1 protein (Fig. 3.12 D).

Using the recombinant RIF1 produced from the TnT reaction | performed an in vitro
histone pulldown assay to determine whether recombinant RIF1 directly interacts
with methylated histone H3. Purified biotinylated histone H3 or H3K4me3 were
incubated with recombinant RIF1, and pulldowns were analysed by immunoblotting

for RIF1 and H3.

Recombinant RIF1 protein bound specifically to H3K4me3 in the cell free system, in
the absence of any other factors. Furthermore, recombinant RIF1 did not interact with
unmethylated histone H3 (Fig. 3.13). Together, these observations suggest a direct
interaction between RIF1 and H3K4me3, with this interaction being dependent on the

methylation status of the histone.
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Figure 3.12- Optimisation of in vitro synthesis of recombinant RIF1 protein.
Full-length RIF1 protein was synthesised in vitro from the RIF1 pET-23a construct

using the TNT® Quick Coupled Transcription/Translation System (Promega).
Luciferase T7 control DNA and no template (NTC) were used for positive and
negative controls, respectively. The standard TnT reaction comprised of 40 ul TNT
® Quick master mix, 1 ul 1 mM methionine, 1 ug plasmid DNA, made up to 50 ul
with RNase free water. The reaction was incubated at 30 °C for 75 minutes. (A.)
Western blot of Standard TnT® assay according to manufacturer’s instructions.
(B.) Western blot of TnT ® assay increasing plasmid concentration to 2 ug and
addition of 0-3 ul of T7 enhancer. (C.) Western blot of TnT ® assay at 30 °C or 22
°C and addition of protease inhibitors. (D.) Recombinant RIF1 produced from TnT
reaction was quantified using Coomassie staining compared to BSA standards
(200-1000 ng).
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Figure 3.13- RIF1 directly associates with H3K4me3.

Full length recombinant RIF1 protein was synthesised in vitro from the RIF1 pET-
23a construct using the TNT® Quick Coupled Transcription/Translation System
(Promega). Recombinant RIF1 was incubated with purified biotinylated histone H3
or H3K4me3 and analysed by immunoblotting for RIF1 and H3. Data represents

three independent experiments.
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Having confirmed that RIF1 directly interacts with H3K4me3, | further investigated the
nature of this interaction by determining the key domains involved. RIF1 contains two
distinct regions: an N-terminal domain (AA 1-967), containing a helical HEAT
(Huntingtin, Elongation factor 3, A subunit of protein phosphatase 2A and TOR)
repeat domains, and a C-terminal domain (AA 2170-2446), which promotes RIF1
oligomerisation and interaction with the BLM helicase (Kobayashi et al., 2019) (Fig.

314 A).

RIF1 HEAT repeats have been shown to be required for localisation of RIF1 to
chromatin in yeast (Kobayashi et al., 2019) and the formation of IR-induced RIF1 foci
at sites of DNA damage in mammalian cells (Escribano-Diaz et al., 2013). In addition
to this, HEAT repeats present in other proteins have been shown to be able to bind
H3K4me3 (Yuen, Slaughter and Gerton, 2017). Therefore, | hypothesised that the
HEAT repeat domains of RIF1 may mediate the interaction between RIF1 and

H3K4me3 to facilitate its recruitment to the chromatin at sites of DNA damage.

Using Q5-site directed mutagenesis, | deleted AA 1-976 from the pET23a-RIF1
construct to remove the N-terminal HEAT domain and create the pET23a-RIF1-
AHEAT construct (Fig. 3.14 A). Successful deletion of the HEAT repeat region of
RIF1 was confirmed using colony PCR with primers spanning the HEAT repeat
domain (RIF1 primers 4 and 8). PCR product size was confirmed by agarose gel
electrophoresis. WT pET23a-RIF1 is predicted to produce a PCR product of
approximately 2000 bp, whereas successful deletion of the HEAT repeat domains
should not produce any PCR product using these primers. As expected, WT pET23a-
RIF1 produced a PCR product of approximately 2000 bp, whilst all clones of pET23a-

RIF1-AHEAT (excluding clone 8) produced no PCR product, suggestive of successful
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deletion of the HEAT repeat domain (Fig. 3.14 B). | performed a second colony PCR
as a positive control for RIF1 construct expression, using RIF1 primers 9 and 12. This
reaction should result in a PCR product of approximately 1500 bp in both pET23a-

RIF1 and pET23a-RIF1-AHEAT. All samples, excluding the no template control

produced the expected PCR product fragment size (Fig. 3.14 C).

To further validate successful deletion of the HEAT repeat domains, | performed
restriction digestion reactions on four successful pET23a-RIF1- AHEAT clones, using
the Kpn1 and Notl restriction enzymes. Following digestion, WT pET23a-RIF1 should
produce fragments of ~2804 bp and ~8187 bp, whereas pET23a-RIF1- AHEAT
should produce fragments of ~2804 bp and ~5000 bp. Fragment sizes were
confirmed by agarose gel electrophoresis. As expected, both WT pET23a-RIF1 and
pET23a-RIF1- AHEAT produced one fragment of approximately 3000 bp and there
was a clear decrease in the larger fragment size in pET23a-RIF1- AHEAT compared

to pET23a-RIF1, further indicating successful deletion of the HEAT repeat domains

(Fig. 3.15).
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Figure 3.14- Colony PCR of pET23a-RIF1-AHEAT.

pPET23a-RIF1-AHEAT was created using the pET23a-RIF1 plasmid and site
directed mutagenesis. (A.) Structure of full length and AHEAT RIF1. (B.)
Transformed colonies were selected for colony PCR to confirm HEAT repeat
deletion using RIF1 primers 4 and 8. (C.) RIF1 primers 9 and 12 were used a
positive control for colony PCR. Clones 1-10 of pET23a-RIF1-AHEAT were
compared to wild-type (WT) pET23a-RIF1 and a no template control (NTC). PCR
products were analysed on a 1 % agarose gel with the 1 Kb gene rule ladder
(Thermo Fisher Scientific). Gel ran at 100 V for 1.5 hours. *=unsuccessful HEAT

repeat deletion.
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AHEAT RIF1 clones

Figure 3.15- Notl and Kpnl restriction digestion of pET23a-RIF1-AHEAT.
Four pET23a-RIF1-AHEAT clones produced by Q5 site-directed mutagenesis

were validated using restriction digestion with Kpnl and Notl. Restriction reactions
were performed using cutsmart buffer (New England Biolabs) according to
manufacturer's instructions. Restriction fragment size was confirmed by 0.8 %
agarose gel electrophoresis compared to wild-type (WT) pET23a-RIF1 and 1Kb

gene ruler ladder (Thermo Fisher Scientific).
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Next, | produced recombinant AHEAT RIF1 protein using the pET23a-RIF1- AHEAT
construct and the TnT reaction described above. To confirm whether the HEAT repeat
domains of RIF1 mediate the interaction between RIF1 and H3K4me3 | performed a
further histone pulldown experiment using full length and AHEAT RIF1 incubated with
purified biotinylated histone H3K4me3. As hypothesised, full length RIF1 showed
direct binding to H3K4me3 whereas, deletion of the N-terminal HEAT repeats of RIF1

abrogated this binding (Fig. 3.16).

Previous work from the lab further validated the role of the N-terminal HEAT repeat
domains in mediating the interaction between RIF1 and H3K4me3. A sub region of
the HEAT repeats (AA 1-411) was expressed in HEK-293 cells transfected with
pCDNAS5-FRT-T/O-GFP-RIF1 or pCDNA5-FRT-T/O-GFP-RIF1 1-411 (Bayley et al.,
2022) (Fig. 3.17 A). As before, full length RIF1 interacted with H3K4me3.
Furthermore, expression of a sub-region (AA-1-411) of the HEAT repeat domains was
sufficient to support the interaction between RIF1 and H3K4me3 in mammalian cells
(Fig 3.17. B). This provides further evidence to support the role of H3K4me3 in
recruiting RIF1 to the chromatin via interaction with the N-terminal HEAT repeat

domain.
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Figure 3.16- RIF1 directly binds to H3K4me3 through HEAT repeat domains.

Full length or AHEAT RIF1 recombinant protein was synthesised in vitro from the
RIF1 pET23a or AHEAT RIF1 pET23a construct using the TNT® Quick Coupled
Transcription/Translation System (Promega). Recombinant full length (FL) RIF1 or
AHEAT RIF1 were incubated with purified biotinylated histone H3K4me3 and
immunoblotted for RIF1 or H3K4me3. Data represents three independent

experiments.
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Figure 3.17- RIF1 1-411 associates with H3K4me3.

(A.) Schematic of full length, AHEAT and AA 1-411 RIF1 structure. (B.) HEK-293
cells were transfected with plasmids expressing the indicated RIF1 proteins, left
for 48 h, and cell lysates incubated with purified biotinylated histones and analysed
by immunoblotting. Data represents at least two independent experiments (Bayley
etal., 2022).
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3.10 Discussion

In this chapter, | aimed to improve our understanding of PARPI resistance
mechanisms in genetic contexts beyond BRCA1-deficiency by expanding the
relevance of loss of SETD1A a novel epigenetic mechanism of PARPI resistance to

ATM-deficient cellular models.

3.10.1 The ATM inhibitor AZD0156 reduces ATM kinase activity

In line with numerous previous findings, inhibition of ATM activity by AZD0156 or ATM
depletion sensitised HeLa cells to olaparib treatment, supporting the notion that ATM-
deficiency correlates with PARPI sensitivity (Weston et al., 2010; Williamson et al.,
2010). These findings provide further support for the rationale of targeting ATM-
deficient tumours with PARP inhibition or using ATM inhibition to potentiate the effects

of PARPI treatment.

Chemical inhibition of ATM resulted in a greater sensitisation to olaparib treatment
compared to ATM depletion by siRNA, suggesting chemical inhibition was more
efficient in abrogating ATM activity in comparison to ATM knockdown. This is also
reflected in the fact that ATM inhibited cells displayed a more significant RAD51
defect compared to ATM knockdown cells. Western blot analysis of siRNA efficacy
supports this hypothesis as ATM siRNA induced sufficient, but not complete ATM
knockdown and therefore, some residual ATM activity may remain contributing to
slightly reduced PARPI sensitivity. This observation demonstrates that the level of
ATM-kinase activity correlates with PARPI sensitivity. These findings have
consequence for treatment of ATM-deficient cancers, as the type of ATM mutation

could influence the level of sensitivity/resistance to treatment. This highlights the
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importance of identifying the effect of patient ATM mutations on ATM-kinase function

prior to treatment with PARPI.

ATM activation is an important component of the cellular response to the DNA
damage induced by PARPI, as ATM signalling is induced at several time points
following PARPI treatment (Bryant and Helleday, 2006). In this context, the cellular
response to PARPi was not affected by depletion of SETD1A alone. These findings
are supported by the observation that loss of SETD1A does not change PARPI
sensitivity in HR-proficient cells (Bayley et al., 2022). Therefore, we can conclude that
depletion of SETD1A has no effect on ATM activation and signalling following DNA

damaged induction.

3.10.2 Loss of SETD1A reduces sensitivity of ATM-deficient cells to olaparib by

restoring homologous recombination

This chapter presents that loss of SETD1A reduces the sensitivity of ATM-deficient
cells to PARPI treatment. The current findings establish loss of SETD1A as a
potential novel mechanism of PARPI resistance in ATM-deficient cells, building upon
our labs previous work demonstrating these findings in BRCA1-deficient contexts
(Bayley et al., 2022). Therefore, loss of SETD1A offers a conserved mechanism of
PARPI resistance across both BRCA1- and ATM-deficient cells and could potentially
apply to further HR-deficient contexts that show synthetic lethality with PARPI.
Identification of a broadly applicable mechanism of resistance is useful when
developing biomarkers of PARPI response in the clinic. Despite this, data currently
under review shows this mechanism is not extended to cells lacking BRCA2
(Sweatman et al., 2024). This can be attributed to the distinct roles of BRCA1, ATM

and BRCA2 during HR. BRCA1 and ATM promote initial steps of HR and DNA end-
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resection, and loss can be overcome by loss of competing pathways e.g. 53BP1 and
RIF1, and as shown here SETD1A. Whereas, BRCA2 is indispensable for RAD51-
dependent recombination. These findings are consistent with multiple studies
demonstrating loss of pro-NHEJ factors cannot drive PARPI resistance in BRCA2-
deficient cells (Bouwman et al., 2010) (Bhin et al., 2023). Instead, loss of PARG
expression or BRCA2 reversion mutations are the most common mechanisms of
resistance in BRCA2-deficient tumours (Bhin et al., 2023). These findings highlight
that loss of proteins even within the same DNA damage repair pathways can have

different impacts on PARPI resistance patterns.

Understanding the underlying mechanisms responsible for inducing PARPI resistance
is important to develop methods of overcoming resistance and improve patient
outcomes. A well-established mechanism of PARPI resistance is restoration of HR,
supported by previous findings that loss of SETD1A restores HR in BRCA1-deficient
cells that show reduced PARPI sensitivity (Bayley et al., 2022). Consistent with these
previous results, loss of SETD1A also restored HR in ATM-deficient cells, as
demonstrated through RADS51 foci and Cas9-nickase mediated recombination
assays. These findings are supported by previous studies showing that loss of
another pro-NHEJ, 53BP1, induces PARPI resistance in ATM-deficient cells through

restoration of HR (Hong et al., 2016).

Consistent with the degree of sensitivity to PARPi treatment, ATM inhibition induced a
more significant defect in RADS51 foci formation in comparison to siRNA-mediated
knockdown. This is consistent with previous studies demonstrating that ATM loss
does not cause a complete HR defect (Neeb et al., 2021). One explanation is that

cells lacking ATM accumulate unresolved RADS51 foci, representing incomplete

121



dysfunctional recombination (Koécher et al., 2013). Alternatively, incomplete depletion
of ATM transcripts in ATM knockdown cells may result in residual ATM activity

sufficient to perform HR.

To mitigate the effects of unresolved RADS51 foci accumulation, a CRISPR-Cas9
based assay was used to directly quantify the effect of SETD1A loss on functional
HR. As expected, both BRCA1 and ATM depletion (by knockdown or inhibition)
significantly reduced the percentage of cells undergoing HR directed repair. These
findings support the theory that RAD51 foci can still be recruited despite defective
HR. Furthermore, co-depletion of SETD1A in BRCA1- and ATM-deficient cells
restored HR activity to up to 40% of control levels, consistent with RADS1 foci results.
Our findings suggest that loss of SETD1A only partially restores HR, this is consistent
with partial reversal of PARPI sensitivity observed using clonogenic survival assays.
Previous studies showed that BRCA1 was indispensable for DNA end-resection, but
its later roles in promoting RAD51 loading cannot be fully compensated by loss of
factors such as 53BP1 (Nacson et al., 2018). A similar role for ATM would explain
why only partial restoration of HR is observed. Although, the increase in HR activity
after SETD1A depletion in BRCA1- and ATM-deficient cells was not statistically
significant, this finding is likely still of biological significance, as previous studies have
found an increase in RAD51 foci of only 10% in olaparib resistant cells (Jaspers et

al., 2013).

As well as HR, NHEJ has also been shown to play a key role in the cellular response
to PARPI. For example, NHEJ regulates the formation of radial chromosome
structures in HR-deficient cells treated with PARPI, driving the accumulation of

genomic instability and ultimately cell death (Patel, Sarkaria and Kaufmann, 2011).
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Depletion of SETD1A decreased the formation of chromosomal radials in both
BRCA1- and ATM-deficient cells in response to olaparib treatment. These findings
are indicative of decreased error-prone NHEJ, suggesting loss of SETD1A decreases
the level of genomic instability in HR-deficient cells following PARP inhibition. These
results are consistent with the role of SETD1A as an end-protection factor facilitating
RIF1-dependent NHEJ (Bayley et al., 2022). This also supports previous findings that
disabling NHEJ, by genetic or pharmacological approaches, can rescue synthetic
lethality following PARP inhibition in cell lines lacking BRCA1 (Bunting et al., 2010).
Importantly, these findings were also recapitulated in ATM-deficient cell lines, in
which PARPI hypersensitivity could be rescued through inhibition of DNA-PKc (Patel,
Sarkaria and Kaufmann, 2011). These findings highlight the importance of the
balance between HR and NHEJ in PARPI sensitivity. Loss of SETD1A in HR-deficient
cells shifts the balance of DSB repair towards HR and away from NHEJ to induce

PARPI resistance.

In addition to regulating NHEJ, SETD1A is known to protect stalled replication forks
from DNA2-dependent degradation. As a result, loss of SETD1A produces a
deficiency in fork protection (Higgs et al., 2018). An alternative mechanism of PARPI
resistance established in BRCA1-deficient cells is restoration of replication fork
protection (Ray Chaudhuri et al., 2016). However, this mechanism does not
correspond to PARPI resistance in the absence of SETD1A, as depletion of SETD1A
in BRCA1-deficient cells does not restore fork protection, suggesting that the
resistance to PARPI is specifically due to restoration of HR (Bayley et al., 2022). In
the case of loss of SETD1A, these findings demonstrate that restoration of HR can

override loss of fork protection in relation to PARPI sensitivity in BRCA1- and ATM-
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deficient contexts. Taken together, these observations highlight the multifactorial
nature of PARPI resistance and highlights that multiple resistance mechanisms may
exist within one cell, whilst the same mechanisms may have different influences

dependent on the underlying genetic context.

Due to the established role of SETD1A as an end-protection factor promoting DSB
repair via NHEJ, these observations establish loss of SETD1A akin to loss of
members of the 53BP1 pathway and components of the shieldin complex, which
have already been well characterised in PARPI resistance (Chapman et al., 2013;
Zimmermann et al., 2013). Furthermore, the role of SETD1A in facilitating RIF1-
dependent NHEJ implies that deficiencies in HR present in ATM-deficient cells can
also be overcome by compromising the 53BP1-RIF 1-shieldin pathway. This is in
agreement with a previous study demonstrating loss of 53BP1 also acts as a PARPi
resistance mechanism in ATM-deficient cells (Hong et al., 2016). However, these
findings are in contradiction with another study which showed loss of 53BP1 cannot
suppress the PARPI sensitivity of ATM-deficient mouse embryonic stem cells (Balmus
et al., 2019). This is likely due to the necessary role of ATM in activating the 53BP1-
RIF1 axis via 53BP1 phosphorylation. These differences highlight that the genetic
background/tumoral nature of models used to study PARPI resistance mechanisms
can impact results. Nevertheless, these findings suggest that perturbation of pro-
NHEJ pathways by loss of SETD1A drives PARPI resistance in multiple genetic
contexts, offering a conserved mechanism for PARPI resistance across BRCA1- and
ATM-deficient cells. In the future it will be of interest to investigate whether loss of
other pro-NHEJ such as RIF1, REV-7 and the Shieldin complex also reduce PARPI

sensitivity in ATM-deficient contexts.
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3.10.3 Loss of H3K4 methylation reduces PARPi sensitivity in ATM-deficient

cells

Another significant finding highlighted in this chapter is that the methylation of H3K4
also confers PARPI resistance in ATM-deficient cells. Perturbation of H3K4me using
the H3-K4A-GFP system phenocopied SETD1A loss, alleviating PARPi sensitivity,
restoring HR and decreasing PARPI induced radial formation in absence of ATM.
Thereby linking both SETD1A and H3K4me to PARPI resistance in HR-deficient
contexts. However, we have not yet shown whether SETD1A-dependent H3K4me
underpins PARPI resistance in ATM-deficient cells. This should be investigated in the
future using a methyltransferase dead SETD1A mutant lacking the catalytic SET
domain, which has previously shown to be required for the recruitment of RIF1 to

DSBs to facilitate NHEJ (Bayley et al., 2022).

Unexpectedly, H3-WT-GFP cells did show greater sensitivity to 2 uM olaparib
treatment compared to H3-K4A-GFP in the presence of ATM. However, this does not
detract from the fact sensitivity was significantly further decreased in the H3-WT-GFP
cells upon depletion of ATM. This observation could be due to effects of the GFP tag,
which will increase the molecular mass of the histones and could impair their
physiological function. This could be resolved in future studies by removing the GFP

tag from the histones.

Unfortunately, we could not validate the contribution of H3K4 methylation to PARPI
resistance as we were unable to confirm RBBP2 overexpression using the U-2-0OS
Flp-In TRex system. Although, doxycycline treatment induced FLAG expression,

overexpression of RBBP2 could not be detected. Despite this, endogenous RBBP2

could be detected in all cell lines confirming antibody efficacy. Thus, | hypothesise
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that the FLAG tag masks the epitope recognised by the RBBP2 antibody in the fusion
proteins. In the future, the FLAG tag could be removed to alleviate this effect or the
RBBP2 constructs could be introduced into cells by transient transfection. Previous
studies have utilised this approach to show that RBBP2 overexpression reduces
H3K4 methylation levels independently of loss of SETD1A and effects the recruitment

of RIF1 to DSBs in a similar manner to loss of SETD1A (Bayley et al., 2022).

