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Abstract

Many components of the DNA damage response are known to function across multiple
pathways. Bi-orientation defect 1-like (BOD1L) was recently identified as a modulator of
nucleolytic resection of stalled replication forks. However, its potential roles in the resolution

of other types of DNA damage were unexplored.

My thesis demonstrates that BOD1L interacts with the 53BP1 effector RIF1. This interaction is
critical for the recruitment of RIF1 to DNA double-strand breaks (DSBs) induced by ionising
radiation (IR). Collectively, these proteins antagonise the inappropriate accumulation of BRCA1
at these breaks, thereby suppressing CtIP- and MRE11-dependent resection. In the absence of
BODI1L, aberrant resection ultimately compromises genome stability and cell survival.
Homologous recombination is unaffected by the depletion of BOD1L; however, this factor is
required for the 53BP1-dependent process of non-homologous end joining. Furthermore,

BOD1L and RIF1 also modulate resection of Camptothecin (CPT)-induced DSBs.

In summary, | have demonstrated a novel interaction between BODI1L and RIF1, which is
fundamental to its control of DSB resection following exposure to IR or CPT. Therefore,
alongside its function during replication stress, BOD1L preserves genome stability by
influencing DSB repair pathway choice, ensuring appropriate resolution of DSBs inflicted by a

variety of genotoxins.
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Chapter 1: Introduction

The objective of my doctoral studies will be to extend the characterisation of BODI1L
(Biorientation Defect 1-Like), a recently-identified member of the DNA damage response (DDR);
| will describe its published role in cells exposed to replication stress inducers in more detail in
later sections (section 1.9). However, the potential role of BOD1L in the cellular response to
other genotoxins is hitherto unexplored; this forms the basis of my studies. Therefore, | will
begin by outlining the fundamental principles and exponents of the mammalian DNA damage
response, with a particular focus on two types of DNA damage: replication stress and DNA

double strand breaks.

1.1: DNA damage

DNA damage is defined as any deleterious modification of the DNA structure; this may
constitute the disruption of a base, chemical alterations, or breakage of one or both phosphate
backbones. Such damage can arise from a spectrum of endogenous and environmental
sources, posing a considerable threat to the integrity of the genome. This has led to the
evolution of a complex array of proteins and pathways, collectively termed the DNA damage
response (DDR), which enables the cell to deal efficiently and appropriately with genetic

damage in all its manifestations.



1.2: DNA replication and replication stress

The efficient and accurate replication of the genome and transfer of the genetic information to
daughter cells is critical for survival. However, the integrity of this process is frequently
challenged by insults from extra-cellular agents as well as endogenous sources. These insults
may include physical obstacles to the unwinding of the DNA and progression of the replication
fork, or inhibition of key enzymes associated with DNA synthesis. When replication is impaired,
cells are said to be in a state of replication stress. To combat this potentially deleterious state,
cells have evolved a suite of factors and pathways which respond to replication stress by
pausing DNA replication until any obstacles have been removed. In the following sections, | will

provide a brief overview of DNA replication, and will then describe replication stress in detail.

1.2.1: An overview of mammalian DNA replication

The process of faithfully replicating the genetic material in preparation for cell division is
fundamental to all organisms.  This process has been investigated and reviewed
comprehensively elsewhere (for examples refer to Bleichert et al. (2017), Fragkos et al., 2015,
Jain et al., 2018, Singh and Wu, 2019, Gambus, 2017), but will be summarised below for the

purpose of context.

DNA replication is initiated at thousands of specific positions along the chromosomes — termed
replication origins. The first step of initiation is the formation of the pre-replicative complex
(pre-RC), which comprises the helicases MCM2-MCM7 and the origin recognition complex
proteins ORC1-6, along with CDT1 and CDC6. Assembly of this complex occurs at all replication

origins and can commence from late M phase. The preparation of replication origins in this



manner is termed ‘licensing’. Origin firing, the second initiation step, occurs solely during S
phase. Origins are fired in a controlled manner to balance replication accuracy and speed with
the need to allocate resources appropriately. Early origins are fired first, with late origins
following. Furthermore, a subset of origins is reserved to fire in case of any perturbation of
replication; these origins may not be required if replication proceeds without obstacles (Zeman

and Cimprich, 2014, Mazouzi et al., 2014).