Abrogation of histone methylation in these experiments did not produce a global
change in H3K4me3 detectable by western blotting. An explanation for this could be
that changes in histone methylation occur more locally, for example at the promoters
of specific SETD1A regulated genes. This is supported by previous studies showing
that SETD1A depletion does not significantly alter total H3K4 methylation and histone
H3 levels in breast cancer cell lines (Tajima et al., 2015), indicating that SETD1A is

not critical for maintenance of overall H3K4 methylation.

We have yet to show whether loss of H3K4me3 specifically catalysed by SETD1A is
responsible for reduced PARPI sensitivity in ATM-deficient cells. Previous work has
shown that exogenous expression of full length SETD1A could reinstate normal RIF1
and BRCA1 foci formation following ionising radiation in SETD1A depleted cells, but
not a variant lacking the catalytic SET domain. Establishing that SETD1A-dependent
H3K4 methylation is required to regulate end protection and facilitate NHEJ, thus it is
also likely to be responsible for influencing PARPI sensitivity (Bayley et al., 2022). We
could use this add back system in conjunction with clonogenic survival assays to
confirm whether there is a direct link between the histone-mutant and SETD1A
phenotypes in relation to PARPI sensitivity and determine whether loss of SETD1A-

dependent H3K4 methylation underpins PARPI resistance in HR-deficient cells.
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In addition to SETD1A, other KMT2 family members, including SETD1B or KMT2A —
D, are responsible for H3K4 methylation. Previous work from our lab showed that
depletion of these other KMT2 family members had no effect on RIF1 or RPA foci
formation following ionising radiation (Bayley et al., 2022). These findings suggest a
specific role for SETD1A in RIF1-dependent NHEJ, therefore depletion of these other
KMTs is unlikely to influence PARPI sensitivity. Nevertheless, a role for these other
KMTs in PARPI response in this context should be ruled out by performing clonogenic

survival assays following specific depletion of these methyltransferases.

The important contribution of epigenetic mechanisms of PARPI resistance have been
demonstrated numerous times previously. For example, in a similar manner to loss of
53BP1, acetylation of 53BP1 can also inhibit NHEJ by negatively regulating its
recruitment to DSBs, leading to PARPI resistance in BRCA1-deficient cells (Guo et
al., 2017). More specifically epigenetic modifications of histones are also known to
influence PARPI sensitivity. For instance, PARPI resistant HGSOC cancer cells
display a global increase in H3K9me, accompanied by overexpression of the
EHMT1/2 methyltransferases (Watson et al., 2019). Loss of EZH2 reduces
H3K27me3, preventing the recruitment of crossover junction endonuclease MUS81
to RFs to suppress fork degradation in BRCA2-deficient cells and confer PARPI
resistance (Rondinelli et al., 2017). More recently, two other members of KMT2 family
of lysine methyltransferases have been implicated in PARPI resistance. Genetic
alterations in KMT2C and KMT2A were identified in BRCA1- and BRCA2-associated
mouse models of PARPI resistant breast cancer (Bhin et al., 2023). In this study we

build upon these previous findings, identifying a further potential novel epigenetic
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PARPI resistance mechanism mediated by loss of H3K4 methylation and its

associated methyltransferase, SETD1A.

3.10.4 H3K4 tri-methylation directly interacts with RIF1 through the N-terminal

HEAT repeat domains

Previously, loss of SETD1A was shown to confer PARPI resistance in BRCA1-
deficient cells as a result of failure to recruit RIF1, arising from defective H3K4
methylation and subsequent loss of binding of RIF1 to H3K4me3 at sites of damage
(Bayley et al., 2022). My findings provide further evidence in support of this model,
demonstrated by histone pulldown experiments with recombinant RIF1, | confirmed
that RIF1 directly binds to H3K4me3, and this binding is dependent on the
methylation status of histone H3. Additional results revealed that the N-terminal
HEAT repeat domains of RIF1 mediated the interaction between RIF1 and H3K4me3.
In Fig 3.16 full length recombinant RIF1 appeared at a higher molecular weight in the
pulldown lane compared to the input sample. A potential explanation is that the input
sample has undergone a posttranslational modification that is not present in the
histone pulldown sample, therefore the pulldown process may be enriching for the
unmodified forms of recombinant RIF1. This would indicate that recombinant RIF1
only interacts with H3K4me3 in its unmodified form. There is previous evidence to
show posttranslational modifications regulate RIF1 binding, for example, RIF1
phosphorylation at the RVxF/SILK domain disrupts its interaction with protein

phosphatase 1 (Davé et al., 2014) .

Together this data supports a model whereby RIF1 binds to H3K4me3 deposited by
SETD1A via its N-terminal HEAT repeats to facilitate its localisation at DSBs. This

observation supports previous findings that the N-terminal HEAT repeat domains of
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RIF1 are required for its recruitment to DSBs (Escribano-Diaz et al., 2013). Although,
HEAT repeats are not considered canonical methyl-binding domains, studies have
shown that HEAT-repeat domains present in condensin are able to bind to
methylated H3K4 (Yuen, Slaughter and Gerton, 2017). Further evidence identified
HEAT repeats mediate the interaction of RIF1 with phosphorylated 53BP1 and the
shieldin complex (Setiaputra et al., 2022; Sifri et al., 2023), highlighting their
importance in regulating DNA repair via NHEJ. Collectively, these findings show that
N-terminal HEAT repeats of RIF1 can read the epigenetic status of chromatin
surrounding DSBs via binding to H3K4me3 deposited by SETD1A to control the

DDR.

A limitation of this approach, however, is we have not confirmed that AHEAT RIF1 is
properly folded into its final protein conformation, structural studies should be
conducted in the future to confirm this. Another important avenue for further
investigation will be to characterise the precise nature and timing of RIF1 recruitment
to H3K4 methylation. Using the recombinant TnT system | could express different
fragments of the HEAT repeat domain of RIF1 to identify the minimal fragment
required for the interaction between RIF1 and H3K4me3. Furthermore, to investigate
the importance of methylation status, including mono-, di-, and tri-methylation of
H3K4 for this interaction, histone pulldown experiments should be repeated using

different methylation states of recombinant histone H3 proteins.

Collectively, these findings support the model in which SETD1A facilitates NHEJ by
directly recruiting RIF1 to the chromatin at DSBs via its interaction with H3K4me3.
Subsequently, depletion of SETD1A reduces the level of methylated histone H3

present at damaged chromatin, consequently preventing the recruitment of RIF1 to
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the DSB. This leads to loss of DNA end-protection and uncontrolled resection of the
break, allowing HR to be restored, thus giving rise to partial PARPI resistance in

BRCA1- and ATM-deficient contexts.

To summarise, in this chapter | have demonstrated that loss of SETD1A reduces
PARPI sensitivity in ATM-deficient cells, expanding upon previous findings in BRCA1-
deficient contexts. This suggests that loss of SETD1A is not specific to BRCA1-
deficiency and can be applied to multiple HR-deficient contexts, expanding the
clinical relevance of this resistance mechanism to multiple tumour types. In this case,
reduced PARPI sensitivity was attributed to restoration of HR upon loss of SETD1A in
ATM-deficient cells. This positions SETD1A with other pro-NHEJ factors such as
53BP1, RIF1 and the shieldin complex whose loss have been well established as
mechanisms of PARPI resistance through restoration of HR. These findings support
the limited previous research in ATM-deficient cells to highlight that perturbation of
pro-NHEJ pathways influences PARPI sensitivity in this context. Another significant
finding is that methylation of H3K4 also reduces PARPI sensitivity in HR-deficient
cells, providing another epigenetic mechanism of PARPI resistance. In combination,
these findings solidify a model for SETD1A-induced PARPI resistance in which loss
of SETD1A reduces the methylation of H3K4 at sites of DSBs. As a result, RIF1
recruitment is decreased and DSB end-protection is lost. This allows for DNA end-
resection to occur in the absence of BRCA1, restoring HR and rescuing PARPI

sensitivity.
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4. CHAPTER 4: LOSS OF SETD1A REDUCES OLAPARIB

SENSITIVITY IN A SUBSET OF HR-DEFICIENT CANCER CELL

LINES

4.1 Introduction

In earlier work, loss of SETD1A was shown to reduce the PARPI sensitivity of ATM-
(Chapter three) and BRCA1- deficient (Bayley et al., 2022) HelLa cells by restoring
HR. However, one outstanding question is whether SETD1A loss represents a
clinically relevant PARPI resistance mechanism in HR-deficient tumours. Therefore, |
aimed to extend my findings from HeLa cells to breast, ovarian and lung cancer cell
lines bearing pathogenic BRCA1 or ATM mutations, focusing on UWB1.289,

HCC1937, and H1395 cells.

Additionally, | aimed to examine the effects of SETD1A loss on the survival outcomes
of HR-deficient cancer patients. The lack of treatment information available from
cancer genomic databases precludes definitive bioinformatic verification of SETD1A
depletion as a PARPI resistance mechanism. Instead, | aimed to broadly examine the
effects of SETD1A loss on patient survival, using data from HR-proficient and -

deficient cancer patients in publicly available cancer genomics datasets.
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4.2 SETD1A depletion reduces sensitivity of BRCA1-deficient cancer cell lines

to olaparib through restoring homologous recombination

Firstly, | aimed to extend earlier findings from Hela cells into cancer cell lines bearing
pathogenic BRCA1 mutations. UWB.1289 is a HGSOC cell line possessing the

germline BRCA1 594delC mutation, which has been identified in women with familial
breast and ovarian cancer (DelloRusso et al., 2007). This alteration introduces a stop

at codon 845 of BRCAT1, resulting in lack of wild-type BRCA1 protein expression.

Firstly, | performed clonogenic survival assays in UWB1.289 cells following olaparib
treatment in the presence/absence of SETD1A (Fig. 4.1 A). The BRCA1-proficient
SKOV3 ovarian cancer line was used as a cancer type matched control. In both
cases, cell lines were transfected with control or SETD1A siRNA and protein
depletion was confirmed by western blot (Fig. 4.1 B). As expected, BRCA 1-mutated
UWB1.289 cells displayed notable sensitivity to olaparib treatment, whilst BRCA1-
proficient SKOV3 cells did not. Consistent with previous findings in HeLa cells,
depletion of SETD1A reduced the sensitivity of UWB1.289 cells to olaparib but had

no effect on SKOV3 cells (Figs 4.1 C and D).
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Figure 4.1- Loss of SETD1A reduces sensitivity of BRCA1 mutant ovarian
cancer cells to olaparib treatment.

(A.) Schematic of experimental time course. (B.) Whole cell extracts of cells
treated with indicated siRNAs were immunoblotted with the indicated antibodies.
*=nonspecific band. (C.) Clonogenic survival of SKOV3 and UWB1.289 cells
transfected with the indicated siRNAs. Transfected cells were exposed to the
indicated doses of olaparib for 10 days before staining with crystal violet and
colonies counted. (D.) Percentage cell survival from (C.) at 1 uM of olaparib. Data
points represent the mean + SEM from three independent biological repeats. * =
P <0.05, **** = P <0.0001 as determined by a two-way ANOVA with Tukey’s test
for multiple comparisons. ns= not statistically significant, *** = P <0.001 as
determined by a one-way ANOVA with Tukey'’s test for multiple comparisons.
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Next, | examined whether this reduced PARPI sensitivity was associated with
restored HR, as measured by RAD51 foci formation (Fig. 4.2 A). As predicted, given
their BRCA1 status, UWB1.289 cells showed a significant defect in PARPi-induced
RAD51 foci formation, which was restored to control levels upon depletion of
SETD1A. However, no such defect was seen in the SKOV3 cells, and SETD1A
depletion had no restorative effect (Figs 4.2 B and C). Taken together, these findings
further support the conclusion that SETD1A depletion induces PARPI resistance in

cells harbouring BRCA1 mutations by partially restoring HR.
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Figure 4.2- Loss of SETD1A restores RAD51 foci formation in BRCA1 mutated
ovarian cancer cells treated with olaparib.

SKOV3 and UWB1.289 cells were transfected with indicated siRNAs and exposed
to 5 uM olaparib for 24 hours. Cells were immunostained with an antibody to
RADS1 and counterstained with DAPI. Foci formation was enumerated by
fluorescent microscopy. (A.) Schematic of experimental time course. (B.)
Representative immunofluorescent images (scale bar 10 um). (C.) Graphical
representation of the percentage of cells with 210 RAD51 foci 24 hours post
olaparib treatment. At least 100 cells were counted per condition. Results
represent the mean + SD from three biologically independent experiments. ** = P
< 0.01 as determined by a one-way ANOVA with post-hoc Tukey’s test for multiple

comparisons.

135



These findings were then extended to BRCA7-mutant HCC1937 breast cancer cells.
HCC1937 is a cell line derived from a primary ductal breast carcinoma possessing a
homozygous germline BRCA1 5382insC mutation, which results in truncated BRCA1

protein expression (Tomlinson et al., 1998).

We intended to use MCF7 cells as a cancer type matched BRCA1-proficient control
cell line, however we excluded these from the clonogenic survival analysis as they
showed an unexpectedly high degree of PARPI sensitivity. Therefore, a caveat to the
following data is a lack of an appropriate parental control. As a result, we cannot
comment on the relative sensitivity of HCC1937 cells to Olaparib treatment in
comparison to a non-sensitive BRCA1-proficient cell line. Despite this, and consistent
with my previous findings in HeLa and UWB1.289 cell lines, depletion of SETD1A
reduced the sensitivity of the HCC1937 breast cancer cell line to olaparib treatment

(Fig. 4.3).

Consistent with their BRCA1 status and PARPI sensitivity, HCC1937 cells also
displayed reduced RAD51 foci formation after PARPi exposure, whilst the BRCA1
wild-type MFC?7 cells did not display this defect. As before, SETD1A depletion
resulted in a significant increase in PARPi-induced RAD51 foci formation in
HCC1937 cells, but not in MCF7s (Fig. 4.4). These findings provide further support
that SETD1A depletion confers PARPI resistance in BRCA1-deficient cells cancer

cell lines by partially restoring HR.
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Figure 4.3- Loss of SETD1A reduces sensitivity of BRCA1 mutant breast cancer
cells to olaparib treatment.

(A.) Schematic of experimental time course. (B.) Whole cell extracts of cells
treated with indicated siRNAs were immunoblotted with the indicated antibodies.

*= nonspecific band. (C.) Clonogenic survival curve for HCC1937 cells transfected
with the indicated siRNAs. Transfected cells were exposed to the indicated doses
of olaparib for 10 days before staining with crystal violet and colonies counted. (D.)
Percentage cell survival from (C.) at 2 uM olaparib. Data points represent the
mean + SEM from three independent biological repeats. * = P <0.05 as determined
by a two-way ANOVA with Tukey’s test for multiple comparisons. ** = P <0.01 as
determined by a two-tailed Students t-test.
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Figure 4.4- Loss of SETD1A restores RAD51 foci formation in BRCA1 mutated
breast cancer cells treated with olaparib.

MCF7 and HCC1937 cells were transfected with indicated siRNAs and exposed to 5
UM olaparib for 24 hours. Cells were immunostained with an antibody to RAD51 and
counterstained with DAPI. Foci formation was enumerated by fluorescent
microscopy. (A.) Schematic of experimental time course. B. Representative
immunofluorescent images (scale bar 10 um). (C.) Graphical representation of the
percentage of cells with 210 RAD51 foci 24 hours post olaparib treatment. At least
100 cells were counted per condition. Results represent the mean + SD from three
biologically independent experiments. * = P < 0.05, **= P <0.01 as determined by a

one-way ANOVA with Tukey’s test for multiple comparisons.
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4.3 SETD1A depletion does not affect sensitivity of an ATM-deficient lung

cancer cell line to olaparib

Having demonstrated that loss of SETD1A reduces PARPI sensitivity in BRCA1-
mutated cancer cell lines, | next aimed to extend these findings into models of ATM-
deficiency. Since genomic analyses revealed that low SETD1A mRNA expression
correlated with significantly reduced overall survival in ATM-mutated NSCLC patients
(Fig. 4.7), | utilised the ATM mutated H1395 NSCLC cell line. H1395 cells possess a
homozygous ATM A7996G missense mutation present at the N-terminus of the PI3K
domain, which results in low levels of ATM expression and functional impairment of

ATM kinase activity (Davies et al., 2005).

In contradiction to my previous finding in BRCA1-mutated cancer cell lines and ATM-
deficient HelLa cells, clonogenic survival assays demonstrated that loss of SETD1A
had no impact on PARPI sensitivity in ATM-mutated H1395 cells (Figs 4.5 C and D).
Due to difficulties forming quantifiable colonies, this data is limited by the lack of
parental or ATM-proficient cancer type matched control, therefore comments cannot

be made on the relative sensitivity of H1395 to PARPI treatment.

Next, | investigated whether this discrepancy was due to a defect in HR. The ATM-
proficient A549 cell line was used as a cancer type matched control (Fig. 4.6 A). As
expected, H1395 cells showed a defect in RAD51 foci formation consistent with the
known pro-HR role of ATM, whilst A549 cells displayed no such defect. Interestingly,
loss of SETD1A increased RAD51 foci formation in H1395 cells, although this was
not statistically significant (Figs 4.6 B and C), suggesting increased HR activity.
Together these findings imply that whilst HR activity increases upon loss of SETD1A,

this does not confer reduced sensitivity to PARPi in H1395 cells.
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Figure 4.5- Loss of SETD1A has no effect on the sensitivity of ATM mutant lung
cancer cells to olaparib treatment.

(A.) Schematic of experimental time course. (B.) Whole cell extracts of cells
treated with indicated siRNAs were immunoblotted with the indicated antibodies.

(C.) Clonogenic survival curve for H1395 cells transfected with the indicated
SIRNAs.

Transfected cells were exposed to the indicated doses of olaparib for 10

days before staining with crystal violet and colonies counted. (D.) Percentage cell
survival from (C.) at 2 uM olaparib. Data points represent the mean + SEM from
three independent biological repeats. ns= not statistically significant as determined
by a two-tailed Students t-test.
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Figure 4.6- Loss of SETD1A does not restore RAD51 foci formation in ATM
mutated lung cancer cells treated with olaparib.

A549 and H1395 cells were transfected with indicated siRNAs and exposed to 5
uM olaparib for 24 hours. Cells were immunostained with an antibody to RAD51
and counterstained with DAPI. Foci formation was enumerated by fluorescent
microscopy. (A.) Schematic of experimental time course. (B.) Representative
immunofluorescent images (scale bar 10 um). (C.) Graphical representation of the
percentage of cells with 210 RAD51 foci 24 hours post olaparib treatment. At least
100 cells were counted per condition. Data points represent the mean + SD from
three biologically independent experiments. ns= not statistically significant, * = P <
0.05 as determined by a as determined by a two-tailed Students t-test.
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4.4 Low SETD1A mRNA expression is associated with poor overall survival in

some HR-deficient cancer types

To determine the significance of these results in patients, | examined whether
SETD1A levels correlated with patient survival in a range of HR-deficient/proficient
cancer types. | first identified ATM-, BRCA1- and BRCA2-deficient patients diagnosed
with lung, ovarian or breast cancer, as well as corresponding HR-proficient patients,
using data obtained from The Cancer Genome Atlas (TCGA) cancer genomics

program (https://www.cancer.gov/tcga) or the Molecular Taxonomy of Breast Cancer

International Consortium (METABRIC) (Curtis et al., 2012) via the CBioPortal online
cancer genomic database (Cerami et al., 2012; Gao et al., 2013)

(https://www.cbioportal.org/). | then stratified patients by SETD1A mRNA expression

using RNA-sequencing data and performed Kaplan-Meir survival analyses (Fig. 4.7).

This analysis revealed that BRCA 71-deficient breast (Fig. 4.7 C) and ovarian (Fig. 4.7
E) and ATM-deficient lung adenocarcinoma patients (Fig. 4.7 D) with low SETD1A
MRNA expression had poorer overall survival compared to those with higher levels of
SETD1A. This was most notable in ATM-deficient lung adenocarcinoma, where low
SETD1A expression corresponded to a statistically significant decrease in overall
survival (Fig. 4.7 D). These findings show survival of both BRCA1- and ATM-deficient
cancer patients can be triaged be SETD1A expression, supporting earlier findings
that loss of SETD1A reduces cellular survival following PARPI in backgrounds of
BRCA1-or ATM-deficiency. On the other hand, low expression of SETD1A had no
impact on the survival of patients with wild-type BRCA1 (Fig. 4.7 A) or ATM (Fig. 4.7
B), or in BRCA2-deficient cancer patients (Fig. 4.7 F), indicating that SETD1A

expression only correlates with survival in selected HR-deficient tumour types.
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Figure 4.7- Downregulation of SETD1A expression is associated with poorer
overall survival in ATM- and BRCA1-deficient tumours.

Kaplan-Meir plots of patients with the following HR-deficient/proficient cancers
stratified by low versus high SETD1A expression: (A.) BRCA1 wild-type breast
cancer from the METABRIC database. (B.) ATM wild-type non-small cell lung
cancer from the TCGA database. (C.) BRCA1-deficient breast cancer from the
METABRIC database. (D.) ATM-deficient non-small cell lung cancer from the
TCGA database. (E.) BRCA1-deficient ovarian cancer from the TCGA database.
(F.) BRCAZ2-deficient breast cancer from the TCGA database. HR gene-deficient
patients were defined as homozygous deletion, mutation, or mRNA expression <=-
2 SD below mean of the indicated HR-related genes. All data was obtained from
the CBioPortal database https.//www.cbioportal.org/. Patients with lower SETD1A

mRNA expression (<median mRNA expression; red or purple line) were compared
to those with higher SETD1A mRNA expression (>median mRNA expression; blue
or green line). Curve comparisons were performed using the Log-rank (mantel-
Cox) test.

144


https://www.cbioportal.org/

4.5 Discussion

In this chapter | had two aims: to extend my previous observations from BRCA1- or
ATM-deficient HelLa cells, in which SETD1A loss restored HR and conferred PARPI
resistance, to HR-deficient cancer cell line models, and to examine the impact of

SETD1A expression on the survival of HR-deficient cancer patients.

4.5.1 Low SETD1A reduces PARPi sensitivity in BRCA1-mutated cancer cell

lines by restoring homologous recombination

In this chapter, | have shown that the BRCA 7-mutated ovarian cancer cell line,
UWB1.289 is sensitive to treatment with the PARPI olaparib. These results are in
concordance with several previous studies showing UWB1.289 cells display
sensitivity to PARPI treatment (Dickson et al., 2021; Sharma Saha et al., 2021; Lee et
al., 2023). Furthermore, reconstitution of BRCA1 expression has been shown to
reduce cytotoxicity of UWB1.289 cells following PARPI treatment, demonstrating that
the increased sensitivity of UWB1.289 to olaparib is due to loss of wild-type BRCA1
function (Deng et al., 2022). There is contradictory evidence as to whether HCC1937
cells show sensitivity to PARPI treatment with some studies showing significant
PARPI sensitivity (Drew et al., 2010; Bosnjak et al., 2021), whilst other studies have
questioned the sensitivity of HCC1937 cells to PARP inhibition. For example,
Lehmann et al. found that HCC1937 cells were sensitive to the PARPI veliparib but
not olaparib, suggesting other factors in addition to BRCA1 status determine
sensitivity to this PARPi (Lehmann et al., 2011). Due to the lack of BRCA1-proficient
cancer type matched control | was unable to comment on the relative sensitivity of

HCC1937 cells to Olaparib treatment compared to a non-sensitive cell line. To

145



improve the interpretation of this data | would need to perform survival analysis of

HCC1937 cells alongside a BRCA1 reconstituted cell line in the future.

Differences in PARPI sensitivity observed between studies could be attributed to
different methodologies used to measure cellular survival. For instance, one study
demonstrated that measuring the antiproliferative effects of olaparib using the MTT
assay only showed a 24.8 % growth inhibition in HCC1937 cells, whereas colony
formation assays showed significantly greater inhibition of 75 % (Pierce et al., 2013).
This highlights that cellular sensitivity can vary largely, dependent on the specific cell
viability assay used to measure it. | selected colony survival assays to measure cell
viability in this thesis, as they directly measure the ability of a single cell to proliferate
to form a colony, as opposed to MTT assays, which indirectly measure viability by

quantifying cellular metabolism.

Loss of SETD1A also increased HR-mediated repair in both UWB1.289 and
HCC1937 cells. Both cell lines displayed defects in RAD51 foci formation, which is
consistent with their PARPI sensitivity and lack of functional BRCA1 protein
expression. This is in accordance with previous findings showing HCC1937 cells
failed to form RADS1 foci following ionising radiation, validating their HR-deficient
status (Gu et al., 2016). Similarly, studies have confirmed UWB1.289 cells HR-
deficient status by measuring RADS1 foci following DNA damage (Sharma Saha et
al., 2021) or adenovirus-based HR reporter assays (Lee et al., 2023). Despite this, in
contradiction with the findings in this chapter, other studies have shown that although
UWB1.289 cells possess a pathogenic BRCA1 mutation, they retain greater than 50
% functional HR status, a similar level to BRCA1-profient SKOV3 cells (Meijer et al.,

2024). This study would suggest there is discrepancy between BRCA1 mutation
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status and functional HR activity and that an alternative mode of action is responsible
for PARPI sensitivity/resistance in UWB1.289 cells. The discrepancies between
studies determining the HR status are likely attributed to differences in the

methodologies used to determine HR status.

Consistent with my previous observations that BRCA1-deficiency increases NHEJ-
mediated chromosomal radial formation following olaparib treatment, studies have
shown PARPI treatment activates DSB repair by NHEJ in UWB1.289 cells, as
demonstrated by increased DNA-PKc phosphorylation (Deng et al., 2022).
Furthermore, treatment with the DNA-PK inhibitor, NU7441, significantly upregulated
RAD51 foci formation, restoring HR in the UWB1.289 cell lines (McCormick et al.,
2017). These observations support a mechanism by which loss of SETD1A confers
PARPI resistance in UWB1.289 cells by decreasing NHEJ activation in parallel to
restoring HR. We could confirm this hypothesis in the future by measuring radial
chromosome formation following SETD1A loss in these BRCA1-mutated cancer cell

lines.

4.5.2 Low SETD1A did not affect PARPi sensitivity in an ATM-mutated NSCLC

cell line

In the previous chapter | extended loss of SETD1A as a novel mechanism of PARPI
resistance to ATM-deficient HelLa cells, however, colony survival analyses
demonstrated that loss of SETD1A had no effect on PARPI sensitivity in ATM-
mutated H1395 NSCLC cells, despite restoring HR. As discussed above a key
limitation of this analysis is a lack of parental control which means the relative
sensitivity of H1395 cells to PARPI treatment cannot be determined. Future

experiments reconstituting functional ATM activity in these ATM-mutated cell lines are
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required to further confirm the impact of SETD1A depletion on PARPI sensitivity in

this cell line.

Despite this, these findings may therefore suggest that HR status alone does not
correspond to PARPI sensitivity in H1395 cells, and there could be additional
mechanisms co-occurring alongside ATM-deficiency determining PARPI sensitivity.
This prediction is evidenced by the TOPARP-B trial investigating the use of olaparib
in ATM-deficient tumours. This study showed detection of ATM alterations alone
might not be sufficient to identify PARPI sensitivity and that the synthetic lethality in
ATM-deficient cells treated with PARPi depends on cellular background and
molecular events co-occurring with ATM loss. For example, in addition to the ATM
mutation, the H1395 cancer cell line possesses mutations in BRAF, a gene mutated
in 3-5% of NSCLC (Perrone et al., 2022). Therefore, the presence of these additional
mutations could also have implications for PARPI sensitivity in this cell type. To
confirm whether loss of SETD1A confers PARPI resistance in ATM-mutated cancer
types, an expanded panel of ATM mutated cancer cell lines should be investigated,

encompassing other cancer types with different mutational landscapes.

4.5.3 Low SETD1A mRNA expression is associated with poor overall survival

in some HR-deficient cancer types

| also demonstrated that the survival of BRCA1- or ATM-deficient cancer patients
could be triaged by SETD1A expression, whereby reduced SETD1A expression
correlated with reduced overall survival. This was particularly evident for ATM-
deficient NSCLC. SETD1A has been associated with NSCLC progression in multiple
studies (Kang et al., 2021b; Du et al., 2021). However, these studies suggested that

high expression of SETD1A correlates with poor prognosis in NSCLC (Wang et al.,
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2021; Du et al., 2021). This discrepancy may be because my analyses were
performed on NSCLC with ATM aberrations, whilst these previous studies included all
patients regardless of HR status. This suggests that the stratification of NSCLC by
SETD1A expression is markedly influenced by ATM status and indicates that loss of

SETD1A has specific consequences in HR-deficient cells.

Although, SETD1A expression correlated with patient survival in ATM mutated
NSCLC cancer patients, SETD1A depletion did not influence cellular survival in ATM-
mutated NSCLC cell lines. As discussed above, co-occurring mutations in other
genes could have significant influence on survival in this cancer type. Further
investigation of cancer genomics data showed 9 % of ATM-deficient NSCLCs also
possess a BRAF mutation, with greater than 60 % of these mutations occurring in
patients with high SETD1A expression. Therefore, BRAF mutation status could also
be linked to SETD1A expression and contribute to improved survival in these

patients.

Additionally, we found that reduced SETD1A expression did not influence survival in
BRCA2-deficienct or HR-proficient cancers. These findings are in keeping with
unpublished findings showing that loss of SETD1A cannot restore HR to induced
PARPI resistance in BRCA2-deficient (Sweatman et al., 2024) or HR-proficient HeLa
cells. This can be attributed to the differing roles of ATM, BRCA1 and BRCA2 in HR.
Whilst ATM and BRCA1 promote end-resection and the initial steps of HR and their
loss can partially be overcome by loss of competing pathways, BRCAZ2 is absolutely
required for RAD51-dependent recombination. This is in keeping with multiple studies
demonstrating that loss of pro-NHEJ factors cannot drive PARPI resistance in

BRCAZ2-deficient cells (Bhin et al., 2023; Gogola, Rottenberg and Jonkers, 2019).
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A key limitation of this survival analysis is the small patient numbers available for
analysis. Furthermore, clinical information regarding anti-cancer therapies was not
publicly available, thus | was unable to stratify patients based on PARPi response.
Therefore, the interaction between HR status, SETD1A expression, PARPI treatment
and overall patient survival could not be analysed. Hopefully, increased use of PARPI
to treat a wider range of cancer types in the clinic will result in more clinical data

available, allowing this analysis to be extended in the future.

In the future | would also extend this chapter by repeating experiments in a broader
range of HR-deficient cancer cell lines, such as the BRCA1-mutant triple negative
breast cancer cell line, MDA-MB-436, which has been shown to have an increased
response to PARPI in comparison to HCC937 (Keung et al., 2020). Furthermore, with
access to tissue sections from BRCA1- and ATM-deficient cancer patients treated
with PARPi we could perform immunohistochemical staining for SETD1A expression
to further validate whether SETD1A expression correlates with response to treatment
with PARPI in the clinic. Additionally, by measuring SETD1A expression in HR-
deficient cancers over the course of treatment, we could also determine whether low

SETD1A expression is a pre-existing or acquired mechanism of PARPI resistance.

In summary, the findings presented in this chapter firmly establish that loss of
SETD1A drives PARPI resistance, particularly in BRCA1-deficient contexts and
expands the relevance of this proposed PARPI resistance mechanism to cancer-type
appropriate models of HR-deficiency. However, further investigations are required to
confirm whether loss of SETD1A is a potentially clinically relevant mechanism of

PARPI resistance, specifically in the context of ATM-deficiency. Based on this data we
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predict low SETD1A expression could potentially provide a biomarker for patient

prognosis in patients with BRCA1- or ATM-deficiencies.
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5. CHAPTER 5: CHARACTERISING CELL LINES WITH INDUCIBLE

CAS9-MEDIATED GENE EDITING OF SETD1A

5.1 Introduction

Previously, | demonstrated that SETD1A knockdown using siRNA reduced PARPI
sensitivity of ATM-deficient cells by restoring HR. siRNA transiently silences targets
by degrading mRNA transcripts, thus the biggest limitations of this approach are
incomplete knockdown of the target mMRNA and potential off-target effects (Jackson et
al., 2006). Considering this, | sought to validate our previous findings with an
alternative system, which employed CRISPR-Cas9 to genetically edit SETD1A and

deplete functional gene expression.

This system uses a single guide RNA (gRNA), which recognises the target gene in a
sequence specific manner through complementary base pairing. This directs the
CRISPR-associated protein (Cas9) to generate DSBs at specific genomic regions
upstream of a conserved DNA sequence downstream of the cut site called the
protospacer adjacent motif (PAM). These breaks are subsequently repaired by error-
prone NHEJ, which can induce insertions/deletions that alter the reading-frame and
generate premature termination codons in the target gene. The nascent mRNA is
then degraded by the nonsense-mediated decay system, leading to disrupted

expression of the target gene (Asmamaw and Zawdie, 2021).

However, SETD1A appears to be an essential gene, illustrated by the fact that
homozygous knockout in mice causes early embryonic lethality (Tusi et al., 2015).
Furthermore, SETD1A was shown to be essential for the proliferation of numerous

cancer cells lines through CRISPR loss-of-function screens in the DepMap portal,
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where it has been characterised as a ‘common essential gene’ (Tsherniak et al.,
2017). As a result, creating a stable SETD 1A knockout cell line is technically difficult
and can only be achieved in cells also depleted of p53 (Kang et al., 2021a). Instead,
we therefore induced a conditional SETD1A deletion using a doxycycline inducible
Cas9 system (Simon Boulton). In this system Cas9 expression is under the control of
a tetracycline operator containing promoter. In the absence of doxycycline, Cas9
expression is suppressed, however, following doxycycline treatment, the tetracycline
operator-containing Cas9 promoter is activated to induce Cas9 expression and

subsequent Cas9 mediated gene editing of SETD1A (Zhang et al., 2019).

5.2 Creation and characterisation of HeLa Kyoto inducible Cas9 SETD1A

gRNA cell lines

To create the inducible Cas9-mediated SETD1A edited cell line, HeLa Kyoto cells
expressing a doxycycline inducible Cas9 (iCas9) were transduced with pre-existing
lentivirus containing three different sgRNA targeting human SETD1A. These gRNAs
targeted different exons of SETD1A (Fig. 5.1). Additionally, a non-targeting control
(NTC) gRNA which does not target any known human gene was used as a negative

control for SETD1A depletion.
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Figure 5.1- SETD1A exons targeted by gRNAs.
Schematic of the exons of SETD1A targeted by the three individual gRNAs

transfected into HeLa Kyoto iCas9 cell lines. Transcript information and domain
annotations were obtained from ensembl genome browser

https://useast.ensembl.orq/index.html.

154


https://useast.ensembl.org/index.html

Firstly, | assessed the impact of SETD1A gene editing on protein expression by
western blotting using HeLa Kyoto iCas9 cells expressing SETD1A gRNA. Upon
addition of doxycycline to induce Cas9-mediated gene editing of SETD1A, two
different gRNAs (#4 or #5) demonstrated significant reduction of SETD1A protein
expression, whilst no change in SETD1A protein expression was observed using the
NTC gRNA (Figs 5.2 A and B). Furthermore, Cas9-mediated gene editing of
SETD1A had no impact on the expression of key interacting proteins: RIF1, BOD1L
or WDRS5 (Figs 5.2 A, C, E and F), as well as ATM (Figs 5.2 A and D). Surprisingly,
given its role as a H3K4 methyltransferase, the expression of global H3K4me3 was
also unchanged following Cas9-mediated gene editing of SETD1A (Figs 5.2 A and

G).
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Figure 5.2- Cas9-mediated gene editing of SETD1A significantly reduces
SETD1A protein expression.

(A.) Hela Kyoto iCas9 cell lines expressing SETD1A gRNA #4 or #5, or a non-
targeting control (NTC) were treated for 72 hours £ 1 ug/ml doxycycline. After 72
hours the cells were harvested and whole cell extracts were immunoblotted using
the indicated antibodies. (B-G.) Immunoblot quantification from (A.) using ImageJ.

All plots represent the mean + SD from three independent biological repeats. *=

nonspecific band.
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5.3 Cas9-mediated gene editing of SETD1A reduces RIF1 foci formation and

increases BRCA1 foci formation following ionising radiation

As mentioned previously, SETD1A knockdown reduces RIF1 foci formation and
increases BRCA1 foci formation in G1 cells following IR (Bayley et al., 2022). To
validate these cell lines further, | aimed to recapitulate these findings in the HelLa
Kyoto iCas9 cells. BRCA1 and RIF1 foci formation were measured following ionising
radiation in G1 cells (Fig. 5.3 A), as under normal conditions end resection is
suppressed in G1, protecting DNA ends to favour NHEJ. Thus, under normal
conditions RIF1 foci should be formed in G1 but BRCA1 foci should be absent in
response to DNA damage. However, previous studies have shown loss of end
protection factors, such as SETD1A leads to unrestrained end-resection of G1

breaks, characterised by accumulation of BRAC1 foci (Bayley et al., 2022).

In accordance with knockdown, Cas9-mediated gene editing of SETD1A using gRNA
#4 or #5 significantly increased IR-induced BRCA1 foci (Figs 5.3 B and D) and
markedly decreased RIF1 foci formation (Figs 5.3 C and E) in G1 cells. Together,
these findings suggest that SETD1A gene editing has similar effects on DNA repair
kinetics in comparison to siRNA mediated knockdown. Both gRNA #4 and #5
produced similar levels of SETD1A depletion and RIF1 foci recruitment, therefore we

chose to use gRNA #4 going forward with future experiments.
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Figure 5.3- Cas9-mediated gene editing of SETD1A increases BRCA1 foci and
decreases RIF1 foci formation following ionising radiation.

Hela Kyoto iCas9 cells expressing SETD1A gRNA #4 or #5, or a non-targeting
control (NTC) were treated for 72 hours + 1 ug/ml doxycycline. Cells were harvested
8 hours post exposure to 3 Gy IR and immunostained for RIF1 or BRCA1. G1 cells
were identified as CENPF/mitosin negative and nuclei counterstained with DAPI.
(A.) Schematic of experimental time course. (B and C.) Representative
immunofluorescent images (scale bar 10 um). (D and E.) Quantification of the
percentage of G1 cells with 210 RIF1 or BRCA1 foci 8-hour post IR. At least 100
cells were counted per condition. Data points represent the mean + SD from three
independent biological repeats. ns= not statistically significant, * = P <0.05 as

determined by a one-way ANOVA with post-hoc Tukey'’s test for multiple
comparisons.
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5.4 Cas9-mediated gene editing of SETD1A increases sensitivity of ATM-

deficient cells to olaparib

Next, | aimed to assess the effect of SETD1A depletion, by Cas9-mediated gene
editing, on PARPI sensitivity in the absence of ATM. To keep experimental conditions
consistent with previous experiments using siRNA-mediated depletion of SETD1A,
induction of Cas9 expression was reduced from 72- to 48-hours. | confirmed, by
western blotting, that reducing length of doxycycline treatment was sufficient to
induce Cas9 protein expression and decrease SETD1A expression in cells
expressing SETD1A gRNA #4. As before, SETD1A gene editing had no impact on the

expression of SETD1A interacting proteins (Fig. 5.4).
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Figure 5.4- Forty-eight hours of Cas9 expression is sufficient to substantially
reduce SETD1A levels.

Hela Kyoto iCas9 cells expressing SETD1A gRNA #4 were treated for 48 hours * 1
ug/ml doxycycline. After 48 hours the cells were harvested and whole cell extracts

were immunoblotted using the indicated antibodies. Blot representative of three
independent biological repeats.
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Next, | investigated cellular response to PARP inhibition. HeLa Kyoto iCas9 cells
expressing gRNA #4 or a NTC were transfected with control or ATM siRNA and
treated + 1 pg/ml doxycycline to induce Cas9-mediated gene editing of SETD1A.
Cells were then plated at low density, and | performed clonogenic survival assays as
described above (Fig. 5.5 A). As before, gene editing of SETD1A was confirmed by

western blot (Fig. 5.5 B).

As expected, prior to Cas9 induction, expression of the NTC or gRNA #4 did not
influence PARPI sensitivity, whereas ATM knockdown significantly increased sensitivity
to olaparib treatment. In control siRNA treated cells SETD1A gene editing conferred a
small decrease in cellular survival at higher olaparib concentrations. However, the most
notable finding was that Cas9-mediated gene editing of SETD1A further increased the
olaparib sensitivity of ATM depleted cells (Figs 5.5 C and D). This contradicts earlier
findings where siRNA mediated depletion of SETD1A reduced PARPiI-sensitivity in
ATM-deficient cells. Together these findings highlight significant differences in PARPI

response in ATM-deficient cells following these two methods of genetic manipulation.
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Figure 5.5- Cas9-mediated gene editing of SETD1A increases sensitivity of
ATM-deficient cells to olaparib treatment.

(A.) Schematic of experimental time course. (B.) Whole cell extracts of HeLa Kyoto
cells treated with indicated siRNAs were immunoblotted with the indicated antibodies.
(C.) Clonogenic survival curve for HeLa Kyoto iCas9 cells expressing SETD1A gRNA
#4, or a non-targeting control (NTC) transfected with the indicated siRNAs + 48-hour
treatment with 1 ug/ml doxycycline. Cells were then exposed to the indicated doses
of olaparib for 10 days before staining with crystal violet and colonies counted. *= P <
0.05 gRNA #4 -Cas9 + Control siRNA vs gRNA #4 -Cas9 + ATM siRNA, ns= not
significant gRNA #4 -Cas9 + ATNM siRNA vs gRNA #4 +Cas9 + ATM siRNA as
determined by a two-way ANOVA with post-hoc Tukey’s test for multiple comparisons
(D.) Percentage cell survival from (C.) at 2 uM olaparib. Data points represent the
mean + SEM from three independent biological repeats. ns= not statistically
significant, ** = P <0.01, *** = P < 0.001 as determined by a one way ANOVA with

post-hoc Tukey'’s test for multiple comparisons.
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5.5 Cas9-mediated gene editing of SETD1A restores homologous

recombination in ATM-deficient cells

Previously, PARPI resistance was attributed to restored HR following SETD1A
depletion. Therefore, | next investigated whether the increased PARPI sensitivity
observed following Cas9-mediated gene editing of SETD1A in ATM-deficient cells
was due to a persistent defect in HR. As before, RAD51 foci formation was used as a
surrogate for HR activity (Fig. 5.6 A) and gene editing efficacy was confirmed by

western blot (Fig. 5.6 C).