During origin firing, a pair of bi-directional replication forks forms, each with an activated
MCM2-7 helicase complex at its apex. The activities of cyclin-dependent kinases (CDKs) and
Dbf-depedent kinases (DDKs) become critical at this point: firstly, to convert the pre-RC into a
pre-initiation complex, and secondly, to incorporate Cdc45 and GINS into the MCM?2-7 helicase
to form a CMG complex at each fork. This latter conversion occurs at the transition from G1 to
S phase and involves a number of other factors, including RECQL4, TRESLIN and TOPBP1 (DNA
Topoiosomerase-Il binding protein 1). Collectively, the pre-RC and CMG complexes unwind the
DNA at each origin and allow DNA synthesis to proceed in opposite directions. This process
requires DNA helicases to unwind the DNA double helix, DNA polymerase enzymes a, 6 and &,
tethering factors to join the helicase and polymerase enzymes, a polymerase co-factor known
as proliferating cell nuclear antigen (PCNA), and replication protein A (RPA) to stabilise the
single-stranded DNA. The replication machinery is collectively known as the replisome (Munoz
and Mendez, 2017, Mazouzi et al., 2014, Zeman and Cimprich, 2014). At the point where two

opposing replication forks meet, the replisome dissociates from the DNA in a process known as



termination. This disassembly is reliant on specific polyubiquitination of MCM7 by the Cul2/R!

and TRAIP ubiquitin ligases (Moreno and Gambus, 2015, Priego Moreno et al., 2019).

1.2.2: Replication stress

Replication stress is not a specific form of DNA damage, but a complex cellular state. In fact,
there are currently no definitive markers or characteristics to identify it. Whilst it is
acknowledged that replication stress can pose major problems for genomic integrity, a number
of features that result from replication stress —and which can therefore serve as indicators of
the state — may also contribute to its exacerbation. For example, chromosomal nicks and gaps
result from unresolved replication stress, but also lead to its amplification. In view of this
ambiguity, a combination of approaches represents the most robust strategy for the
examination of replication stress, including single-molecule analysis of fork progression through
DNA fibre assays, genome stability assays and quantification of 53BP1 bodies (Zeman and

Cimprich, 2014).

Replication stress frequently gives rise to tracts of single-stranded DNA (ssDNA) due to
continued activity of the replicative helicase after the stalling of the DNA polymerase. RPA, a
heterotrimeric complex with a high affinity for ssDNA due to its multiple
oligonucleotide/oligosaccharide-binding folds (Marechal and Zou, 2015) rapidly coats this
ssDNA and acts as a signal to recruit the ATR (Ataxia-Telangiectasia Mutated- and Rad3-Related)
kinase. Accordingly, the presence of ssDNA and increased phosphorylation of ATR substrates,

such as RPA (Ser 33) or CHK1 (Ser 345) can be used as indicators of replication stress. Whilst



phosphorylation of H2AX, a histone variant, may also increase during replication stress, this
modification is associated with multiple kinases and various manifestations of DNA damage,

and is therefore not a specific indicator (Zeman and Cimprich, 2014).

1.2.3: Factors contributing to replication stress
A multitude of factors, both endogenous and extra-cellular, can pose a threat to DNA

replication, and ultimately to viability at the cellular and whole organism level.

It is now known that endogenous sources play a substantial role in inducing replication stress.
Research into the properties of common fragile sites (CFS), which are liable to break upon
exposure to chemical inhibitors of replication, has given key insights into DNA structural
features that are likely to be problematic for the replisome (Munoz and Medez, 2017). For
instance, secondary structures arising at repetitive DNA sequences (Mazouzi et al., 2014) and
AT-rich regions can act as barriers to fork progression. Short tandem repeats, known as
microsatellites, do not impede replication but reduce the fidelity of the process due to the
increased risk of polymerase slippage in such regions (Munoz and Mendez, 2017). Physiological
processes, or mistakes in these processes, may also render the DNA template unrecognisable
to the replication machinery; examples include erroneous ribonucleotide incorporation and
base damage or inter-strand crosslinks (ICLs) arising from endogenous sources. Furthermore,
collisions between replication and transcription machinery may also be a source of replication
stress (Helmrich et al., 2013). Such collisions are more likely in larger genes. There is some

speculation that cells may have evolved strategies to reduce the frequency of these events



(such as origin depletion in highly-transcribed regions and the temporal separation of
transcription and replication) (Bermejo et al., 2012), but this remains a point of contention.
Collisions can nonetheless be problematic when they do occur, resulting in topological stress
and the formation of DNA-RNA hybrids known as R-loops. There is a further risk that R-loops
may collide with the replication or transcription machinery (Zeman and Cimprich, 2014, Munoz

and Mendez, 2017). Sources of replication stress are summarised in figure 1.1.