Expression of gRNA #4 or the NTC alone had no effect on RAD51 foci formation
following olaparib treatment. On the other hand, ATM knockdown induced a
significant defect in PARPi-induced RAD51 foci formation, which was restored to
control levels following Cas9-mediated SETD1A gene editing (Figs 5.6 D and E).
This is in accordance with previous results following SETD1A knockdown but
inconsistent with survival data following Cas9-mediated gene editing of SETD1A. |
then validated these findings using the LMNA-CRISPR HR assay to measure
functional HR repair (Fig. 5.6 B). In two independent repeats we also observed
SETD1A depletion by Cas9 gene editing restored the HR defect observed in ATM-
deficient cells (Fig. 5.6 F). Together these results show that SETD1A depletion by
Cas9-mediated gene editing restores HR in ATM-deficient cells despite increasing

PARPI sensitivity.
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Figure 5.6- Cas9-mediated gene editing of SETD1A increases RAD51 foci
formation and restores HR in ATM-deficient cells treated with olaparib.
HelLa Kyoto iCas9 cell lines expressing SETD1A gRNA #4, or a non-targeting
control (NTC) were transfected with the indicated siRNAs. Cells were treated
with £ 1 ug/ml doxycycline for 48 hours to induce Cas9 expression and (A.)
exposed to 5 uM olaparib for 24 hours, then immunostained with an antibody
to RAD51 and counterstained with DAPI. Foci formation was enumerated by
fluorescent microscopy or (B) transfected with CRISPR-Cas9 HR plasmids
encoding fluorescent nuclear Lamin A/C and a plasmid encoding red
fluorescent protein (RFP). Relative percentage of cells expressing fluorescent
Lamin and RFP were enumerated by fluorescent microscopy. (C.) Whole cell
extracts of Hela Kyoto iCas9 cells were immunoblotted by indicated
antibodies. (D.) Representative immunofluorescent images of RAD51 foci
(scale bar 10 um). (E.) Graphical representation of the percentage of cells with
210 RADS1 foci 24 hours post olaparib treatment. Results represent the mean
+ SD from three biologically independent experiments. * = P < 0.05, ** =

<0.01 as determined by a one-way ANOVA with post-hoc Tukey'’s test for
multiple comparisons. (F.) Graphical representation of percentage relative
repair by HR. The number of fluorescent Lamin expressing cells were
normalised to RFP expression. Results represent the mean + SEM from two
biologically independent experiments (scale bar 10 um). In both cases at least

100 cells were counted per condition.
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5.6 Cas9-mediated gene editing of SETD1A does not decrease NHEJ-

mediated radial formation in ATM-deficient cells

Previously, SETD1A depletion reduced PARPiI-induced NHEJ-mediated radial
chromosome formation in ATM-deficient cells, indicating a shift in DSB repair
pathway use from NHEJ to HR. Therefore, | wanted to investigate the effect of Cas9-
mediated gene editing of SETD1A on NHEJ-mediated radial formation using

metaphase spreads (Fig. 5.7 A).

Consistent with our previous findings, ATM-deficient cells had a significant increase in
olaparib-induced radial formation. However, unlike SETD1A knockdown, the levels of
these radials remained unchanged following SETD1A depletion by Cas9-mediated
gene editing (Fig. 5.7 C). This finding indicates that genomic instability persists
following Cas9-mediated gene editing of SETD1A in ATM-deficient cells, which in
keeping with clonogenic survival data is likely to drive increased cell death in this

context.
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Figure 5.7- Cas9-mediated gene editing of SETD1A does not decrease NHEJ-
mediated radial formation in ATM-deficient cells treated with olaparib.

HelLa Kyoto iCas9 cells expressing SETD1A gRNA #4 were transfected with the
indicated siRNAs and treated with £ 1 ug/ml doxycycline for 48 hours and 5 uM
olaparib for 24 hours. Radial chromosome formation was analysed by DAPI staining
and light microscopy. (A.) Schematic of experimental time course (B.) Whole cell
extracts of HelLa cells treated with indicated siRNAs were immunoblotted with the
indicated antibodies. (C.) Graphical representation of number of radials/metaphases
(scale bar 10 um). At least 50 metaphases were counted per condition. Data points
represent mean + SEM from two independent biological repeats. ns= not statistically
significant, ****= P < 0.0001 as determined by a Kruskal-Wallis test with multiple

comparisons.
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5.7 Cas9-mediated SETD1A gene editing of SETD1A alters PARP1 levels on

chromatin

As described above, PARP trapping is another determinant of PARPI sensitivity.
Therefore, | hypothesised that Cas9-mediated gene editing of SETD1A may increase
the level of PARP trapping on damaged chromatin leading to increased PARPI
sensitivity in ATM-deficient cells. To investigate this, gRNA #4 cells were treated with
doxycycline for 48 hours to induce Cas9 expression + ATM inhibitor and/or olaparib
treatment for 24 hours. Cells were then fractionated, and chromatin-bound proteins

analysed by immunoblotting (Fig. 5.8 A).

As expected, olaparib treatment increased PARP1 levels on the chromatin,
confirming that olaparib effectively traps PARP1 under these conditions. In contrast,
both inhibition of ATM and/or SETD1A gene editing decreased the levels of
chromatin-bound PARP. Furthermore, combining SETD1A gene editing and ATM
inhibition further decreased PARP1 chromatin levels (Fig. 5.8 B). For all conditions
the levels of PARP1 in the whole cell fraction remained largely unchanged showing
this difference was not due to changes in the levels of total PARP1 protein (Fig. 5.8
A). Despite this, changes in chromatin bound PARP1 did not correlate with PARPI
sensitivity. For example, ATM inhibition significantly increases PARPI sensitivity but
reduces PARP1 levels in the chromatin fraction. Furthermore, combining ATM
inhibition with Cas9-mediated gene editing of SETD1A resulted in the lowest level of
PARP trapping but the greatest PARPI sensitivity. These findings indicate that whilst
loss of SETD1A and/or ATM inhibition affects the level of PARP on chromatin

following olaparib treatment, PARP trapping is not the underlying mechanism of the
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increased PARPI sensitivity observed following Cas9-mediated gene editing of

SETD1A in ATM-deficient cells.
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Figure 5.8- Cas9-mediated gene editing of SETD1A and/or ATM inhibition
reduces PARP1 levels on chromatin.

HelLa Kyoto iCas9 cells expressing SETD1A gRNA #4 were treated with £ 1 ug/ml
doxycycline for 48 hours to induce Cas9 expression. Cells were then treated with
10 uM olaparib £ 1 uM AZD0156 for 24 hours, and chromatin fractions isolated. (A.)
Western blot analysis of whole cell, nuclear soluble and chromatin bound fractions
using the indicated antibodies. (B.) Quantification of PARP1 levels in the chromatin
binding fraction relative to total PARP1 expression in the whole cell lysate and
normalised to the untreated control. Band signal intensity was quantified using
Imaged. Data points represent mean + SD from three independent biological

repeats. 170



5.8 Cas9-mediated gene editing of SETD1A with gRNA #7 increases

sensitivity of ATM-deficient cells to olaparib

So far, the findings presented in this chapter largely contradict the results observed
following SETD1A knockdown. To determine whether these unexpected findings were
specific to gRNA #4, which targets SETD1A at exon 10, | aimed to validate results

using an alternative SETD1A gRNA #7 which targets SETD1A at exon 4 (Fig. 5.1 A).

Firstly, | confirmed that gRNA #7 induced sufficient depletion of SETD1A protein
expression (Fig. 5.9) and the expected RIF1 and BRCA1 foci phenotypes following

ionising radiation (Fig. 5.10).

Next, | investigated the cellular response to PARPI using clonogenic survival assays
(Fig. 5.11 A). Consistent with gRNA #4, prior to Cas9 induction gRNA #7 had no
significant impact on PARPI sensitivity. Cas9-mediated gene editing of SETD1A alone
significantly increased PARPi sensitivity, particularly at higher concentrations of
olaparib but not to the same degree as ATM knockdown. As before, combining Cas9-
mediated gene editing of SETD1A with ATM-deficiency resulted in further sensitisation
to olaparib treatment (Figs 5.11 C and D). These findings further support that Cas9-
mediated gene editing of SETD1A hypersensitises ATM-deficient cells to PARPi and

this effect is not gRNA specific.

Furthermore, as observed with gRNA #4, Cas9-mediated gene editing of SETD1A
using gRNA #7 restored the RADS51 foci defect present in ATM-deficient cells (Fig.

5.12) but failed to reduce NHEJ-mediated radial formation (Fig. 5.13).
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Figure 5.9- Forty-eight hours of Cas9 expression is sufficient to substantially
reduce SETD1A levels using gRNA #7.

Hela Kyoto iCas9 cell line expressing SETD1A gRNA #7 was treated for 48 hours *
1 ug/ml doxycycline. After 48 hours the cells were harvested and whole cell extracts
were immunoblotted using the indicated antibodies. Blots representative of three

independent biological repeats.
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Figure 5.10- Cas9-mediated gene editing of SETD1A using gRNA #7 increases
BRCA1 foci and decreases RIF1 foci formation following ionising radiation.

Hela Kyoto iCas9 cells expressing SETD1A gRNA #7 or a non-targeting control
(NTC) were treated for 72 hours + 1 ug/ml doxycycline. Cells were harvested 8
hours post exposure to 3 Gy IR and immunostained for RIF1 or BRCA1. G1 cells
were identified as CENPF/mitosin negative and nuclei counterstained with DAPI.
(A.) Schematic of experimental time course. (B and C.) Representative
immunofluorescent images (scale bar 10 um). (D and E.) Quantification of the
percentage of G1 cells with 210 BRCA1 or RIF1 foci 8-hour post IR. At least 100
cells were counted per condition. Data points represent the mean + SD from three
independent biological repeats. * = P <0.05 as determined by a one-way ANOVA

with post-hoc Tukey’s test for multiple comparisons.
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Figure 5.11- Cas9-mediated gene editing of SETD1A using gRNA #7 increases
the sensitivity of ATM-deficient cells to olaparib treatment.

(A.) Schematic of experimental time course. (B.) Whole cell extracts of HeLa Kyoto
iCas9 cells treated with indicated siRNAs were immunoblotted with the indicated
antibodies. *= nonspecific band. (C.) Clonogenic survival curve for HeLa Kyoto iCas9
cells expressing SETD1A gRNA #7 transfected with the indicated siRNAs + 48-hour
treatment with 1 ug/ml doxycycline. Cells were then exposed to the indicated doses of
olaparib for 10 days before staining with crystal violet and colonies counted. (D.)
Percentage cell survival from (C.) at 2 uM olaparib. Data points represent the mean +
SEM from three independent biological repeats. *= P < 0.05, ** = P <0.01 as

determined by a one-way ANOVA with post-hoc Tukey'’s test for multiple comparisons.
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Figure 5.12- Cas9-mediated gene editing of SETD1A using gRNA #7 increases
RAD51 foci formation in ATM-deficient cells treated with olaparib.

HelLa Kyoto iCas9 cell line expressing SETD1A gRNA #7 were transfected with the
indicated siRNAs. Cells were treated with £ 1 ug/ml doxycycline for 48 hours to induce
Cas9 expression and exposed to 5 uM olaparib for 24 hours. Cells were
immunostained with an antibody to RAD51 and counterstained with DAPI. Foci
formation was enumerated by fluorescent microscopy (A.) Schematic of experimental
time course. (B.) Whole cell extracts of Hela Kyoto iCas9 cells were immunoblotted by
indicated antibodies. (C.) Representative immunofluorescent images (scale bar 10
um). (D.) Graphical representation of the percentage of cells with 210 RADS51 foci 24
hours post olaparib treatment. At least 100 cells were counted per condition. Results
represent the mean = SD from three biologically independent experiments. ** = P
<0.01. *** =P <0.001 as determined by a one-way ANOVA with post-hoc Tukey’s test
for multiple comparisons. 176
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Figure 5.13- Cas9-mediated gene editing of SETD1A using gRNA #7 does not

decrease NHEJ-mediated radial formation in ATM-deficient cells treated with
olaparib.

HelLa Kyoto iCas9 cells expressing SETD1A gRNA #7 were transfected with the
indicated siRNAs and treated with + 1 ug/ml doxycycline for 48 hours and 5 uM
olaparib for 24 hours. Radial chromosome formation was analysed by DAPI staining
and light microscopy. (A.) Schematic of experimental time course. (B.) Whole cell
extracts of HelLa cells treated with indicated siRNAs were immunoblotted with the
indicated antibodies. (C.) Graphical representation of number of radials/metaphases
(Scale bar 10 um). At least 50 metaphases were counted per condition. Data points
represent mean £ SEM from two independent biological repeats. ns= not statistically

significant, * = P < 0.05 as determined by a Kruskal-Wallis test with multiple

comparisons. 177



5.9 Investigating the impact of SETD1A gRNA targeting on transcript

expression

To reconcile the differences in PARPi response between SETD1A knockdown and
Cas9-mediated gene editing in ATM-deficient cells, | investigated the impact of the
mRNA transcripts targeted by the two different systems of SETD1A depletion.
SETD1A has four different protein coding transcripts: SETD1A-201, -204, -205 and -
202 (Fig. 5.14). SETD1A gRNA #4 targets exon 10, thus does not target transcripts
SETD1A-204 and -202, whilst gRNA #7 targets exon 4 so does not target SETD1A-
202. On the other hand, the SMARTPool siRNA used for SETD1A knockdown is

made up of four siRNAs which target all known protein coding transcripts (Fig. 5.14).
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Figure 5.14- SETD1A gRNAs do not target all SETD1A transcripts.

Schematic showing transcripts targeted by SETD1A siRNAs (green) and gRNAs
(black). The SETD1A gene encodes four protein coding transcripts. SETD1A-201
and -205 encode the full length SETD1A protein whilst -204 and -202 produce short
3’ truncated transcripts. Transcript information obtained from ensembl genome

browser https://useast.ensembl.org/index.html.
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Based on (Fig. 5.14), | hypothesised that the persistence of the truncated transcripts
following Cas9-mediated gene editing of SETD1A could underpin the increased
sensitivity observed in ATM-deficient cells. To investigate this, we determined the
abundance of individual SETD1A transcripts in gRNA #4 and gRNA #7 cell lines by
gPCR using two SETD1A TagMan probes: Hs00322315_m1, which spans exons 3
and 4 and Hs00986930_m1, which spans exons 10 and 11. As such
Hs00322315_m1 will amplify all SETD1A transcripts, whilst Hs00986930 _m1 will only
amplify SETD1A-201 and SETD1A-205. By subtracting the expression of
Hs00986930_m1 from Hs00322315_m1 | quantified the expression of SETD1A-204

and SETD1A-202 (Fig. 5.15 A).

gPCR analysis revealed that in both the gRNA #4 and gRNA #7 cell lines the
SETD1A-204 and -202 transcripts make up > 60 % of total SETD1A transcript
expression. Cas9-mediated gene editing of SETD1A using gRNA #4 or #7 decreased
total SETD1A mRNA and of the remaining SETD1A mRNA not targeted for
degradation ~86% was attributed to the small SETD1A-204 and SETD1A-202
transcripts in gRNA #4 cells vs ~70% in gRNA #7 cells (Fig. 5.15 B). As gRNA #7
supposedly targets exon 4 this indicates most of the remaining expression is formed
of SETD1A-202. These results show SETD1A-204 and-202 make up a significant
percentage of SETD1A expression in the HeLa Kyoto iCas9 SETD1A cell lines.
Furthermore, in keeping with their targeting of exon 10 and exon 4, respectively
these truncated transcripts are not fully depleted by Cas9-mediated gene editing of

SETD1A using gRNA #4 or #7.

SETD1A knockdown using SMARTPool siRNA reduced total SETD1A transcript level

to a comparable degree to Cas9-mediated gene editing. However, consistent with
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targeting all SETD1A transcripts, SMARTPool siRNA resulted in a larger decrease in
the small SETD1A transcripts in comparison to Cas9-mediated gene editing using
gRNA #4. On the other hand, gRNA #7 and SMARTPool siRNA produced a similar
degree of small transcript depletion. No further significant difference in transcript
expression was observed when Cas9-mediated gene editing or knockdown was

combined (Fig. 5.15 B).

SETD1A knockdown using SETD1A siRNA 2 resulted in the smallest decrease in
SETD1A transcript expression overall, suggesting targeting multiple exons with a
SMARTPool siRNA is more effective for transcript depletion. Furthermore, combining
SETD1A siRNA 2 with Cas9-mediated gene editing did not significantly alter

transcript expression levels (Fig. 5.15 B).
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Figure 5.15- SETD1A-204 and -202 transcripts are abundant in HeLa Kyoto
iCas9 cell lines.

(A.) Schematic showing transcripts targeted by SETD1A siRNAs (green) and gRNAs
(black). Exons targeted by PCR probes Hs00322315_m1 and Hs00986930_m1,
highlighted in blue and orange, respectively. (B.) HeLa Kyoto iCas9 cells expressing
SETD1A gRNA #4 or gRNA #7 were transfected with control, SETD1A SMARTPool
or individual SETD1A 2 siRNA. SETD1A knockout was induced by treatment with
1 ug/ml doxycycline. After 48 hours the cells were harvested and RNA extracted.
mRNA was isolated and mRNA levels of SETD1A-201, -204, -205 and -202
(Hs00322315_m1), SETD1A-201 and -205 (Hs00986930_m1) or SETD1A-204 and
-202 (Hs00322315_m1 minus Hs00986930_m1) transcripts was determined by
gPCR. mRNA expression fold change normalised to GUSB was calculated using the
2N-AACt method. Data points represent the mean + SD from three biologically

independent experiments.
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5.10 Combining Cas9-mediated gene editing and knockdown of SETD1A

further sensitises ATM-deficient cells to olaparib

Since not all SETD1A transcripts are targeted for degradation in gRNA #4 and #7 cell
lines, | hypothesised the transcripts not targeted for degradation may underpin the
increase in PARPI sensitivity observed following Cas9-mediated gene editing of
SETD1A in ATM-deficient cells. To examine this, | combined SETD1A siRNA
transfection in gRNA #4 cells to further deplete SETD1A expression. By assessing
the individual oligonucleotides that make up the SMARTPool siRNA used for
SETD1A knockdown | identified SETD1A siRNA 2 targets exon 2, thus eliminating the

SETD1A-204 and -202 protein coding transcripts (Fig. 5.15 A).

Whilst combining SETD1A siRNA 2 and gRNA #4 didn’t result in any further
significant reduction in SETD1A expression at the mRNA level as measured by gPCR
(Fig. 5.15 B), SETD1A siRNA 2 did reduce SETD1A protein expression (Figs 5.16 A
and B) and decrease IR-induced RIF1 foci formation in G1 cells. The other individual
SETD1A siRNAs examined did not produce a marked decrease in RIF1 foci
formation (Figs 5.16 C and D). This is an unexpected finding, suggesting SETD1A
depletion only reduces RIF1 foci formation using specific oligonucleotide sequences.
However, this finding is based on one experiment and further biological repeats are
needed to confirm these results. Furthermore, combining SETD1A siRNA 2 with
gRNA #4 and/or ATM siRNA also significantly decreased RIF1 foci formation (Figs

5.17 B and C).
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Figure 5.16- SETD1A siRNA 2 decreases SETD1A protein expression and RIF1
foci formation in G1 cells following ionising radiation.

(A.) Whole cell extracts of HelLa cells treated with indicated siRNAs were

immunoblotted with the indicated antibodies. *= nonspecific band. (B.) Quantification

of blot in (A.) using Imaged. Data points represent the mean + SD from two

independent biological repeats. Hela cells transfected with indicated siRNAs were

harvested 8 hours post exposure to 3 Gy IR and immunostained for RIF1. G1 cells

were identified as mitosin negative and nuclei counterstained with DAPI. (C.)

Representative immunofluorescent images (scale bar 10 um). At least 100 cells

were counted per condition. (D.) Quantification of the percentage of G1 cells with

=10 RIF1 foci 8-hour post IR. Data point represents the mean from one biological

repeat.

185



DAPI

-Cas9
Control siRNA
+ Control siRNA

-Cas9
Control siRNA
+ ATM siRNA

-Cas9
Control siRNA
+ SETD1A 2 siRNA
+Cas9
Control siRNA
+ Control siRNA
-Cas9
SETD1A 2 siRNA
+ ATM siRNA
+Cas9
Control siRNA
+ ATM siRNA
+Cas9
SETD1A 2 siRNA
+ ATM siRNA

N o~
<
= = s <
A. 2 e E E 3
fEhzTeTl
O < wmo kb u
A -
TEEEiEE s
c c = =
[e) [ o O w w
SRNA: © O 00 a3 o §
Cas9: - - - + - + + + KDa
ATM*\’. i Sadip
225
SETD1A|"""
225
17
HQAL--------
B.