The capacity of chemical agents to induce replication stress is the subject of ongoing
investigation. Such agents are frequently employed in research settings as well as therapeutic
contexts (refer to section 1.8). Replication stress may be induced by chemicals such as
hydroxyurea (HU), which depletes the pool of dNTPs available for incorporation into nascent
DNA through inhibition of ribonucleotide reductase (RNR) (Munoz and Mendez, 2017, Mehta
and Haber, 2014, Timson, 1975). There can be considerable deleterious consequences of
chronic, unresolved replication stress arising from HU exposure, such as the collapse of stalled
forks into DSBs (Petermann et al., 2010). Chemical treatments such as Cisplatin prevent DNA
unwinding and replication forks progression by the induction of DNA crosslinks (which are
predominantly intra-strand). Other agents interfere with the activities of fundamental
replication-associated enzymes. These compounds selectively target cells in which active DNA
replication is taking place; as such, they are effective specifically in S phase, during which DNA
is most vulnerable to damage (Vesela et al.,, 2017). Aphidicolin, for example, triggers a

conformational change in DNA polymerase a, thereby specifically inhibiting the incorporation
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Figure 1.1: Factors contributing to replication stress.
The progression of DNA replication may be impaired by multiple factors, such as a limiting nucleotide concentration, damaged

DNA, fragile sites and oncogenic stress, repetitive DNA sequences, secondary DNA structures, erroneous incorporation of
ribonucleotides, RNA-DNA hybrids and collisions with the transcription machinery.
Adapted from Zeman & Cimprich, 2014.



of dCTP into nascent DNA. Due to the uncoupling of helicase and polymerase activities, cells
are unable to progress through S phase. Camptothecin inhibits Topoisomerase |, part of the
enzyme family which is essential for the control of supercoiling during DNA replication. Topol
fulfils its function through generation of a Topol-DNA cleavage complex. This is normally a
transient interaction. CPT prevents the dissociation of this complex, depleting the pool of Topol
and leading to chronic torsional stress. Single-ended DSBs can also arise when the trapped
cleavage complex encounters a replication fork (Hsiang et al., 1989). Etoposide acts via a
corresponding mechanism but targets Topoll (Vesela et al., 2017). Finally, ionising radiation
(IR) and ultraviolet radiation (UV) are well-established sources of DNA double-strand breaks
(DSBs) and DNA adducts, respectively; if unresolved, this damage may also halt the progression

of the replisome (Munoz and Mendez, 2017).

As mentioned above, ICLs are a potent source of replication stress, as these structures act as a
physical block to DNA replication or transcription due to the impairment of strand separation.
ICLs are generated through the covalent linkage of pairs of base or phosphate backbone
modifications that have occurred on complementary strands of DNA. This form of DNA damage
is therefore potentially lethal; it has been suggested that a cell can sustain fewer than 20
unrepaired ICLs (Noll et al., 2006). Since BODI1L plays a crucial role in combating replication
stress and has also been shown to associate with the Fanconi Anaemia (FA) pathway (section
1.9) — which is fundamental to the resolution of these lesions — an understanding of ICL

formation and repair provides valuable context for my studies.



The mechanism of ICL formation has been extensively studied since the seminal work of Louis
Goodman and colleagues that paved the way for the introduction of ICL-inducing agents as a
leukaemia treatment after the Second World War (Goodman et al., 1946). Rapid, uncontrolled
cycling and proliferation are hallmarks of cancerous cells. These agents are therefore eminently
suited to the treatment of neoplastic tissues due to the impact of ICLs on DNA replication

(Rycenga and Long, 2018).

Over 70 years after their introduction, ICL-inducing drugs remain a mainstay for the
chemotherapeutic treatment of cancer. It is now understood that the four classes of these
drugs in routine use (nitrogen mustards and other alkylating agents, Mitomycins, psoralens and
platinum compounds such as Cisplatin) have relatively similar mechanisms of action. The
formation of a crosslink is dependent on the drug’s two chemically active groups, each of which

can react with bases on complementary DNA strands (Eastman, 1983).

In the case of platinum compounds or alkylating drugs, side chains are activated within the cell
by the displacement of chloride ions by water molecules, thus facilitating their reactivity with
DNA bases — typically guanosine or adenosine. Around 90% of the resultant lesions are intra-
strand crosslinks, with 1-2% being ICLs (Eastman, 1983, Rycenga and Long, 2018). The planar
rings found in Mitomycins and psoralens become able to interact with bases on opposite
strands of DNA following photon-dependent activation. Approximately 15% of Mitomycin-
induced DNA lesions are ICLs, and over 50% involve DNA adducts (Rycenga and Long, 2018). In

psoralen-based chemotherapy, this photon dependence has been harnessed to facilitate



targeted treatments by using UVA irradiation to activate the drug in a directed manner.
Activated psoralens are efficient ICL inducers; up to 90% of total lesions are ICLs (Rycenga and

Long, 2018, Deans and West, 2011).

The detection and resolution of ICLs is primarily mediated through ATR/FA pathway (discussed

in detail in section 1.3).

1.3:  The cellular response to replication stress

A robust response to replication stress is a fundamental pre-requisite to the preservation of
genome integrity. This response, which is centrally regulated by the ATR kinase, involves the
recruitment of a specialised network of proteins to maintain the stability of stalled replication
forks; alongside this, progression through the cell cycle is paused. Collectively, these steps
prevent the replication of damaged DNA and conserve resources to ensure that DNA replication
can be completed after the resolution of damage (Zeman and Cimprich, 2014). The key
exponents of the replication stress response, and the consequences of an impaired response,

are detailed below.

1.3.1: Functions of ATR/CHK1 pathway in resolving replication stress
During replication stress, ATR and its functional partner ATRIP (ATR-interacting protein) are
recruited to stalled replication forks. This recruitment is driven by the detection of tracts of

RPA-associated ssDNA, which arise following the dissociation of the replication machinery from
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the fork (Byun et al., 2005). The separation of the replisome components from one another is
prevented by TIMELESS in association with TIPIN (TIMELESS-interacting protein); furthermore,
this heterodimer also functions to stabilise the replication fork (Leman and Noguchi, 2012, Her

et al., 2018).

ATR is activated upon interaction with ETAA1 (Ewing’s tumour-associated antigen 1) or TOPBP1.
This activation has multiple downstream consequences: the suppression of new origin firing,
the activation of the S-phase DNA damage checkpoint, the recruitment of additional replication
stress response factors, the regression of stalled forks and the loading of RAD51 to prevent
nucleolytic degradation of these structures (refer to section 1.3.5). In addition, ATR
phosphorylates a number of substrates that help to maintain the fidelity of DNA replication
under replication stress. These substrates include constituents of the replisome, the key
checkpoint protein CHK1 (Buisson et al., 2015, Zeman and Cimprich, 2014) and the histone
variant H2AX (termed yH2AX following phosphorylation at Ser139) (Chanoux et al., 2009, Her
et al., 2018). CHK1 functions as a key mediator of ATR-dependent activities during replication
stress (Buisson et al., 2015). Activated CHK1 (phosphorylated at Ser317 and Ser345) triggers
cell cycle arrest at the G2/M checkpoint, inhibits spurious origin firing and allows stalled

replication forks to be repaired (Zuazua-Villar et al., 2015).

1.3.2: ATR-Seckel syndrome
Seckel syndrome (SS) is an autosomal recessive form of microcephalic primordial dwarfism,

primarily attributable to mutations in ATR. It is clinically heterogeneous, but typical features
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include intra- and extra-uterine growth delay, malformation of the digits, characteristic “bird-
like” facial features and cellular hypersensitivity to agents that induce replication stress (Seckel,
1960). In contrast to a multitude of syndromes associated with defects in the DDR (refer to
section 1.7 for further examples), predisposition to cancer is not a typical feature of Seckel
syndrome, with malignancies reported in only a small number of affected individuals (Qvist et

al., 2011).

Another unique feature of SS is its genetic heterogeneity. Causal mutations in a number of
genes have been identified. Several studies have highlighted compound heterozygous and
splice site mutations in ATR which dramatically reduce the protein expression of this
fundamental kinase ((O'Driscoll et al., 2003, Mokrani-Benhelli et al., 2012); accordingly, in
several patients, the disease was mapped to chromosome 3922.1-g22.4 —aregion that includes
ATR (Goodship et al., 2000). Some years later, mutations in its binding partner ATRIP were also
implicated in SS (Ogi et al., 2012). This latter observation illustrated the importance of the ATR-
ATRIP interaction in maintaining a robust response to DNA damage to ensure timely and faithful
DNA replication and genome stability ((Khetarpal et al., 2016). In addition, other cases have
been attributed to mutations in CENPJ (Centromere protein J) (Khetarpal et al., 2016, Al-Dosari

etal., 2010), CEP152 (Centrosomal protein 152) (Kalay et al., 2011) and CTIP (Quist et al., 2011).

1.3.3: The FA pathway and its function in ICL repair and resolving replication stress
The Fanconi Anaemia (FA) pathway — so-named for the syndrome that arises when it is

defective — plays a critical regulatory role in alleviating replication stress through the resolution
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of DNA inter-strand crosslinks (ICLs). Over 20 years of research has revealed a specialised
network of 22 proteins responsible for the resolution of ICL-related replication stress. These
proteins have been designated FANCA to FANCW (Nepal et al.,, 2017). As will be discussed
further in section 1.9.3, BOD1L has been classified as a FA-like protein; it stabilises RAD51
(another FA-like protein, termed FANCR) at stalled forks to promote HR-mediated repair and
prevent deleterious over-resection (Higgs et al., 2015). As such, this pathway is of particular

relevance to my thesis.