Mitosin RIF1

Percentage of G1 cells with 210 RIF1 foci (%)

186

80

60—

40—

20—

siRNA:

Cas9:

Control + Control

*%
| ok ok
| *%
[
*
ok k
—
ole
’iﬁ‘
T T T T
N5 s s =
E < g = = =
< & £ < < <
+ @] 8 + + +
5w o+ N 38 o
g ® 5 < g <
=] Q
8 ¥ 15 o o a
o [$] = =
= O 1] L
5 Z @
(&

+

+



Figure 5.17- Analysing the effect of SETD1A siRNA 2 on RIF1 foci formation in
G1 cells following ionising radiation in combination with SETD1A gRNA #4
and/or ATM- depletion.

Hela Kyoto iCas9 cell lines expressing SETD1A gRNA #4, were transfected with
indicated siRNAs and treated for 72 hours £ 1 ug/ml doxycycline. Cells were
harvested 8 hours post exposure to 3 Gy IR and immunostained for RIF1. G1 cells
were identified as mitosin negative and nuclei counterstained with DAPI. (A.) Whole
cell extracts of HeLa Kyoto iCas9 cells treated with indicated siRNAs were
immunoblotted with the indicated antibodies. *=nonspecific band (B.) Representative
immunofluorescent images (scale bar 10 um). At least 100 cells were counted per
condition. (C.) Quantification of the percentage of G1 cells with = 10 RIF1 foci 8-hour
post IR. Data points represent the mean + SD from three independent biological
repeats. * = P <0.05, **= P < 0.01, *™* = P <0.001 as determined by a one-way
ANOVA with post-hoc Tukey’s test for multiple comparisons.
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| then assessed the effect of combining Cas9-mediated gene editing and knockdown
of SETD1A on PARPI sensitivity (Fig. 5.18 A) and HR activity (Fig. 5.19 A) of ATM-

deficient cells.

Firstly, as seen on multiple occasions, ATM-deficient cells displayed sensitivity to
olaparib treatment. SETD1A knockdown using SETD1A siRNA 2 conferred a slight
decrease in PARPI sensitivity in ATM-deficient cells, in keeping with our previous
findings using SMARTPool SETD1A siRNA. As before, Cas9-mediated gene editing
of SETD1A did not rescue PARPI sensitivity of ATM-deficient cells, however, in this
case they were not significantly more sensitive than ATM-deficient cells alone. We
hypothesised that decreasing residual SETD1A transcript expression by combining
SETD1A siRNA 2 with Cas9-mediated gene editing of SETD1A would reduce PARPI
sensitivity in ATM-deficient cells. Surprisingly, however, combining Cas9-mediated
gene editing of SETD1A and knockdown further sensitised ATM-deficient cells to

olaparib treatment (Figs 5.18 C and D).

As previously observed, ATM-deficient cells showed a defect in RAD51 foci
formation, which was subsequently restored to control levels when SETD1A was
depleted by Cas9-mediated gene editing or knockdown. Interestingly however, when
combined, Cas9-mediated gene editing and SETD1A knockdown failed to restore

RAD51 foci levels, indicative of a persistent HR-defect (Figs 5.19 C and D).

188



A. Colonies stained

. Rescue + 1 Treatment with 0, 0.2, 1 or 2 yM Olaparib with crystal violet
siRNA pg/ml
transfection doxycycline Seed colonies Olaparib replaced Olaparib replaced

48 hr 24 hr

=
= =
g E £
B. ,g, E & E <f
O < & < «
+ + < <
5 © % © o
s £ o £ B
< c = <
<} o w
sRNA: 8 S8 B O o
Cas9: - - - + F
KDa
SETDIA | S
225
ATM ——

225

HoA | >

B gRNA #4 —Cas9 + Control siRNA + Control siRNA [l gRNA #4 —Cas9 + Control siRNA + ATM siRNA
[ | gRNA #4 —Cas9 + SETD1A siRNA + ATM siRNA [ gRNA #4 +Cas9 + Control siRNA + ATM siRNA

O gRNA #4 +Cas9 + SETD1A siRNA + ATM siRNA *
C.

o

200

150

100 E‘

50

-
o
o

Percentage cell survival (%)

10 T T T 1
0.0 0.5 1.0 1.5 2.0
[Olaparib] (uM)

Figure 5.18- Combining Cas9-mediated gene editing of SETD1A with siRNA
further increases sensitivity of ATM-deficient cells to olaparib treatment.

Percentage cell survival at 2uM Olaparib (%)

(A.) Schematic of experimental time course. (B.) Whole cell extracts of HeLa Kyoto
iCas9 cells treated with indicated siRNAs were immunoblotted with the indicated
antibodies. (C.) Clonogenic survival curve for HeLa Kyoto iCas9 cells expressing
SETD1A gRNA #4 were transfected with the indicated siRNAs + 48-hour treatment
with 1 ug/ml doxycycline. Cells were then exposed to the indicated doses of olaparib
for 10 days before staining with crystal violet and colonies counted. (D.) Percentage
cell survival from (C.) at 2 uM olaparib. Data points represent the mean £+ SEM from
three independent biological repeats. ns= not statistically significant, * = P <0.05 as
determined by a one-way ANOVA with post-hoc Tukey’s test for multiple
comparisons. 189
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Figure 5.19- Combining Cas9-mediated gene editing of SETD1A with siRNA
further decreases RADS51 foci formation in ATM-deficient cells treated with
olaparib.

HelLa Kyoto iCas9 cell line expressing SETD1A gRNA #4 were transfected with the
indicated siRNAs. Cells were treated with + 1 ug/ml doxycycline for 48 hours to
induce Cas9 expression and exposed to 5 uM olaparib for 24 hours. Cells were
immunostained with an antibody to RAD51 and counterstained with DAPI. Foci
formation was enumerated by fluorescent microscopy (A.) Schematic of
experimental time course. (B.) Whole cell extracts of Hela Kyoto iCas9 cells were
immunoblotted by indicated antibodies. (C.) Representative immunofluorescent
images (scale bar 10 um). (D.) Graphical representation of the percentage of cells
with 210 RAD51 foci 24 hours post olaparib treatment. At least 100 cells were
counted per condition. Results represent the mean + SD from three biologically
independent experiments. * = P <0.05, ** = P <0.01. *** = P <0.001 as determined

by a one-way ANOVA with post-hoc Tukey’s test for multiple comparisons.
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5.11 Combining Cas9-mediated gene editing and knockdown of SETD1A

further depletes SETD1A and increases p53 protein expression

Combining Cas9-mediated gene editing and knockdown of SETD1A exacerbated
PARPI sensitivity and HR deficiency in ATM-deficient cells. Based on these
observations | hypothesised that the level of residual SETD1A protein expression
following different methods of SETD1A depletion influences PARPI sensitivity in ATM-
deficient contexts. To investigate this, | assessed SETD1A protein levels by western
blotting following SETD1A knockdown, Cas9-mediated gene editing or a combination

of both.

Prior to induction of Cas9 expression, control or ATM siRNA transfected cells showed
normal SETD1A expression. As expected, Cas9 induction or transfection with
SETD1A siRNA 2 significantly reduced SETD1A protein expression levels.
Furthermore, supporting our hypothesis, combining Cas9 induction with SETD1A
knockdown further decreased SETD1A protein expression, so that it was

undetectable by western blot after a 30 second exposure (Fig. 5.20).
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Figure 5.20- Combining Cas9-mediated gene editing with SETD1A siRNA
further decreases SETD1A protein expression.

HelLa Kyoto iCas9 cell line expressing SETD1A gRNA #4 were transfected with the
indicated siRNAs. Cells were treated with + 1 ug/ml doxycycline for 48 hours to
induce Cas9 expression. (A.) Whole cell extracts of Hela Kyoto iCas9 cells were
immunoblotted by indicated antibodies *= nonspecific band. (B.) Quantification of
western blot using Imaged. Results represent the mean + SD from four biologically
independent experiments. **** = P <0.0001 as determined by a one-way ANOVA

with post-hoc Tukey’s test for multiple comparisons.
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The tumour suppressor gene p53 (TP53) controls cell division and development by
transcriptionally regulating the CDK inhibitor p21 and becomes activated in response
to a range of cellular stimuli, including DNA damage. Overexpression of wild-type p53
in tumours has been shown to induce growth arrest and cell death via apoptosis
(Marei et al., 2021). As such, | hypothesised that the increased sensitivity to PARPI
observed upon combining SETD1A knockdown with Cas9-mediated gene editing in
ATM-deficient cells may be a result of increased p53 activity in response to DNA

damage, resulting in increased cell cycle arrest and apoptosis.

To test this hypothesis, the same cells from (Fig. 5.20) were also immunoblotted for
p53 expression and YyH2AX levels. Combining Cas9-mediated gene editing of
SETD1A with knockdown in ATM-depleted cells resulted in a significant increase in
p53 expression (Figs 5.21 A and B). However, no change in yH2AX expression was
observed across the conditions (Figs 5.21 A and C). These results indicate that
complete deficiency of SETD1A could increase cell growth arrest and apoptosis

through increased p53 expression.
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Figure 5.21- Combining Cas9-mediated gene editing with SETD1A siRNA
increases p53 expression in ATM-deficient cells.

HelLa Kyoto iCas9 cell line expressing SETD1A gRNA #4 was transfected with the
indicated siRNAs. Cells were treated with £ 1 ug/ml doxycycline for 48 hours to
induce Cas9 expression. (A.) Whole cell extracts of Hela Kyoto iCas9 cells were
immunoblotted by indicated antibodies. (B. and C.) Quantification of western blot in
(A.) using Imaged. Results represent the mean = SD from three biologically
independent experiments. * = P <0.05 as determined by a one-way ANOVA with
post-hoc Tukey'’s test for multiple comparisons.
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5.12 Discussion

5.12.1 Cas9-mediated gene editing of SETD1A decreases RIF1 recruitment in

response to DNA damage

In this chapter, we show notable reduction of SETD1A expression by all three gRNAs
using an inducible CRISPR/Cas9 system. Furthermore, these cell lines showed low
background Cas9 expression, which was upregulated upon doxycycline treatment,
allowing us to conditionally control gene editing. Despite this, reduced SETD1A
expression did not change global H3K4me3 expression. This is supported by
previous studies observing no effect on total H3K4me3 protein expression (Tajima et
al., 2019), or its presence at TSSs (Hoshii et al., 2018) following SETD1A
knockdown. This suggests the effects of SETD1A are limited to specific genetic
targets rather than global methylation changes. Additionally, the expression of
SETD1A was not required for the stability of other COMPASS complex members and
interacting proteins such as RIF1 and WDRS. This corresponds with previous
findings showing SETD1A depletion did not affect RIF1 protein expression, indicating

SETD1A is not required to stabilise RIF1 (Bayley et al., 2022).

Further validating this CRISPR-Cas9 system we found that all gRNAs significantly
reduced RIF1- and increased BRCA1-foci formation in response to DNA damage.
This supports the previously identified role for SETD1A in preventing BRCA1-
dependent end-resection through the recruitment of RIF1 to chromatin at DSBs
(Bayley et al., 2022). These initial findings suggested that Cas9-mediated gene
editing of SETD1A produced the same phenotypes as SETD1A knockdown and

recapitulated our previous findings.
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5.12.2 Cas9-mediated gene editing of SETD1A increases PARPI sensitivity of

ATM-deficient cells due to accumulation of chromosomal radials

Although Cas9-mediated gene editing of SETD1A recapitulated many of the
phenotypes of SETD1A knockdown, it unexpectedly resulted in increased olaparib
sensitivity in ATM-deficient cells. This strongly contradicts our previous findings and
highlights that the choice of method for genetic manipulation of SETD1A significantly
influences PARPI sensitivity. Although PARPI sensitivity was increased, Cas9-
mediated gene editing of SETD1A also increased HR in ATM-deficient cells,
suggesting that HR status is not indicative of PARPI sensitivity in these cell lines. This
conclusion is supported by drug screening data from the Cancer Cell Line
Encyclopaedia which revealed that genomic alterations in HR-related genes and HR-
deficiency scores are not correlated with sensitivity to PARP inhibitors (Takamatsu,

Murakami and Matsumura, 2024).

On the other hand, SETD1A gene editing did not decrease NHEJ-mediated radial
formation in ATM-deficient cells, indicating persistence of PARPi-induced genomic
instability. This is consistent with studies showing the accumulation of radial
structures drives PARPI induced genome instability and cell death in HR-deficient
cells (Patel, Sarkaria and Kaufmann, 2011).These findings suggest that the inability
to repair these lesions is a more important determinant of PARPI sensitivity than HR

status in this context.

Another key determinant of PARPI sensitivity in HR-deficient cells is the level of
PARP1 trapping on chromatin (Pettitt et al., 2018). However, in this case changes in
the level of PARP1 on the chromatin following SETD1A and/or ATM depletion did not

correlate with PARPI sensitivity. This suggests that whilst both SETD1A and ATM
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appear to influence the level of PARP1 present at the chromatin, PARP trapping is

not a significant influence of PARPI sensitivity in this specific genetic context.

In summary, these findings support a model in which Cas9-mediated gene editing of
SETD1A is unable to rescue PARPi-induced genomic instability in ATM-deficient cells
due to persistence of NHEJ-mediated radial chromosome structures, which are
repaired by a mechanism independent of HR. The differences between SETD1A
gene editing and knockdown in driving the accumulation or resolution of these

structures, respectively should be investigated in the future.

5.12.3 Phenotypic differences between Cas9-mediated gene editing of SETD1A

and knockdown

The significant differences in PARPI sensitivity observed between the two systems for
SETD1A depletion could be explained by siRNA-mediated off-target effects or
differences in the level of gene depletion achieved. For example, siRNA transfection
can result in variable knockdown efficiency due to targeting of the mRNA transcripts,
in comparison to Cas9-mediated gene editing which depletes functional gene
expression by interrupting the open reading frame to induce truncation mutations.
Therefore, whilst | attempted to mitigate this effect using SMARTPool siRNA targeting
multiple SETD1A transcripts, greater levels of residual protein expression following
SETD1A knockdown could explain these differences in PARPI sensitivity. These
results suggest ATM-deficient cells may require some residual SETD1A expression
for cell survival. As combining Cas9-mediated gene editing of SETD1A with
knockdown further decreased SETD1A protein expression and PARPI sensitivity in
ATM-deficient cells, this would indicate that these cells need a residual level of

SETD1A protein expression for survival.
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Phenotypic differences between gene knockout and knockdown have been
previously demonstrated (El-Brolosy and Stainier, 2017; Karakas et al., 2007; Rossi
et al., 2015). This has been attributed to genetic compensation resulting from
upregulation of related genes as a direct consequence of loss of protein function
following genetic knockout. These upregulated genes can modulate the targeted
pathway to partially or fully rescue the desired outcome (EI-Brolosy and Stainier,
2017). For example, mice with loss of the Rp/22 ribosomal gene showed upregulation
of the Rpl2111 paralogue which is normally inhibited by RPL22. As a result of loss of
this negative feedback loop these mice showed no translational defects (O'Leary et
al., 2013). Furthermore, another study found that knockdown of the CDK inhibitor p21
by RNAi in MCF-10A cells resulted in distinct gene expression patterns in comparison
to p21 knockout following TGFB exposure (Karakas et al., 2007). Together, these
studies highlight how choice of method for gene manipulation can influence findings
through upregulation of compensatory mechanism. Therefore, it is possible that loss
of functional SETD1A protein expression following Cas9-mediated gene editing
upregulates compensatory pathways resulting in increased PARPI sensitivity in ATM-
deficient cells. For example, other KMT2 family members may become upregulated
or KDM expression may be downregulated to compensate for reduced H3K4me3
levels following Cas9-mediated SETD1A deletion. This hypothesis could be
confirmed by blotting for these enzymes in HeLa Kyoto iCas9 SETD1A gRNA cell

lines.
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5.12.4 Cas9-mediated gene editing of SETD1A does not target all protein

coding SETD1A transcripts

Using gPCR we showed the SETD1A-204, and -202 transcripts account for a
significant proportion of SETD1A expression in the HelLa Kyoto cell lines.
Furthermore, we showed these transcripts are not targeted by the gRNAs used in
this study. Currently, we do not know the functional consequences these small
transcripts could have for PARPI sensitivity. Since SETD1A-204 possess the RRM
domain, this transcript could bind to an array of coding and non-coding RNAs to
regulate mRNA stability independent of histone methyltransferase activity (Amin et
al., 2023).Additionally, the RRM domain also binds WDR82 to mediate the interaction
of SETD1A with RNA polymerase |l phosphorylated at serine 5 of the C-terminal
domain (Lee and Skalnik, 2008), therefore this transcript has the potential to target
SETD1Ato TSSs. As a result, the presence of SETD1A-204 could be responsible for
differences in PARPI sensitivity observed between SETD1A knockdown and Cas9-
mediated gene editing. However, this hypothesis was ruled out as targeting this
transcript using the alternative gRNA #7 or combining gRNA #4 with SETD1A siRNA

did not reduce PARPI sensitivity in ATM-deficient cells.

In the future further investigation of transcript expression using QPCR probes
specifically designed to detect each individual SETD1A transcript will be required to
further validate the abundance of each specific transcript in these HelLa Kyoto iCas9

cell lines.
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5.12.5 Combining knockdown and Cas9-mediated gene editing of SETD1A

further exacerbates PARPi-sensitivity in ATM-deficient cells

Having shown that SETD1A-202 and -204 are not targeted by gRNA #4 we
investigated the effect of further depleting SETD1A expression with an siRNA
targeting exon 2 of SETD1A (SETD1A siRNA 2). Although transfection of gRNA #4
cells with siRNA 2 did not further decrease SETD1A mRNA expression shown in (Fig.
5.17), we observed a significant reduction in protein expression. This could
potentially be a result of specificity of the PCR primers used to detect SETD1A
transcripts. Furthermore, it should be noted that the SETD1A antibody (A300-289,
Bethyl Laboratories) detects a region of human SETD1A between residue 1200 and
1250, thus this antibody would not be able to detect the proteins encoded by the
SETD1A-202 and -204 transcripts. Therefore, the decrease in SETD1A protein
expression observed upon transfection with siRNA 2 is unlikely to be due to a
decrease in SETD1A-202 and -204 specifically, but instead due to a further reduction
in other SETD1A transcripts. In the future we would need to repeat western blots
using an antibody which recognised an alternative epitope of SETD1A near the c-
terminus to determine the specific effects on SETD1A-202 and -204 protein

expression.

Nevertheless, combining gRNA #4 with siRNA 2 further exacerbated the PARPI
sensitivity of ATM-deficient cells. However, in this case combining SETD1A
knockdown and knockout could not restore the RADS51 defect observed in ATM-
deficient cells, indicating defective HR. These findings imply that some residual
SETD1A protein expression is required for the survival of ATM-deficient cells in

response to olaparib treatment and the induction of PARPI resistance relies on a low
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level of residual SETD1A protein expression. Together these findings indicate that
PARPI sensitivity is determined by a delicate balance of SETD1A expression in HR-

deficient cells.

5.12.6 Combining knockdown and Cas9-mediated gene editing of SETD1A

increases p53 protein expression

We also observed that combining gRNA #4 and siRNA 2 significantly increased p53
protein expression. In theory HelLa cell lines should have diminished p53 functionality
due to the presence of human papilloma virus (HPV)-18, which degrades
transcriptionally active p53 to reduce protein expression (Ajay, Meena and Bhat,
2012). Despite this, our findings suggest that HelLa cells may retain a low level of p53
protein expression, which is further upregulated following SETD1A depletion.
Previous studies have shown treatment with small molecule nuclear export inhibitors
enabled accumulation of transcriptionally active p53 in the nucleus allowing for re-
expression of functional p53 and the induction of apoptotic cell death in HelLa cells
(Hietanen et al., 2000). Our findings are also in keeping with the fact that constitutive
SETD1A knockout is viable in H1299 NSCLC cells, due to their lack of expression of
the p53 protein (Kang et al., 2021a). Additionally, studies have linked SETD1A to
regulation of p53 expression (Hoshii et al., 2018). For example, a recent study
showed downregulation of SETD1A expression increased p53 expression and

phosphorylation in transformed follicular lymphoma (Zhuang et al., 2024).

We hypothesise that increased p53 expression following complete depletion of
SETD1A may cause increased PARPI sensitivity through induction of apoptosis.
Previously, p53 overexpression has been shown to induce significant apoptosis in

HelLa cells due to upregulation of pro apoptotic Bcl-2associated XX protein (Bax) and
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Bcl-2 homologous antagonist killer (Bak) (Sun et al., 2018). Furthermore, Smeby et
al. observed p53 signal transduction was upregulated in response to PARPi and p53
wild-type colorectal cancer cells display increased sensitivity to PARPi compared to
p53 mutant counterparts (Smeby et al., 2020).No difference in yH2AX expression
was observed following loss of SETD1A, suggesting the increased p53 expression
observed was not due to increased DNA damage signalling upon SETD1A depletion.
Future investigations assessing whether SETD1A depletion results in increased
apoptosis in olaparib treated cells should be performed utilising Annexin V and PI

quantification by flow cytometry or by assessment of caspase 3/7 cleavage.