Opposing replication forks may converge at either side of an inter-strand crosslink (ICL); this is
detected by the FANCM sub-unit in complex with FAAP24 (Fanconi anaemia-associated protein,
24 kDa). This heterodimer, which is reminiscent of a structure-specific nuclease pair, binds to
the lesion and recruits the core FA complex, an octomeric complex comprising the FANC sub-
units A, B, C, E, F, G and L as well as FAAP100. This core complex functions as an E3 ubiquitin
ligase and is the key effector of the FA pathway (Kim and D'Andrea, 2012). Recent cryo-EM and
mass spectrometry studies shed light on the assembly of the complex and its functionality. The
centre of the core complex contains a FANCB-FAAP100 heterodimer. FANCL, located in the
base of the complex, associates with the central heterodimer via interactions with its coiled-
coil domains. The base of the complex also contains the substrate recognition module, which
comprises FANCC, FANCE and FANCF. FANCB-FAAP100 also forms crosslinks with FANCG,
which is thought to be required for the interaction of FANCA with the core complex (Shakeel et

al., 2019).
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The recruitment of the FA core complex is dependent upon the presence of UHRF1 (ubiquitin-
like with PHD and RING finger domains 1) (Liang et al., 2015) as well as phosphorylation of
FANCM by ATR: a key effector of the response to replication stress (Ceccaldi et al., 2016b). The
mono-ubiquitination of FANCD2 (Lys 561) and FANCI (Lys 523) by the E2 ubiquitin ligase UBE2T
(FANCT) in co-operation with the FANCL component of the core complex also represents a
major regulatory event (Kim and D'Andrea, 2012, Michl et al., 2016). There is incomplete
understanding of the specific dynamics of FANCD2/I ubiquitination and de-ubiquitination, but

both processes are essential for FA pathway function (Ceccaldi et al., 2016b).

Following its activation, FANCD2/I is then recruited to converged replication forks (Kottemann
and Smogorzewska, 2013). FANCD2/I acts as a co-ordinating platform for the incoming
nucleases ERCC4, MUS81 and SLX1 (guided by a Ubiquitin Binding Domain, UBD). Where
replication stress has been triggered by the presence of an ICL, these nucleases create incisions
at each side of the crosslink, facilitating its detachment from one parental DNA strand; this
process is termed ‘unhooking’. The ERCC4-ERCC1 complex has been shown to play a key role

at this stage (Kottemann and Smogorzewska, 2013, Ceccaldi et al., 2016b).

This nucleolytic processing effectively converts the converged forks into a DSB-like structure
(Kottemann and Smogorzewska, 2013). Finally, the DNA break is repaired by homologous
recombination (Ceccaldi et al., 2016b), which will be covered in depth in section 1.5.2. The
extensively-studied cancer predisposition proteins, BRCA1 (FANCD1) and BRCA2 (FANCS), are

crucial for HR-mediated repair of these structures; this is a key example of the complex
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interplay between the FA pathway and a multitude of other DDR-associated factors and
processes (Michl et al., 2016, Kim & D’Andrea, 2012). Upon completion of the repair, FANCD2/I
is de-ubiquitinated by USP1 in complex with UAF1 (Kim and D'Andrea, 2012). Nucleotide

excision repair (NER) facilitates removal of any remaining adducts (Rycenga and Long, 2018).

Certain classes of DNA crosslinks, such as those induced by psoralens, do not present significant
obstacles to the progress of DNA replication. Such ICLs may be bypassed or ‘traversed’ via the
DNA translocase activity of FANCM, allowing repair of the ICL to be delayed. Alternatively, NER-
associated DNA glycosylase enzymes may directly cleave the crosslink without the need to

dismantle the replisome (Rycenga & Long, 2018).

1.3.4: Fanconi Anaemia

Affecting 1 to 5 individuals per 1,000,000 births (Kim and D'Andrea, 2012), Fanconi Anaemia
(FA) arises due to a defective cellular response to ICLs and associated replication stress. The
proteins of the FA pathway, along with a spectrum of known interactors, are critical for this
response. Bi-allelic germline mutations in any one of the 22 identified FA genes result in a
syndrome characterised by progressive failure of the bone marrow leading to pancytopaenia
(a deficiency in blood cells of all lineages), a cellular sensitivity to ICL-inducing agents,
constitutive genome instability and a predisposition to haematological cancers (Heyer et al.,,
2010, Kim and D'Andrea, 2012). Itis thought that the bone marrow failure observed in affected

individuals can be explained by the over-expression of p53 — one of the key safeguards of
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Figure 1.2: Repair of inter-strand crosslinks by the Fanconi Anaemia pathway.

(a) During activation of the FA pathway, the convergence of opposing replication forks either side of an ICL is detected by
FANCM-FAAP24. The core complex is then recruited. UHRF1 and ATR-mediated phosphorylation of FANCM are required at
this stage. The FANCL sub-unit mono-ubiquitinates FANCD2/I. (b) This mono-ubiquitinated heterodimer functions as a
platform to recruit nucleases, including ERCC4, SLX1 and MUS81; nucleolytic processing detaches the crosslink (unhooking).
(c) The resultant DSB-like structure is repaired by homologous recombination. Once repair is completed, FANCD2/I is de-

ubiquitinated by USP1 and UAF1.
Adapted from Kotteman & Smogorzewska, 2013.
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genomic integrity — in the haematopoietic stem cells of developing foetuses with FA;
additionally, the bone marrow of FA patients is under-proliferative from birth (Kottemann and
Smogorzewska, 2013, Ceccaldi et al.,, 2016b). Affected individuals may also exhibit other
congenital features such as thumb abnormalities or café-au-lait spots (Shimamura & Alter,

2010).