In conclusion, we have demonstrated that Cas9-mediated gene editing of SETD1A
significantly increases PARPI sensitivity in ATM-deficient cells, contradicting our
previous findings following SETD1A knockdown. We attributed this unexpected
finding to the ability of these cells to resolve PARPiI-induced genomic instability.
Furthermore, it appears the level of residual SETD1A expression following genetic
manipulation is an important factor in PARPI sensitivity through regulation of p53
protein expression. In the future it will be interesting to investigate the effect of these

different methodologies of genetic manipulation on p53 activity and apoptosis.
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6. CHAPTER 6: TRANSCRIPTIONAL REGULATION BY SETD1A

DRIVES PARP INHIBITOR RESISTANCE

6.1 Introduction

SETD1A is an important epigenetic regulator of transcription (Lee and Skalnik, 2008;
Yang et al., 2020b; Salz et al., 2014; Hoshii et al., 2022) due to its role depositing
H3K4me3 marks at the promoter regions of actively transcribed genes (Bernstein et
al., 2005). SETD1A can also regulate transcription by interaction with cyclin K
mediated through the FLOS domain, promoting RNA polymerase Il phosphorylation
and gene expression (Hoshii et al., 2018). Consequently, multiple studies have
shown that loss of SETD1A results in large changes in gene expression in multiple
cell types (Cameron et al., 2019; Hoshii et al., 2022; Salz et al., 2014). More
specifically, it has been shown deletion of SETD1A results in transcriptional changes
in pathways related to the DNA repair and stress response, including HR, NHEJ, RF
protection, as well as BER, in stem cells (Arndt et al., 2018) and mouse models of
leukaemia (Hoshii et al., 2022). Based on these previous studies, | was interested in
investigating the effect of SETD1A depletion of gene expression patterns in HR-

deficient cells.

6.2 SETD1A depletion results in differential gene expression in HR-deficient

backgrounds

To investigate the effect of loss of SETD1A on gene expression in HR-deficient and -
proficient backgrounds, | performed RNA-sequencing analysis using HeLa Kyoto
iCas9 gRNA# 4 cells transfected with control, ATM or BRCA1 siRNA (Fig. 6.1).

Surprisingly, loss of SETD1A had limited impact on gene expression in both HR-
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proficient and -deficient cells, suggesting SETD1A is not a major transcriptional
regulator in these specific genetic contexts. Because of this, | employed less
stringent cut-off values for log fold change and p-value of 0.5 and 0.06, respectively
to identify additional potentially relevant differentially expressed genes (DEGs) that
were just under the thresholds for significance. In control siRNA transfected cells,
SETD1A depletion resulted in a significant 1.5-fold change downregulation of 12
transcripts and upregulation of one transcript (Fig. 6.2 A). In ATM siRNA transfected
cells, loss of SETD1A downregulated the expression of 16 transcripts and
upregulated the expression of one transcript (Fig. 6.2 B). Finally, in BRCA1-siRNA
treated cells, 10 transcripts were significantly downregulated, whilst one transcript

was upregulated following SETD1A depletion (Fig. 6.2 C).

To identify commonly deregulated genes in HR-proficient or -deficient contexts |
compared DEGs following loss of SETD1A in BRCA1-deficient, ATM-deficient, and
HR-proficient backgrounds (Fig. 6.2 D). Five DEGs were shared between all
backgrounds irrespective of HR gene status, suggesting these genes are dependent
on SETD1A for their expression. One out of five of these genes (TM2D3) was
upregulated upon SETD1A depletion, whilst the remaining DEGs (C190rf54,
TRMT1L, PEX12 and C120rf66) were downregulated. Other DEGs were specifically
deregulated in Control-, ATM- or BRCA1- siRNA backgrounds. Additionally, one gene
(EME1) was commonly downregulated upon SETD1A depletion in both ATM- and
BRCA1-deficient cells but did not meet the threshold for fold change in control siRNA
transfected cells, despite showing a statistically significant difference in normalised
counts (Fig. 6.3 A). Normalised counts of SETD1A-dependent differentially

expressed genes are shown in (Fig. 6.3).
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Figure 6.1- ATM or BRCA1 was depleted in HeLa Kyoto iCas9 SETD1A gRNA #4
cell lines.

(A.) HeLa Kyoto iCas9 cell line expressing SETD1A gRNA #4 was transfected
with control, ATM or BRCA1 siRNA. SETD1A gene editing was induced by
treatment with + 1 ug/ml doxycycline. After 48 hours the cells were harvested
and whole cell extracts were immunoblotted using the indicated antibodies. (B.-
D.) Immunoblot quantification from (A.) using Imaged. All plots represent the
mean + SD from three independent biological repeats. * = P <0.05, ** = P
<0.01, *™* =P <0.001, **** = P <0.0001 as determined by a one-way ANOVA
with post-hoc Tukey'’s test for multiple comparisons.
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Figure 6.2- SETD1A drives expression of EME1 in ATM- and BRCA1-deficient
cells.

(A.-C.) HeLa Kyoto iCas9 cells expressing SETD1A gRNA #4 were transfected
with control, ATM or BRCA1 siRNA. SETD1A gene editing was induced by
treatment with = 1 ug/ml doxycycline. After 48 hours the cells were harvested and
RNA extracted. Gene expression was analysed using RNA-seq and differential
gene expression is displayed as a volcano plot. Significantly upregulated genes
are highlighted in blue and significantly downregulated genes are highlighted in
red. Cut-off values of differentially expressed genes were log2 fold change = 0.5
and -log (adjusted P-value) = 1.22. Data points represent means from three
independent repeats. (D) Venn diagram of overlapping differentially expressed

genes from A-C.
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Figure 6.3- Normalised counts of SETD1A-dependent differentially expressed
genes.

HelLa Kyoto iCas9 cells expressing SETD1A gRNA #4 were transfected with
control, ATM or BRCA1 siRNA. SETD1A gene editing was induced by treatment
with = 1 ug/ml doxycycline. After 48 hours the cells were harvested and RNA
extracted. Gene expression was analysed using RNA-seq. Normalised counts for
differentially expressed genes in (Fig. 6.2) calculated by DESeq2 according to
median of ratios method. (A.) Control siRNA +iCas9/-Cas9. (B.) ATM siRNA
+iCas9/ -Cas9. (C.) BRCA1 siRNA +iCas9/ -Cas9. Data points represent the mean
+ SD from three biologically independent experiments. ** = P < 0.01, ***= P < 0.001,

****= P < 0.0001 as determined by a as determined by a two-tailed Students t-test.
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As we used less stringent cut-off values for thresholds of significance, and only
observed a small number of significant DEGs in the RNA-sequencing, it was
important to independently verify these findings by gPCR. We also tested additional
samples from each cell type to confirm biological repeatability of these findings. All
DEGs identified in RNA sequencing also showed significant fold change by qPCR,
except for PEX12, which did not meet minimum cut off value for relative fold change
(Fig. 6.4). Similarly to RNA-seq count data (Fig 6.3 A), EME1 expression also
showed a statistically significant difference following SETD1A depletion in control
siRNA treated cells but did not meet the minimum cut off relative fold change (Fig.
6.4 A). To determine how well RNA- sequencing data correlated with the gqPCR
validation | compared Log2 fold change of the DEGs determined by both methods.
Fig. 6.5 highlights that Log2 fold change of DEGs corresponds well with gPCR

validation.
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with = 1 ug/ml doxycycline. After 48 hours the cells were harvested and RNA

extracted. mRNA was isolated and mRNA levels of the denoted transcripts
determined by qPCR. (A.) Control siRNA +iCas9/ -Cas9. (B.) ATM siRNA +iCas9/ -
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6.3 SETD1A is enriched at transcription start sites of SETD1A-dependent

differentially expressed genes

As SETD1A regulates transcription by mediating H3K4me3 marks at the TSSs of
actively transcribed genes, | investigated the presence of SETD1A at TSSs of the
DEGs identified from our RNA-sequencing analysis using pre-existing mouse
SETD1A ChiIP-seq datasets. SETD1A was highly enriched at TSSs of SETD1A-
dependent genes including Tm2d3, Trmt1l, Pex12 and Eme1 (Figs 6.6 B-E). | also
assessed enrichment at Nkd2, a gene whose expression did not change upon
SETD1A depletion, suggesting Nkd2 expression is not regulated by SETD1A. As

expected, there was no enrichment for SETD1A at the TSS of Nkd2 (Fig. 6.6 A).
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Figure 6.6- SETD1A is enriched at transcription start sites of differentially
expressed genes.

Chromatin immunoprecipitation profiles of murine Setd1a over the transcription start
sites (TSS) of genes from Fig. 6.2. (A.) Nkd2 (B.) Eme1 (C.) Trmt1l (D.) Pex12 (E.)
Tm2d3. ChlP-Seq datasets taken from (Brown et al., 2017) were mapped to mm10

using Bowtie2 on the online galaxy platform (htips://useqalaxy.eu/) . SETD1A peaks
identified using EASeq ChIP sequencing analysis software (htips.//easeq.net/. The

TSS and termination site of each gene are in located in the first and last exon (black

box), respectively. Arrows indicate direction of transcription of the gene from the TSS
as annotated by the integrative genomics viewer (IGV) using the NCBI reference

sequence database.
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6.4 Differentially expressed genes are deregulated in cancer patients with

altered SETD1A expression

Next, | analysed data from cancer genomic datasets to investigate whether SETD1A
expression correlated with DEG expression in tumours. First, | stratified lung
adenocarcinoma, breast carcinoma or ovarian carcinoma patients by SETD1A mRNA
expression then assessed the levels of each DEG. Some of the DEGs identified in
the RNA-Seq analysis were also deregulated in a subset of cancer patients. For
example, consistent with previous analyses, lung, breast and ovarian cancer patients
with low levels of SETD1A (<-2 SD log2 mRNA expression) had significantly
decreased expression of C190rf54, which was also downregulated in RNA-seq
analysis. Furthermore, patients with low levels of SETD1A showed significantly
increased expression of TM2D3 (the only DEG identified as upregulated upon
SETD1A deletion in RNA-sequencing analysis) in lung and breast cancer (Fig. 6.7).
There also appeared to be an association between SETD1A and EME1 expression in
lung and breast cancer, as patients with higher SETD1A expression also had higher
MRNA levels of EME1.These results highlight that SETD1A expression correlates

with the expression of some DEGs in certain cancer types.
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Figure 6.7- Differentially expressed genes are deregulated in cancer patients
with altered SETD1A expression.

Log2 mRNA expression of DEGs identified from RNA-sequencing analysis in (A.)
lung adenocarcinoma (B.) breast carcinoma or (C.) ovarian carcinoma patients
triaged by SETD1A expression. Low= homozygous SETD1A deletion or mRNA
expression <=-2 SD below mean; high= SETD1A mRNA expression >2 SD above
mean. ns= not statistically significant, * = P < 0.05, ** =P <0.01, ***= P <0.001,
****= P < 0.0001 as determined by a one-way ANOVA with Tukey’s test for multiple

comparisons.
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6.5 SETD1A mediates EME1 expression

RNA-sequencing analysis identified EME1 was downregulated following loss of
SETD1A expression in ATM- and BRCA1-deficient cells. We also observed a
significant difference in HR-proficient cells, although this did not meet the minimum
cut-off threshold for fold change in expression. Therefore we wanted to further
validate the role of SETD1A in EME1 transcription in both HR-proficient and -deficient
backgrounds. Firstly, | investigated the effect of SETD1A depletion on EME1 protein
expression in HR-proficient cell lines by western blotting, which demonstrated
SETD1A deletion significantly decreased EME1 protein expression (Figs 6.8 A and

B), suggesting SETD1A may regulate EME1 expression independent of HR-status.

Next, as SETD1A is thought to regulate gene expression through H3K4me3, |
hypothesised abrogating H3K4 methylation would also deregulate EME1 expression.
To investigate this, | utilised the H3-WT-GFP and H3-K4A-GFP cell lines, as first
described in chapter 3, treated with control, ATM or BRCA1 siRNA. As predicted,
perturbing H3K4 methylation with H3-K4A-GFP significantly reduced EME1 mRNA
expression levels in cells depleted of BRCA1, however, this effect was not observed
in control or ATM siRNA treated cells (Fig. 6.8 C). In fact, abrogation of H3K4me
appeared to increase EME1 expression in control siRNA treated cells, suggesting
there could be an alternative method beyond H3K4me3 in which SETD1A may

regulate EME1 transcription.
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Figure 6.8- SETD1A and H3K4me3 regulate EME1 protein or mRNA expression.

(A.) HeLa Kyoto iCas9 cell line expressing SETD1A gRNA #4 was treated with + 1
ug/ml doxycycline for 48 hours to induce SETD1A gene editing. Cells were
harvested and whole cell extracts were immunoblotted using the indicated
antibodies. (B.) Immunoblot quantification from (A.) using Imaged. (C.) H3-WT-GFP
or H3-K4A-GFP cells were transfected with the indicated siRNAs. Cells were
harvested and RNA extracted. mRNA levels of EME1 transcripts were determined
by qPCR. mRNA expression fold change normalised to GUSB was calculated using
the 2"-AACt method. All plots represent the mean + SD from three independent
biological repeats. * = P <0.05 as determined by a two-tailed Students t-test. **** =
P <0.0001 as determined by a one-way ANOVA with post-hoc Tukey'’s test for
multiple comparisons.
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To investigate whether SETD1A also regulates EME1 expression in HR-deficient
cancer cells, | measured EME1 protein and mRNA expression in BRCA1- and ATM-
mutated cancer cell lines. As expected, EME1 protein expression was downregulated
when SETD1A was depleted from BRCA1-mutated UWB1.289 ovarian cancer and
HCC1937 breast cancer cells or ATM-mutated H1395 lung cancer cells (Figs 6.9 A
and B). These findings were further validated at the mRNA level in the BRCA1-
mutated cancer types (Fig. 6.9 C), suggesting the transcriptional regulation of EME1

by SETD1A is conserved across multiple cancer types.

As SETD1A localises to the chromatin at sites of DSBs we next wanted to assess
whether EME1 also associated with chromatin in a SETD1A-dependent manner. To
investigate this, we performed western blotting following chromatin fractionation,
using PARP1 as a chromatin control. The results show that EME1 is expressed in the
chromatin fraction of HeLa cells and that this is reduced upon depletion of SETD1A,
(Fig. 6.10). This finding suggests that SETD1A transcriptionally regulates EME1

expression levels on the chromatin.
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Figure 6.9- SETD1A regulates EME1 expression in HR-deficient cancer cell
lines.

UWB1.289, HCC1937 and H1395 cells were transfected with indicated siRNAs. (A.)
Cells were harvested and whole cell extracts were immunoblotted using the
indicated antibodies. (B.) Immunoblot quantification from (A.) using Imaged. (C.)
Cells were harvested, and RNA extracted. mRNA levels of EME1 transcripts were
determined by qPCR. mRNA expression fold change normalised to GUSB was
calculated using the 2*"-AACt method. All plots represent the mean + SD from three
independent biological repeats. * = P <0.05, ** = P <0.01 *** = P <0.001 as
determined by a one-way ANOVA with post-hoc Tukey'’s test for multiple

comparisons.
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Figure 6.10- Cas9-mediated gene editing of SETD1A reduces recruitment of
EME1 to chromatin.

HelLa Kyoto iCas9 SETD1A gRNA #4 cells were treated with £ 1 ug/ml doxycycline
for 48 hours to induce Cas9 expression. Following this the cells were treated with
10 uM olaparib for 24 hours after which cells were harvested and chromatin
fractionation was performed. (A.) Western blot analysis of whole cell, nuclear
soluble and chromatin bound fractions. Blots were probed with indicated antibodies.
Histone H3 and B-tubulin were used as positive controls for the chromatin bound
and nuclear soluble fractions, respectively. Quantification of (B.) PARP1, (C.)
SETD1A and (D.) EMET1 levels in the chromatin binding fraction relative to total
protein expression in the whole cell lysate and normalised to the untreated control.
Band signal intensity was quantified using Imaged software. Data points represent
mean x SD from three independent biological repeats. ns= not statistically
significant, * = P <0.05 as determined by a one-way ANOVA with post-hoc Tukey’s

test for multiple comparisons.
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6.6 Altered EME1 expression is associated with poor survival in BRCA1-

deficient breast cancer

Reduced SETD1A expression is associated with decreased survival in some HR-
deficient cancer types (Fig 4.7). Next, | examined whether SETD1A-mediated
expression of EME1 could also correlate with clinical outcomes of HR-deficient
cancer patients. Using data obtained from cancer genomic databases | performed
Kaplan-Meir survival analysis on ATM-, BRCA1-, or BRCA2-deficient lung, ovarian

and breast cancer patients stratified by EME1 mRNA expression.

In most cases EME1 expression did not correlate with patient survival, except in the
case of BRCA1-deficient breast cancer, where high EME1 expression associated
with a poorer prognosis (Fig. 6.11). These findings suggest that EME1 correlates with
survival in a specific subset of HR-deficient patients. Here we showed high EME1
expression is associated with poor survival, however, this differs to patients triaged
by SETD1A expression, where low SETD1A expression was associated with poorer
prognosis. Furthermore, we observed a significant difference in survival in ATM-
deficient lung cancer patients triaged by SETD1A expression which we did not
observed for EME1, suggesting EME1 and SETD1A expression have different effects

for patient survival in HR-deficient tumours.
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Figure 6.11- Higher EME1 expression is associated with poorer overall survival
in BRCA1-deficient breast cancer.

Kaplan-Meir plots for overall survival of patients with HR-deficient cancer stratified
by low versus high EME1 expression. (A.) BRCA1-deficient ovarian cancer from the
TCGA database. (B.) BRCA2-deficient breast cancer from the METABRIC

database. (C.) BRCA1-deficient breast cancer from the METABRIC database. (D.)
ATM-deficient non-small cell lung cancer (NSCLC) from the TCGA database. HR
gene-deficient patients were defined as homozygous deletion, mutation, or mRNA
expression <=-2 SD below mean of the indicated HR-related genes. All data was

obtained from the CBioPortal database https://www.cbioportal.orqg/. Patients in the

50% lower EME1 mRNA expression (red line) were compared to the 50% higher
EME1 mRNA expression (blue line). Curve comparisons were performed using the

Log-rank (mantel-Cox) test.
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6.7 Loss of EME1 drives PARPI resistance in HR-deficient cells by restoring

homologous recombination

Analysis of mMRNA and protein expression through RNA-seq and qPCR and western
blotting, respectively, show depletion of SETD1A is correlated with downregulation of
EME1 expression. Given the known role of EME1 as the regulatory subunit of a
structure specific cross-over endonuclease formed with MUS81, which cleaves
branched DNA structures such as RFs, 3’ DNA flaps and HJs (Wyatt et al., 2013)
(Wyatt et al., 2017) (Sarbajna, Davies and West, 2014), we hypothesised SETD1A-
mediated transcriptional regulation of EME1 could be the underlying mechanism for

PARRPI resistance in ATM- and BRCA1-deficient cells following loss of SETD1A.

To assess this, | depleted BRCA1, ATM and/or EME1 from HelLa cells and assessed
response to olaparib using clonogenic survival assays (Figs 6.12 A and 6.13 A). In
support of our hypothesis, EME1 loss phenotypically mirrored SETD1A depletion in
both backgrounds, i.e. loss of EME1 compromised PARPI sensitivity (Figs 6.12 and
6.13). This was most evident in ATM-deficient cells, where depletion of EME1

significantly decreased Olaparib sensitivity (Figs 6.12 C and D).

Previously, we showed loss of SETD1A reduced PARPI sensitivity by restoring HR in
ATM- and BRCA1-deficient cells, thus we next investigated whether decreased
PARPI sensitivity upon loss of EME1 was also associated with increased HR. In
keeping with SETD1A-depletion and PARPI sensitivity, loss of EME1 also increased
RAD51 foci formation in both ATM- and BRCA1-deficient cells following exposure to
PARPI (Fig. 6.14). Together, these findings demonstrate that loss of SETD1A-
dependent EME1 transcription drives PARPI resistance in HR-deficient cells by

restoring HR.
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Figure 6.12- Loss of EME1 reduces sensitivity of BRCA1-deficient cells to
olaparib treatment.

(A.) Schematic of experimental time course. (B.) Whole cell extracts of HelLa cells
treated with indicated siRNAs were immunoblotted with the indicated antibodies.
(C.) Clonogenic survival curve for HelLa cells transfected with the indicated
SiRNAs. Transfected Hela cells were exposed to the indicated doses of olaparib
for 10 days before staining with crystal violet and colonies counted. (D.)
Percentage cell survival from (C.) at 2 uM olaparib. Data points represent the
mean + SEM from three independent biological repeats. ns= not statistically
significant, ** = P <0.01 as determined by a one-way ANOVA with Tukey’s test for

multiple comparisons.
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Figure 6.13- Loss of EME1 reduces sensitivity of ATM-deficient cells to olaparib
treatment.

(A.) Schematic of experimental time course. (B.) Whole cell extracts of HelLa cells
treated with indicated siRNAs were immunoblotted with the indicated antibodies. (C.)
Clonogenic survival curve for HelLa cells transfected with the indicated siRNAs.
Transfected HelLa cells were exposed to the indicated doses of olaparib for 10 days
before staining with crystal violet and colonies counted. (D.) Percentage cell survival
from (C.) at 2 uM olaparib. Data points represent the mean + SEM from three
independent biological repeats. *= P <0.05, **= P <0.01 as determined by a two-way

(C.) or one-way (D.) ANOVA with Tukey’s test for multiple comparisons.
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Figure 6.14- Loss of EME1 restores RAD51 foci formation in BRCA1- and ATM-
deficient cells treated with olaparib.

HelL a cells were transfected with indicated siRNAs and exposed to 5 uM olaparib
for 24 hours. Cells were immunostained for RADS1 foci and nuclei counterstained
with DAPI. Foci formation was enumerated by fluorescent microscopy (A.)
Schematic of experimental time course. (B. and C.) Representative
immunofluorescent images (scale bar 10 um). (D. and E.) Graphical
representation of the percentage of cells with 2 10 RAD51 foci 24 hours post
olaparib treatment. At least 100 cells were counted per condition. Results
represent the mean + SD from three biologically independent experiments. * = P <
0.05, ** = P <0.01, ***= P <0.001 as determined by a one-way ANOVA with post-
hoc Tukey'’s test for multiple comparisons.
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6.8 Loss of EME1 reduces RIF1 foci formation in G1 cells following ionising

radiation

Restoration of HR following SETD1A depletion arises from defective H3K4me and
reduced recruitment of RIF1 to DSBs (Bayley et al., 2022). To our knowledge EME1
has not previously been identified to play a role in RIF1 recruitment at DSBs. To
determine whether restored HR induced by EME1 loss, may be attributed to a novel
role of EME1 in regulating RIF1 recruitment, | assessed RIF1 foci formation in
SETD1A and/or EME1 depleted BRCA1-mutated HCC1937 breast cancer cells,

following ionising radiation (Fig. 6.15 A).

In keeping with our findings that EME1 depletion restored HR in ATM- and BRCA1-
deficient cells, depletion of EME1 resulted in a significant decrease in IR-induced
RIF1 foci formation in G1 cells. This defect was to a similar extent as loss of
SETD1A, and co-depletion of SETD1A and EME1 resulted in no further decrease in
foci levels (Figs 6.15 C and D), suggesting these proteins act in the same pathway of
RIF1 foci formation. Whilst loss of EME1 expression reduced RIF1 foci formation,
there was no significant effect on RIF1 protein expression (Fig. 6.15 E), indicating
that EME1 does not regulate RIF1 expression. These findings are unexpected and
suggests a previously unidentified role for EME1 in RIF1 recruitment, contributing to

the end-protection pathway, offering an exciting opportunity for future studies.
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Figure 6.15- Loss of EME1 decreases RIF1 foci formation following ionising
radiation in BRCA1-deficient cells.

HCC1937 cells were transfected with indicated siRNA and seeded onto
coverslips. Coverslips were harvested 8 hours post exposure to 3 Gy IR and
immunostained for RIF1. G1 cells were identified as mitosin negative and nuclei
counterstained with DAPI. (A.) Schematic of experimental time course. (C.)
Representative immunofluorescent images (scale bar 10 um). (D.) Quantification
of the percentage of G1 cells with 210 RIF1 foci 8-hour post IR. At least 100
cells were counted per condition. (B.) and (E.) Whole cell extracts of cells
treated with indicated siRNAs were immunoblotted with the indicated antibodies.
Data points represent the mean + SD from three independent biological repeats.
** = P <0.01 as determined by a one-way ANOVA with post-hoc Tukey’s test for
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6.9 Discussion

6.9.1 SETD1A regulates the transcription of a small selection of gene targets

in HeLa Kyoto iCas9 cells

SETD1A is considered a transcriptional regulator due to its role as a histone lysine
methyltransferase, however, in this study only a small number of genes were
differentially regulated following SETD1A deletion. This suggests SETD1A regulates
a specific subset of genes in HeLa Kyoto iCas9 cells and has limited influence on
global gene expression. This is consistent with our findings that SETD1A depletion
does not change global H3K4me3 expression, as well as previous findings by Ishii et
al. who found SETD1A regulated a comparable number of DEGs in a model of
pancreatic ductal adenocarcinoma (Ishii et al., 2023). Despite this, other studies have
shown greater effects of SETD1A depletion on gene expression. For example,
SETD1A deletion resulted in the downregulation of over 500 genes in a mouse model
of leukaemia (Hoshii et al., 2018). Together these studies highlight that SETD1A
transcriptional regulation varies by cell type and SETD1A may play more important

transcriptional roles in haematopoietic cells compared to other cell types.

As SETD1A acts as a transcriptional activator, it is not surprising that all but one of
the DEGs (TM2 domain-containing protein 3 (TM2D3)) were downregulated upon
SETD1A depletion. In this case, TM2D3 transcription is likely an indirect target of
SETD1A. TM2D3 is one of three highly conserved TM2 domain containing proteins
encoded in the human genome (Jakobsdottir et al., 2016). Previously, overexpression

of TM2D3 led to activation of Notch signalling by increasing NOTCH1 cleavage and
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cell surface expression (Masuda et al., 2023), therefore it is possible that Notch
signalling is also activated upon SETD1A depletion. Despite this, SETD1A has
previously been shown to enhance Notch signalling by promoting the expression of
Notch target genes in ovarian cancer development (Chai et al., 2023). Therefore,
upregulation of TM2D3 could enhance notch signalling in a negative feedback loop in
response to loss of SETD1A. Notch signalling has previously been implicated in
PARPI resistance, with increased NOTCHS3 expression observed in olaparib resistant
cells (Decker et al., 2017). Thus, increased TM2D3 expression following SETD1A
depletion could contribute to PARPI-resistance by increasing notch signalling. The

role of SETD1A in Notch signalling offers a potential area for future investigation.

Four further genes were commonly downregulated upon loss of SETD1A regardless
of genetic background and HR status, including C7190rf54, which has since been
renamed actin maturation protease (ACTMARP) due to its involvement in actin
processing. To date SETD1A has not been implicated in this process but considering
the known roles of actin maturation in the DDR (Huang, Zhang and Park, 2022; Torii
et al., 2023) and the important contribution of DDR and its rewiring in PARPI
sensitivity, investigating the role of SETD1A in actin maturation is an interesting

avenue for future investigation.

TRMT1L (tRNA methyltransferase 1 like), a tRNA methyltransferase (Jonkhout et al.,
2021), was also downregulated following loss of SETD1A. Several previous studies
have also highlighted the role of SETD1A in regulating the expression of genes
regulating tRNA related processes. (Hoshii et al., 2018; Arndt et al., 2018).
Furthermore, the mouse ortholog of TRMT1L is implicated in motor coordination and

cognitive functioning (Vauti et al., 2007), which is in concordance with the key role of
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SETD1A in neurodevelopment. Whilst there is no obvious link between TRMT1L
expression and PARPI sensitivity, the expression of other tRNA modifying enzymes
have previously been linked to cancer drug resistance (Ahazco-Guenkova et al.,
2024), thus investigating the relationship between SETD1A, H3K4me3 and tRNA

modifications is a potential area for future investigations.

SETD1A depletion also downregulated C120rf66, also known as KICSTOR subunit 2
(KICS2), a subunit of the KICSTOR protein complex, which negatively regulates
mTORC1 signalling (Wolfson et al., 2017). mTORC1 is a PI3K-related kinase which
mediates cell growth and division through regulation of protein synthesis and
turnover and lipid, nucleotide and glucose metabolism (Saxton and Sabatini, 2017).
mTOR pathways have been shown to regulate DNA repair and clinical trials have
shown a combination of PARP inhibition with mTOR inhibitors suppresses HR activity
in breast cancer (Westin et al., 2018; El Botty et al., 2018). This provides a clear
rationale for studying the relationship between SETD1A and mTOR signalling in

relation to PARPiI-resistance in the future.

We also confirmed the SETD1A-dependent regulation of EME1 on both the transcript
and protein level. These findings are supported by previous studies which have also
implicated SETD1A in regulating EME1 expression in HSCs (Arndt et al., 2018).
EME1 (Essential meiotic structure-specific endonuclease 1) is a structure specific
cross-over endonuclease that forms a heterodimeric endonuclease complex with the
MUSB81 structure-specific endonuclease subunit (MUS81). EME1 acts as the
regulatory subunit of this complex and possesses no endonuclease activity alone.
MUS81-EME1 subsequently forms part of the larger SMX trinuclease complex with

SLX-4, SLX1, XPF and ERCC1 (Aprosoff et al., 2023). Together the SMX complex
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cleaves branched DNA structures such as RFs, 3’ DNA flaps and HJs (Wyatt et al.,

2013) (Wyatt et al., 2017) (Sarbajna, Davies and West, 2014).

In addition to the genes discussed here, there were multiple other DEGs specific to
SETD1A knockout on a BRCA1- or ATM-deficient background, including ITGAM and
CHAC1 or DARS1 and RECQLS, respectively. The genes we have identified here

offer additional future avenues for investigating new functionalities of SETD1A.

Further evidence supporting SETD1A-dependent transcriptional regulation of these
DEGs came from analysis of murine ChlP-seq data, which identified SETD1A
enrichment at the TSSs of genes identified in our RNA-sequencing analysis. This
data suggests SETD1A binds to the promoter regions of these genes, where it is
likely to catalyse H3K4me3 to drive transcriptional activation. In the future | would
validate this ChIP-seq analysis in human cell lines, as well as assessing whether
H3K4me3 is also enriched at these TSSs and how SETD1A knockout effects this
enrichment. Initial evidence as to whether H3K4me3 may regulate the transcription of
these genes was contradictory, as perturbation of H3K4me3 using the H3-K4A-GFP
mutant cells downregulated EME1 expression in BRCA1-deficient cells, whilst
increasing expression in control siRNA treated cells. These initial results suggest
there could be additional mechanisms other than SETD1A-dependent H3K4me3
involved in the transcriptional regulation of EME1. For example, previous studies
have shown that SETD1A can also regulate transcription via interaction between its

non-catalytic FLOS domain and cyclin K (Hoshii et al, 2018).
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Additional studies examining whether SETD1A overexpression subsequently restores
expression of these DEGs would also help confirm the role for SETD1A in their

transcriptional regulation.

6.9.2 Deregulated gene expression correlated with SETD1A expression in

cancer patients

Many of the DEGs identified in the RNA-seq analysis were also deregulated in
cancer patients with altered SETD1A expression. Furthermore, SETD1A knockdown
resulted in a significant decrease in EME1 protein and mRNA expression in BRCA1-
deficient cancer cell lines. These findings indicate that SETD1A-dependent
transcriptional regulation of a subset of these DEGs has relevance in cancer cells

and is conserved across multiple cancer types.

Increased EME1 expression was also associated with poor survival in BRCA1-
deficient breast cancer patients. This is supported by previous studies showing high
EME1 expression was also a risk factor for poor overall survival in kidney renal clear
cell carcinoma (Li et al., 2024). This is also supported by the high frequency of EME1
alterations in a variety of cancer types, indicating that EME1 expression is correlated
with cancer patient survival. Whilst we observed that high EME1 levels correlated
with poor survival, in fig 4.7 we showed poor survival was associated with low
SETD1A expression, suggesting that EME1 and SETD1A expression levels have
opposing effects on patient survival in BRCA1-deficient breast cancer patients. A key
limitation of this survival analysis is the unavailability of clinic data relating to cancer
treatment. Therefore, the differences in survival observed when patients are stratified
by SETD1A vs. EME1 expression may be due to interactions with chemotherapeutics

other than PARPI. Consequently, based on this data we cannot comment on how
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SETD1A or EME1 expression levels may impact the survival of patients receiving
PARPI therapy. Immunohistochemical staining for EME1 and SETD1A in tissue
sections from cancer patients receiving PARPI therapy will help further confirm the
relevance of SETD1A in the transcriptional regulation of EME1 and the impact on

survival of patients undergoing PARPI treatment.

Interestingly, EME1 mRNA levels did not change in the ATM-mutated H1395 cell line
following SETD1A depletion. Previously, we also showed that loss of SETD1A was
unable to reduce PARPI sensitivity in the same cell line. This suggests that SETD1A
is not the main regulator of EME1 mRNA expression in H1395 cells. We could also
infer that loss of SETD1A is unable to confer PARPI sensitivity in this cell line due to

their higher expression of EME1 mRNA.

6.9.3 SETD1A-dependent transcription of EME1 drives PARPI resistance in

BRCA1- and ATM-deficient cells by restoring homologous recombination

Given the role of EME1 in the DDR through cleavage of branched DNA structures
such as HJs, which form as intermediates of HR, we hypothesised SETD1A-
mediated transcriptional regulation of EME1 could influence PARPI sensitivity in ATM-
and BRCA1-deficient cells following loss of SETD1A. Confirming this, loss of EME1
phenocopied loss of SETD1A by reducing the sensitivity of ATM- and BRCA1-
deficient cells to olaparib treatment. These findings are in agreement with findings
from the D’Andrea lab who showed loss of the EME1 binding partner MUS81 renders
BRCAZ2-deficient cells resistant to PARPi (Rondinelli et al., 2017), further implicating

the MUS81-EME1 complex in PARPI sensitivity in HR-deficient cells.
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We also found that loss of EME1 restored HR in ATM- and BRCA1-deficient cells,
suggesting similarly to loss of SETD1A, restoration of HR could also be the
underlying mechanism of PARPI resistance in cells lacking EME1. This is an
unexpected finding given that EME1 has previously been implicated in resolution of
HJs, which occur during late-stages of HR (Castor et al., 2013). Our results instead
suggest a potential new anti-recombinogenic role for EME1. Despite this, other
studies have called to question the role of EME1 in HR, for example, EME1 was not
required for the resolution of DNA intermediates arising during HR-mediated gene
targeting/conversion (Abraham et al., 2003). Instead, this study implicated EME1 in
maintaining genome stability by preventing aberrant chromosome structures forming
following meiosis-induced DSB repair (Abraham et al., 2003). To further confirm the
HR status of cells lacking EME1, RAD51 foci results should be validated using the
LMNA-CRISPR HR assay. Furthermore, the level of PARPi-induced genome
instability following EME1 depletion should be assessed by measuring chromosomal

radial formation in metaphase spreads.

Whilst EME1 contributes to the maintenance of genome stability in some contexts, it
has also been shown to drive instability under certain conditions. For example,
MUS81-EME1 cleavage products can contribute to chromosomal instability (CIN) in
HR-defective CHK1-deficient cells (Calzetta, Gonzalez Besteiro and Gottifredi, 2020).
During S-phase, CHK1-deficient cells accumulate under-replicated DNA which
subsequently enters mitosis. This triggers mitotic DNA synthesis (MiDAS), and the
nascent DNA is subsequently cleaved by MUS81-EME1 to form DSBs, which drives
CIN (Calzetta, Gonzalez Besteiro and Gottifredi, 2020). PARPI treatment has also

been shown to activate MiDAS in HR-deficient cells (Heijink et al., 2022), due to the
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accumulation of transcription-replication conflicts (TRCs) in early S-phase
(Petropoulos et al., 2024). Thus, HR-defective ATM- and BRCA1-deficient cells may
also display increased CIN in response to PARPI treatment, due to MiDAS mediated
repair of under-replicated DNA. Based on this information, | hypothesise loss of
SETD1A-dependent EME1 expression may reduce PARPI sensitivity in these cells by
reducing cleavage following MiDAS mediated repair and decreasing CIN. This theory
is supported by earlier results demonstrating olaparib induced the accumulation of
aberrant chromosomal structures such as radials in ATM- and BRCA1-deficient cells,
which were subsequently reduced upon depletion of SETD1A. This potential
mechanism for EME1 associated PARPI resistance provides an important area for
future investigation, beginning with determining if EME1 depletion restores aberrant

chromosome structures in HR-deficient cells in response to PARPI.

6.9.4 Loss of EME1 reduces recruitment of RIF1 to DSBs

Previously, it was shown that loss of SETD1A restores HR by reducing the
recruitment of RIF1 to DSBs breaks (Bayley et al., 2022). Unexpectedly, we also
found that RIF1 foci formation was compromised following loss of EME1, and this
was not due to significant differences in RIF1 protein expression. These findings
suggest EME1 may work in the same pathway as SETD1A to facilitate RIF1-
dependent NHEJ. To our knowledge this is the first study to identify a potential anti-
recombinogenic role for EME1, offering an exciting opportunity for future research to
investigate the precise mechanism in which EME1 contributes to RIF1 recruitment at
DSBs. It remains to be determined whether this newly identified role for EME1 in
regulating RIF1 foci formation is functionally linked to PARPI resistance or if loss of

EME1 influences PARPI sensitivity through a distinct mechanism e.g. via control of
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MiDAS mediated repair of PARPi-induced TRCs. We could begin to investigate this
by determining if RIF1 depletion is epistatic with loss of EME1 in relation to PARPI-
resistance in HR-deficient cells. Furthermore, to determine whether EME1 and
SETD1A mediate PARPi-sensitivity through a shared mechanism, potentially
involving the recruitment of RIF1 to restore HR, future studies combining SETD1A
and EME1 depletion will help to determine whether SETD1A loss is epistatic with loss
of EME1. In addition to this, we should investigate whether overexpression of EME1

can overcome the PARPI resistance induced by SETD1A loss.

As described above EME1 is a member of the structure-specific SMX trinuclease
complex that plays a key role in resolving Holliday junctions. It will be important to
uncover whether the role of EME1 as an endonuclease in association with this
complex underpins PARPI resistance or whether EME1 plays a different distinct role
independent of this complex in HR-deficient cells. Whilst we did not identify a role for
SETD1A in the transcriptional regulation of any of these other SMX complex
members in our analysis, it is possible that PARPI sensitivity could also be influenced
by the expression of other complex members including MUS81, SLX-4, SLX or XPF.
Future studies should assess the effect on SETD1A and EME1 depletion of the
expression of these complex members and their role in PARPI sensitivity, HR and
RIF1 recruitment should be investigated using clonogenic survival assays and DDR

foci experiments.

MUS81 also forms a second structure-specific endonuclease with EME2, which
shares homology with EME1. MUS81-EME2 has been shown to possess greater
endonuclease activity and cleave a wider range of substrates compared to MUS81-

EME1. Whilst both these complexes cleave 3’-flaps, RFs and HJs, MUS81-EME2
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also cleaves D-loop recombination intermediates (Pepe and West, 2014).
Additionally, in contrast to EME1, the accumulation of chromosome instability in
CHK1-deficient cells does not rely on EME2 (Calzetta, Gonzalez Besteiro and
Gottifredi, 2020). Therefore, it would be interesting to investigate whether the
induction of PARPi-resistance in HR-deficient cells is also specific to EME1 or

whether this can be recapitulated through loss of EME2.

To summarise, in this chapter we identify the SETD1A-dependent transcription of
EME1 as an additional potential mechanism underpinning PARPI resistance in HR-
deficient cells lacking this KMT. Similarly to SETD1A, restoration of HR may also
underpin PARPI resistance in cells lacking EME1. Furthermore, we identified a novel
potential anti-recombinogenic role for EME1 in regulating the recruitment of RIF1 to
DSBs. Determining the respective contributions of these two mechanisms of PARPI
resistance and whether these SETD1A-dependent mechanisms are interlinked are

important areas for future study.
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7. CHAPTER 7: CONCLUSION

7.1 Summary and model

Previously, my lab identified a novel PARPI resistance mechanism in BRCA1-
deficient cells, through loss of the lysine methyltransferase and pro-NHEJ factor,
SETD1A. In this thesis | wanted to examine to applicability of SETD1A as a predictor

of PARPI resistance across other DDR-deficient backgrounds, focusing on ATM.

7.1.1 SETD1A depletion reduces PARPi sensitivity by restoring homologous

recombination in ATM- and BRCA1-deficient cells

In chapter three, | demonstrated that depletion of SETD1A or H3K4 methylation
reduces PARPI sensitivity in ATM-deficient cells, by restoring HR and genomic

instability arising from chromosomal fusions.

Previously, we attributed PARPI resistance in BRCA1-deficient cells lacking SETD1A
to a failure to recruit RIF1, arising from defective H3K4 methylation and a subsequent
loss of binding between H3K4me3 and RIF1 at damaged sites (Bayley et al., 2022).
In this thesis | identified the interaction between H3K4me3 and RIF1 was mediated
by the N-terminal HEAT-repeat domains of RIF1. This data provides further details of
the underlying mechanisms of the H3K4me3 dependent recruitment of RIF1 and
further reinforces the notion that RIF1 reads the epigenetic status of chromatin to

control DSB repair.