In recent years, it has been suggested that the associated genes may be classified as ‘bona fide
FA’ or ‘FA-like’ genes (Ceccaldi et al., 2016b). Bona fide FA gene mutations are associated with
the most typical FA patient phenotypes. On the other hand, mutations in FA-like genes may
give rise to atypical FA clinical presentations, potentially lacking features usually associated with
the disease; alternatively, the classification of these genes as part of the FA network may be
based solely on an individual patient. For example, the 8 members of the FA core complex are
considered bona fide FA proteins, as is the prominent homologous recombination (HR)-
associated factor, breast cancer susceptibility protein 2 (BRCA2, also designated as FANCS),

which stabilises stalled replication forks in preparation for repair by HR (Ceccaldi et al., 2016).

The recent elucidation of the FA core complex structure provides insights into the severity of
the FA phenotype associated with mutations in FANCL or FANCB. The encoded sub-units fulfil
key structural and catalytic functions within the FA core complex, and mutations in these sub-
units are thought to disrupt the entire complex, abrogating any ubiquitin ligase activity.
Conversely, the complex can sustain alterations in its peripheral components and maintain

residual catalytic activity (Shakeel et al., 2019).
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Multiple novel FA genes have been identified and characterised in recent years. For example,
REV7, which plays a fundamental role in the regulation of DNA repair pathway choice (refer to
section 1.6.3) and DNA repair by trans-lesion synthesis (TLS), was shown to be a bona fide FA
protein and designated FANCV. Bluteau and colleagues identified a patient who displayed a
range of typical FA features but lacked mutations in any known FA pathway genes. Whole-
exome sequencing revealed a homozygous mutation in REV7, ¢c.354T>A; furthermore, the
authors demonstrated that the bone marrow failure in this patient could be attributed to a
deficiency in REV7-mediated DNA damage repair (Bluteau et al., 2016). Furthermore, bi-allelic
mutations in RFWD3 (Ring finger and WD repeat domain 3), which encodes an E3 ubiquitin
ligase, were recently found to be responsible for a classical case of FA. Whole-exome
sequencing revealed a 2-bp insertion which led to the generation of a premature stop codon
as well as a missense mutation which disrupted the critical RPA2-binding WD40 domain. The
pathogenic nature of these mutations was confirmed by cellular complementation studies

(Knies et al., 2017).

A frequently-used diagnostic tool in suspected FA is the exposure of patient-derived cells to ICL
inducers, such as Mitomycin C (MMC) or diepoxybutane (DEB); as would be expected, acute
hypersensitivity to these agents results in major chromosomal aberrations due to breakages at
common fragile sites (Kim and D'Andrea, 2012, Kottemann and Smogorzewska, 2013, Ceccaldi

et al., 2016).
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1.3.5: Mechanistic differences between replication-dependent and -independent ICL repair

Although the key stages of ICL repair are broadly similar across all cell cycle stages, there are
some differences between the precise mechanisms involved. ICL repair involves a combination
of nucleotide excision repair (NER) and trans-lesion synthesis (TLS) pathways (Williams et al.,
2013). Following the detection of an ICL, an incision complex is loaded; this complex cleaves
one strand of DNA upstream and downstream of the crosslink. TLS polymerases (including DNA
polymerase k and () synthesise new DNA between these incisions, bypassing the crosslink
(Sarkar et al., 2006, Klug et al., 2012). A second incision complex then excises the crosslink from
the other strand of DNA, and the resultant gap is filled by DNA polymerase 6 (Hashimoto et al.,

2016).

The manner in which ICLs are detected is cell cycle dependent. During replication-coupled (S-
phase) repair, stalled DNA polymerases serve as a signal for the presence of an ICL. In contrast,
dedicated pathways have evolved to detect these lesions outside S-phase (Williams et al.,,

2013).