Together these findings build upon our previous work, providing further evidence that
perturbation of pro-NHEJ pathways by loss of SETD1A drives PARPI resistance in
multiple genetic contexts, supporting the key role for epigenetic regulators in

mechanisms of PARPI resistance. Through analysis of cancer cell lines and cancer
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genomic databases it is clear this mechanism of PARPI resistance in also relevant to
multiple HR-deficient cancer types, increasing the patient population who could be

potentially impacted by this mechanism of PARPI resistance.

Identification of a potential new PARPI resistance mechanism in ATM-deficient cells is
a significant discovery contributing to improving our understanding of PARPI-
resistance mechanisms applicable beyond contexts of BRCA1-defiency. To date this
is one of a few identified mechanisms of PARPI resistance studied in ATM-deficient
contexts, along with loss of 53BP1 (Hong et al., 2016), upregulation of drug efflux
pumps and acquisition of epithelial-to-mesenchymal transition (Gout et al., 2021).
Based on my findings, we could infer that PARPI sensitivity caused by the loss of
ATM can be at least partially overcome by compromising other members of the
53BP1-RIF1-Shieldin pathway, further expanding our knowledge of PARP inhibitor

resistance mechanisms relevant to this context.

Based on the findings that SETD1A reduces PARPI senstivity across ATM- and
BRCA1-deficient cells it is possible this mechanism could be expanded to further HR
gene deficiencies. For example, mutations in other HR-related genes such as
ARID1A, BRIP1, BARD1, RAD51 and PALBZ2 could confer PARPI sensitivity
(Tsantikidi et al., 2023). Expanding this resistance mechanism to additional genetic
contexts and cancer types will greatly increase the number of patients who may

benefit from this improved understanding.

Despite evidence that this novel PARPI resistance could apply to multiple types of
HR-deficiency, unpublished data has shown loss of SETD1A is unable to confer

resistance in BRCA2-deficient cells (Sweatman et al., 2024). Moreover, cancer
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patients lacking functional BRCA2 could not be triaged by SETD1A expression. This
is supported by studies showing loss of pro-NHEJ factors cannot drive PARPI
resistance in BRCA2-deficient cells. Similarly, loss of 53BP1 is unable to restore the
HR defect in PALB2-depleted cells (Belotserkovskaya et al., 2020). Based on these
findings, it is likely SETD1A-induced PARRPI resistance will not be applicable to this
HR-deficient context either, highlighting that SETD1A-induced PARPI resistance

applies to some but not all HR-deficient contexts.

7.1.2 SETD1A-dependent transcription of EME1 drives PARPi resistance in

ATM- and BRCA1-deficient cells

In chapter six we identified transcriptional regulation of EME1 may mediate reduced
PARPI sensitivity following SETD1A depletion in HR-deficient cells. Accordingly, loss
of EME1 expression reduced PARPiI sensitivity and restored HR in both BRCA1- and
ATM-deficient cells. Unexpectedly, loss of EME1 also reduced RIF1 recruitment to
DSBs, presenting a potential novel anti-recombinogenic role for EME1 in partnership
with SETD1A. To our knowledge this is the first time such a role for this protein has
been demonstrated. It remains to be determined whether this newly identified role for
EME1 in regulating RIF1 foci formation is functionally linked to PARPI resistance or if
loss of EME1 influences PARPI sensitivity through a distinct mechanism e.g. via

control of MiDAS mediated repair of PARPi-induced TRCs.

Combined with our previous findings in BRCA1-deficient cells (Bayley et al., 2022),
we propose a model by which loss of SETD1A or associated H3K4me3 reduces RIF1
recruitment to PARPi DSBs, compromising end-protection and increasing HR-
mediated repair in both BRCA1- and ATM-deficient cells. Furthermore, we identified

that loss of SETD1A may also confer PARPiI-resistance by downregulating
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expression of the crossover endonuclease EME1, further contributing to HR

restoration through reduced recruitment of RIF1 (Fig. 7.1).
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Figure 7.1- Loss of SETD1A-dependent EME1 transcription drives PARPI
resistance in BRCA1- and ATM-deficient cells.

(Top) SETD1A methylates H3K4me3 to promote RIF1 localisation to DSBs,
preventing DNA end-resection and promoting repair by NHEJ. SETD1A also drives
the expression of the structure specific endonuclease EME1, which also regulates
RIF1 recruitment. In BRCA1- or ATM-deficient cells, DNA end-resection and HR
are inhibited, resulting in sensitivity to PARPI. (Bottom) Depletion of SETD1A or
H3K4me3 results in downregulation of EME1 expression and decreased RIF1
localisation to DSBs. This restores HR to promote reduced PARPI sensitivity by
increasing end-resection, enabling cells to survive PARPI induced DNA damage.

Figure created with Biorender.
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7.1.3 Phenotypic differences between SETD1A knockdown and Cas9-mediated

gene editing

A further significant finding outlined in chapter five was that Cas9-mediated gene
editing of SETD1A increased PARPI sensitivity of ATM-deficient cells. This strongly
contrasted earlier findings observed following SETD1A knockdown, indicating the
choice of method for genetic manipulation of SETD1A has significant impact on
PARPI sensitivity. Investigation into the mechanism behind the phenotypic differences
observed between methods of genetic manipulation revealed that complete depletion
of SETD1A protein expression corresponds with the upregulation of p53 protein
expression. This observation led me to predict a model in which loss of residual
SETD1A protein expression increases p53 protein expression and activation of p53-
mediated cell death via apoptosis, resulting in increased PARPI sensitivity in ATM-
deficient cells (Fig. 7.2). As discussed in chapter 5, these experiments were
performed in HelLa cells which have de-regulated p53 activity, due to the presence of
HPV18 (Ajay, Meena and Bhat, 2012). Therefore, to further test this model in the
future we would need to investigate the effect of SETD1A loss on PARPi-induced cell

death and p53 expression comparing both p53 positive and p53 knockout cell lines.

This model could have implications for the use of SETD1A as a biomarker of patient
response to PARPI, as it implies a threshold level of SETD1A expression is required
for resistance to PARPI treatment. As low SETD1A mRNA expression is more
common in cancer patients than deep deletion (Fig. 7.3), our results suggest siRNA-
mediated SETD1A knockdown may be the preferred system to study PARPI

resistance.
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Figure 7.2- Model of how differential SETD1A levels influence PARPI sensitivity.

In the presence of SETD1A, ATM-deficient HeLa cells lack functional p53
transcription and display sensitivity to PARPI. Upon SETD1A knockdown, SETD1A
protein expression decreases, along with PARPI sensitivity. However, when
residual SETD1A expression is additionally depleted, p53 expression is activated
to increase cell death via apoptosis and ATM-deficient cells regain PARPI

sensitivity. Figure created with Biorender.
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7.2 Therapeutic implications

7.2.1 Clinical relevance

It remains to be determined if loss of SETD1A is a bone fide pathological mechanism
of PARPI resistance in patients with HR-deficient tumour types. Previous studies
have shown patient derived lymphoblastoid cell lines with heterozygous loss-of-
function SETD1A mutations have compromised RIF1 recruitment (Bayley et al.,
2022), indicating that these clinically relevant SETD1A mutations may also induce

compromised NHEJ activity and thus could confer PARPI resistance.

Whilst this thesis focuses on the effects of decreased SETD1A expression, SETD1A
is more commonly amplified in tumours, including hepatocellular carcinoma (Chen et
al., 2023), ovarian cancer (Chai et al., 2023) and pancreatic cancer (Ishii et al.,
2023), where increased expression drives tumour progression and is correlated with
poor outcomes. Pan cancer analysis of whole genomes using data from TCGA
showed 6% of tumours possess SETD1A alterations. Of these ~50% were
amplifications or increased mMRNA expression, ~30% were deep deletions or low
mRNA and ~20% were mutations of unknown significance (Gao et al., 2013) (Fig.
7.3). This highlights that whilst upregulation of SETD1A expression is the most
frequently observed SETD1A alteration in cancer patients, a significant percentage of
patients display reduced SETD1A expression. Further analysis correlating SETD1A
expression with HR-gene expression showed 4% of ovarian cancer patients with
BRCA1-deficiency show low SETD1A expression (Gao et al., 2013), highlighting that
loss of SETD1A may occur in a significant number of patients eligible for PARPI
treatment. However, this cancer genomics data does not include SETD1A protein

expression levels, therefore, further analysis of protein expression through
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immunohistochemical staining of tumour samples could result in the identification of

an increased number of patients with reduced SETD1A expression.

. SETD1A unaltered . SETD1A altered . Amplification . Deep deletion

B mrnahign [ mRNA low
. Mutations

Figure 7.3- Pan-cancer analysis of SETD1A alterations.
Percentage of SETD1A alterations (amplifications, deep deletions, mutations, mRNA
high and mRNA low) in a pan-cancer analysis of whole genomes from TCGA. All

data was obtained from the CBioPortal database https://www.cbioportal.org/.
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Monitoring SETD1A expression during the onset of PARPI resistance and linking
BRCA1 or ATM mutation status to SETD1A expression would be invaluable in
evaluating its utility as a potential biomarker. Our findings suggest that SETD1A,
H3K4me3, or EME1 activity/expression could be useful prognostic indicators for
predicting which patients are more likely to develop PARPI resistance in the clinic. In
the future we could conduct a retrospective trial measuring SETD1A, H3K4me3 or
EME1 expression in archival tissue samples from BRCA1- and ATM-deficient patients
who have received PARPI treatment. Based on our findings that residual SETD1A
protein expression could influence PARPI sensitivity, performing
immunohistochemistry to measure protein expression in formalin-fixed paraffin
embedded tissues may be the most appropriate method of biomarker detection.
However, this method is costly due to the requirement of specific antibodies.
Alternatively, analysis of RNA expression has the advantages of being relatively low
cost per gene, high throughput and requiring a small amount of tumour tissue

sample.

7.2.2 Overcoming PARPI resistance

7.2.2.1 DDR inhibitors

Combination therapies are an effective way to sensitise cells to PARPi and overcome
drug resistance. In this thesis | identify that loss of SETD1A induces PARPI
resistance by restoring HR, therefore, preventing reactivation of this pathway could
be a successful strategy for overcoming PARPI resistance in this context. Preclinical
data suggests strategies combining PARPiIs with other DDR inhibitors can inhibit HR
restoration and sensitise HR-proficient cells to PARPi (Smith et al., 2024). A key

example of this is ATR inhibition. ATR contributes to HR by promoting RAD51 loading
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onto the DSB. As such, Kim et al. showed that combining ATR inhibition with PARPI
synergised to decrease cell viability by reducing RAD51 foci formation and blocking
HR in BRCA2 mutated PARPI resistant ovarian cancer cell lines (Kim et al., 2020).
This approach could be particularly effective for ATM-mutated tumours as ATR may
be upregulated in these cells to compensate for lack of ATM function, providing a
clear rationale for combining ATRi and PARPiI in ATM-deficient contexts. Furthermore,
a genome-wide CRISPR screen revealed loss of SETD1A sensitised three
independent cell lines to the ATRIi, AZD6738 (Wang et al., 2019), providing further
evidence that ATRi treatment could overcome PARPI resistance induced by loss of

SETD1A.

Similar results have been observed using inhibitors of checkpoint kinase WEE1.
Combining WEE1 inhibition (WEE1i) with olaparib in biliary tract cancer cell lines
decreased CtIP and RAD51 expression to disrupt HR mediated repair, suggesting
that this combination treatment can also induce synergistic anti-tumour effects by
reinstating HR-deficiency (Seo et al., 2022). Therefore, | hypothesise that
combination treatment of ATM- or BRCA1-deficient cells with PARPi and WEE1i

would counteract the restoration of HR induced by loss of SETD1A expression.

7.2.2.2 Epigenetic inhibitors

We hypothesise that SETD1A prevents HR through H3K4me3-mediated recruitment
of RIF1 to DSBs, thereby PARPI resistance could be reversed by increasing
H3K4me3 in the absence of SETD1A expression. Cells possess lysine demethylases
that remove the methylation marks deposited by enzymes such as SETD1A. Over
recent years selective demethylase inhibitors, such as KDM1A/LSD1 inhibitors

(LSD1i), have been developed to directly counteract the actions of these histone
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demethylases (Fang, Liao and Yu, 2019). Manipulating the balance between H3K4
methylation and demethylation to increase this epigenetic mark using demethylase
inhibitors could offer a potential new method of combating SETD1A deficiency and
thus PARPI resistance. Mukai et al. found that treatment of SETD1A-deficient
neurons with LSD1i reduced axon branching deficits associated with SETD1A-
deficiency (Mukai et al., 2019), demonstrating that LSD1i are effective in
counteracting SETD1A depletion. A recent study also provided initial evidence that
LSD1i could overcome PARRPI resistance. This study showed LSD1i sensitised
ovarian cancer cells to PARPI by suppressing expression of genes involved in the HR
pathway, converting HR-proficient tumours to HR-deficient tumours (Tao et al., 2023).
Together these findings suggest that the combination of PARPi and LSD1i could be
used to overcome PARPI resistance caused by loss of SETD1A. An interesting
avenue for future investigation would be to determine if suppression of LSD1 could
reinstate EME1 transcription in SETD1A-deficient cells to reestablish PARPI

sensitivity (Fig. 7.4).
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Figure 7.4- Restoring PARPI sensitivity in BRCA1- or ATM-deficient cells
following loss of SETD1A using LSD1/KDM inhibitors.

Induction of PARPI resistance following loss of SETD1A or associated H3K4
methylation in ATM- or BRCA1-deficient cells could potentially be restored by
inhibition of lysine demethylases (KDM) responsible for removing H3K4 methylation,
such as KDM5A and LSD1. KDM inhibition will increase H3K4 methylation levels in
the absence of SETD1A, reinstating EME1 transcription and RIF1 recruitment to
DSBs. This will subsequently restore PARPI sensitivity by decreasing end-resection

and perturbing homologous recombination (HR). Figure created with Biorender.
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7.3 Extending the current study

The results in this thesis have raised additional questions that provide important

areas for future investigations.

7.3.1 Further insights into the contribution of H3K4 methylation in PARPI

resistance

To further characterise the nature of H3K4me3-dependent RIF1 recruitment to DSBs,
| would aim to map the precise region responsible for the RIF1-H3K4me3 interaction.
The first step would be to determine the minimal fragment required for this interaction
by performing additional histone pulldown experiments using shorter fragments of
RIF1 spanning the original 411 aa HEAT repeat fragment (Fig. 3.17). Following on
from this, point mutations could be introduced in the RIF1 HEAT repeat domain to

identify the key residues required for its interaction with H3K4me3.

To further confirm the contribution of H3K4 methylation in PARPI resistance in HR-
deficient cells, the experiments detailed in (Figs 3.8, 3.9 and 3.10) should be
repeated in cells expressing a variant of SETD1A lacking the catalytic SET domain
(ASET) responsible for H3K4 methylation. In chapter three | also attempted to
validate these findings by generating a KDM5A/RBBP2 lysine demethylase
overexpression cell line, however | had difficulty optimising this process and due to
time constraints, | decided to prioritise other avenues of investigation. However, in
the future | would attempt to remove the FLAG tag on RBBP2 which may interfere
with antibody detection of exogenous RBBP2 expression. Alternatively, | could utilise
a lentiviral based system to create overexpression cells lines or introduce the

plasmids by transient transfection. Previously our lab used this transient approach to
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show that RBBP2 overexpression reduces H3K4 methylation levels independently of
loss of SETD1A and effects the recruitment of RIF1 to DSBs in a similar manner to
SETD1A depletion (Bayley et al., 2022). Based on this and my previous findings, |
hypothesise that RBBP2 expression would phenocopy SETD1A depletion to confer

PARPI resistance in both BRCA1- and ATM-deficient cells.

7.3.2 Further insight into phenotypic differences between Cas9-mediated gene

editing of SETD1A and siRNA-mediated knockdown

An unexpected finding of this thesis was that depletion of SETD1A by Cas9-mediated
gene editing increased sensitivity to PARPi in ATM-deficient cells, opposing our
earlier findings following SETD1A knockdown. In chapter five | hypothesised these
differences in PARPI sensitivity were due to incomplete depletion of all SETD1A
protein coding transcripts by the gRNAs used in CRISPR-Cas9 system. | would
further extend this study by designing PCR primers specifically targeted to each

individual transcript to further elucidate transcript abundance.

Furthermore, | observed that combining Cas9-mediated gene editing and SETD1A
knockdown increased p53 protein expression. Therefore, the next step is to
determine whether this is accompanied by an increase in p53 activity, leading to
increased cell cycle arrest and apoptotic cell death. Levels of activated p53 could be
measured by immunoblotting for p53 phosphorylation at serine 15. | could also
measure p53 mediated cell death via apoptosis using the annexin V assay or

detection of cleaved caspase 3 and PARP by western blotting.
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7.3.3 Continued validation of RNA-sequencing hits.

Surprisingly, depletion of SETD1A causes only small changes in gene expression in
HelLa Kyoto iCas9 cells, this could be due to compensation by other KMTs. In the
future we could assess whether loss of SETD1A increases the expression of these
other KMTs and if further depletion of these results in more significant changes in

gene expression.

Nevertheless, we did identify some genes that were differentially expressed following
loss of SETD1A. To further verify SETD1A-dependent regulation of these genes |
would assess the impact of SETD1A overexpression on DEG expression using a
lentiviral based system. To further verify the role of SETD1A-dependent H3K4me3 in
the transcriptional regulation of these genes | would repeat ChiP-sequencing
analysis in the HelLa Kyoto iCas9 cell lines and investigate the effect of SETD1A
depletion on the enrichment of H3K4me3 at the promoter regions of the DEGs. To
expand on this, | could also investigate the effect of a catalytically dead SETD1A
mutant, deficient for histone methyltransferase activity, on DEG expression. |
hypothesise that expression of the catalytically dead SETD1A mutant would lead to

similar gene expression changes as SETD1A depletion.

7.3.4 Further insights into the contribution of EME1 in PARPi resistance

In chapter six, | observed that loss of EME1 reduced recruitment of RIF1 to DSBs
induced by ionising radiation. This led me to hypothesise that EME1 could have a
novel anti-recombinogenic role, facilitating RIF1-dependent NHEJ. Currently, we do
not know whether EME1 mediates RIF1 recruitment by a direct interaction, to explore

this further | would perform reciprocal co-immunoprecipitation experiments using

255



recombinant RIF1 and EME1 protein. As RIF1 forms part of the downstream 53BP1
effector pathway, | would also assess whether the recruitment of other 53BP1 factors
such as REV7 and 53BP1 itself are also affected by EME1 depletion in response to
DNA damage. If RIF1 recruitment is dependent on EME1 expression, it is possible
that EME1 expression will also influence DSB repair via the NHEJ pathway. Our lab
has previously used cells with conditional inactivation of the shelterin subunit TRF2 to
investigate this pathway. Inactivation of TRF2 elicits telomere deprotection and the
formation of NHEJ-mediated chromosome end-to-end fusions. Loss of pro-NHEJ
factors such as RIF1 and SETD1A have been shown to reduce the formation of these
fusions, therefore based on my hypothesis that EME1 also mediates NHEJ, | would

predict that loss of EME1 will also reduce the formation of these fusions.

It would also be interesting to investigate whether some of the other known functions
of MUS81-EMEHN1, such as its role in cleaving nascent DNA during MiDAS in HR-
deficient cells, are implicated in PARPI resistance. To assess whether olaparib
induces MiDAS in BRCA1- and ATM-deficient cells, | would detect nascent DNA
synthesis in metaphase cells with EdU labelling using the Click-I EAU assay. | would
then assess the effect of EME1 depletion on cleavage of this newly synthesised DNA
by measuring DAPI-negative gaps and breaks in DAPI-stained, EdU-incorporated

metaphase spreads.

Since EME1 is part of the SMX trinuclease complex, it would be interesting to
examine whether depleting other members of this complex, such as MUS81, SLX4
and SLX1 might also contribute to my observations. Furthermore, as the EME1

homologue, EME2 also forms an endonuclease complex with MUS81, it would be
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interesting to examine whether depletion of EME2 expression could confer similar

effects.

7.3.5 Extending findings to other PARP inhibitors

Clinically approved PARPi compounds primarily target PARP1, however, due to
structural similarities in the NAD-binding domain, PARPI also inhibit other PARP
enzymes, including PARP2 and PARP3 (Antolin et al., 2020). Currently, PARP1
specific inhibitors, such as AZD5305, and PARP7 specific inhibitors, such as thioparib
are in clinical development. Therefore, an interesting question would be to investigate
whether SETD1A-induced PARPI resistance is specific to PARP1 inhibition, using

these novel PARPi compounds.

7.4 Concluding remarks

In conclusion, | have demonstrated that loss of SETD1A and associated H3K4me3
offers a conserved mechanism of PARPI resistance in BRCA1- and ATM-deficient
contexts via restoration of HR and/or transcriptional regulation of the crossover
junction endonuclease EME1. As such, loss of SETD1A, H3K4me3 or EME1
expression may underlie PARPI resistance in the clinic and their expression or
activity could offer potential new biomarkers to predict patient response.
Consequently, these findings could improve the use of PARPI in the clinic by
identifying patients likely to respond to therapy, ultimately improving patient

outcomes.
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