A key facet of replication-dependent resolution of ICLs is the generation of a DSB following the
removal of the crosslink. This is repaired by homologous recombination (discussed in depth in

section 1.5.2) to restore the integrity of the chromosome (Williams et al., 2013).
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1.3.6: Protecting replication forks from uncontrolled degradation

Replication forks are inherently vulnerable structures. For DNA replication to take place, the
double helix must be unwound, exposing unstable ssDNA. Carefully controlled processing of
nascent DNA strands by nuclease enzymes is thought to be an essential aspect of the response
to replication stress; however, over-processing is likely to be deleterious, leaving stalled forks
incompetent for repair and re-start and resulting in genome instability (Mijic et al., 2017). Cells
have therefore evolved robust mechanisms to shield replication forks from spurious nuclease
activity. The mechanisms underlying these critical processes have remained elusive in
mammalian cells until relatively recently. As will be discussed further in section 1.9.2, BOD1L
was recently identified as a novel fork protection factor (Higgs et al., 2015); these pathways are

therefore of key relevance to this thesis.

One highly conserved mechanism for the prevention of nucleolytic attack of stalled replication
forks is fork reversal. This involves the re-modelling of forks into 4-way structures when they
are intercepted by DNA lesions, allowing for the continuation of DNA replication. This
conversion is performed by DNA translocase enzymes, such as SMARCAL1 (SWI/SNF-related
matrix-associated actin-dependent regulator of chromatin [sub-family A]-like 1) (Kolinjivadi et
al., 2017) and ZRANB3 (Zinc finger Ran-binding domain-containing protein 3) (Vujanovic et al.,
2017). The formation of this intermediate structure is a key step in the process of re-starting
stalled replication forks. Re-start may occur via multiple mechanisms. Firstly, fork reversal may
preserve the stability of the stalled fork until the arrival of a converging fork from a

neighbouring origin. Alternatively, it may allow for the resolution of the intervening lesion by
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DNA excision pathways or homologous recombination, the latter of which is preceded by
regulated nucleolytic processing (refer to section 1.5.2). Nascent DNA strands may also be
annealed to provide an undamaged template, facilitating by-pass of the lesion; this is known as

template switching (Bhat and Cortez, 2018).

However, there is also the possibility of a more deleterious scenario: uncontrolled nucleolytic
attack of the nascent DNA strand. One arm of a reversed fork is similar in structure to a single-
ended DSB and is therefore vulnerable to cleavage by nucleases which are adapted for
processing these structures (refer to section 1.5.2) (Quinet et al., 2017, Mijic et al., 2017).
Adequate protection of reversed forks is therefore essential. To this end, BRCA2 plays a critical
mediating role. Whilst BRCA2 is well known for its role in homologous recombination-mediated
repair of DNA damage (section 1.5.2), it also functions independently of this role to load the
RAD51 recombinase onto stalled forks and stabilise the resulting nucleofilaments. The C-
terminus of BRCA2 harbours a RAD51-binding domain. BRCA2 binds to ssDNA at the fork,
thereby displacing bound RPA, before transferring RAD51 monomers onto the ssDNA. BRCA2
stabilises the RAD51-ssDNA filaments through its C-terminus and BRC repeat domains,

preventing nuclease access (Mijic et al., 2017, Schlacher et al., 2011, Bhat and Cortez, 2018).

Multiple nucleases have been implicated in fork degradation in the absence of functional
protection pathways. The nuclease involved in this deleterious processing appears to be
context-dependent. For instance, In BRCA2-deficient cells, stalled forks are targeted for

degradation by MRE11: the nuclease component of the MRN complex, which is a key player in
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DSB signalling and repair (refer to sections 1.5.1-1.5.2) (Schlacher et al., 2011). On the other
hand, it was demonstrated that BOD1L, which is the focus of my thesis, protects stalled forks
from uncontrolled nucleolytic processing by DNA2 (DNA replication helicase/nuclease 2) (Higgs
et al., 2015, refer also to section 1.9). Furthermore, RIF1 (Rapl-interacting factor 1), a key
downstream effector of the resection antagonist 53BP1 (tumour protein 53-binding protein 1)
was recently highlighted as a novel fork protection factor. Garzén and colleagues
demonstrated that, in a role analogous to that of BOD1L, RIF1 and protein phosphatase 1 (PP1)
shield nascent DNA at stalled replication forks from the nuclease and helicase activities of DNA2
and WRN (Werner syndrome helicase) (Garzon et al.,, 2019). Somewhat paradoxically, the
nuclease CtIP (CtBP-interacting protein) also functions to prevent DNA2-mediated fork
degradation; however, this was shown to be unique to cells deficient in BRCA1, but not BRCA2
(Przetocka et al., 2018). These observations illustrate the considerable crosstalk between
replication fork protection and other DNA repair pathways, the full extent of which is gradually

being revealed.

Replication fork protection involves a careful balancing act. A recent study demonstrated that
whilst SMARCAL1-dependent formation of reversed forks allows for protection of nascent DNA
strands in wild-type settings, these structures are prone to extensive degradation in the
absence of BRCA2/RAD51-mediated protection (Kolinjivadi et al.,, 2017). It is therefore
unsurprising that pathways which antagonise spurious fork reversal are now being revealed.

Malacaria and colleagues recently demonstrated that the mediator protein RAD52 inhibits
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excessive recruitment of SMARCAL1 to stalled forks to regulate levels of fork reversal

(Malacaria et al., 2019).

1.4: DNA double-strand breaks

A DSB involves the simultaneous breakage of both phosphate backbones within a single turn of
the double helix (Mehta and Haber, 2014). They are widely regarded as being among the most
deleterious lesions, posing a major threat to genomic integrity. Even relatively “simple” breaks
are extremely difficult to repair and have the potential to be highly damaging to cellular
viability. DSBs can arise from a multitude of sources, both endogenous and extra-cellular; as
such, cells have evolved robust pathways to resolve this damage and maintain the stability of

the genome.

1.4.1: Causes of double-strand breaks

DNA double-strand breaks can be induced by a plethora of exogenous agents, with IR and many
chemotherapeutic compounds being among the most well-characterised sources. Additionally,
DSBs can arise in the course of a number of normal cellular processes and are known to fulfil

key physiological roles (refer to figure 1.2).

IR is a potent source of DSBs, and the lesions generated by this agent have been studied
extensively. IR results in many DNA single-strand breaks (SSBs); during exposure to high-dose

IR, there is increased likelihood that two such lesions will occur in opposite DNA strands within
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Figure 1.3: Sources of DNA double-strand breaks.
DSBs arise from a multitude of exogenous sources, as by-products of physiological processes and as programmed events.
V[D]J: Variable, Diversity and Joining fragments.
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the same turn of the double helix, resulting in a DSB (Mehta and Haber, 2014). The radiolytic
radical species associated with IR lead to oxidative damage to the sugar-phosphate backbone
and terminal nucleotides, as well as phosphoglycolate adducts that require complex processing
in advance of repair (Cejka, 2015, Jackson and Bartek, 2009). Other classes of DNA-damaging
drugs, namely bifunctional alkylating agents, topoisomerase inhibitors and replication
inhibitors, can also induce DSBs, amongst a spectrum of additional effects (Jackson and Bartek,

2009).

In specific scenarios, DSBs may also be generated through physiological events. The
contribution of endogenous DNA-damaging events to disease should not be underestimated;
epidemiological data has demonstrated that exposure to environmental mutagens alone is
insufficient to explain the considerable sporadic cancer incidence observed in the human
population, and endogenous processes must therefore play a role. The most prevalent
endogenous source of DSBs is the generation of reactive oxygen species (ROS), such as
hydrogen peroxide (H,0), hydroxyl free radicals (OH") and singlet oxygen molecules (10),
which are by-products of processes such as mitochondrial respiration, and can inflict damage

to bases as well as SSBs and DSBs (De Bont and van Larebeke, 2004).

Moreover, some DSBs are essential for normal cellular function, playing vital roles in
programmed genetic rearrangements and transient topological modifications of the DNA. The
generation of substantial immune receptor diversity in lymphoid cells through the process of

Variable, Diversity and Joining (V[D]J) recombination requires carefully programmed DSB
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formation and resolution. Similarly, class switch recombination (CSR) in mature B cells further
modulates the immune response by creating new immunoglobulin isotypes with altered
effector properties. This process requires the induction of DSBs in pre-determined ‘switch’
regions in the immunoglobulin heavy chain region (Soulas-Sprauel et al., 2007, Khan and Ali,
2017). DSB formation during meiotic recombination also facilitates the controlled exchange of
genetic material between non-homologous chromatids to promote gametic diversity. Lastly,
Topoisomerase enzymes play a fundamental role in suppressing topological stress by inducing
transient SSBs and DSBs during cellular processes which require the unwinding of the DNA

double-helix, such as transcription and DNA replication (Khan and Ali, 2017).

1.5: DNA double-strand break signalling and repair

As my doctoral studies will involve the investigation of a potential role for BOD1L in DNA
double-strand break repair, | will describe these pathways in more detail below. The principal
pathways — template-dependent homologous recombination (HR) and template-independent
NHEJ (non-homologous end joining) can be divided into detection, signal initiation and repair

stages, and each involve several sub-pathways (Forget and Kowalczykowski, 2010).

1.5.1: Detection of double-strand breaks and signal initiation
Considerable advances have been made towards the elucidation of the DSB signalling cascade,

and the proteins and complexes involved in the detection of DSBs and the initiation of signalling

26



have been extensively studied (Ciccia and Elledge, 2010). Key factors and pathways are

described below.

Roles of PARylation: PARylation by PARP enzymes is a post-translational modification implicated
in a wealth of physiological processes. Multiple ADP ribose monomers are conjugated onto
Glu, Asp, Lys or Ser residues of substrate proteins, forming linear or branched chains (Pears et
al., 2012). Although the principal roles of PARPs are in SSB repair, PARPs are also known to bind
to DSBs and are activated during the early stages of DSB detection. Indeed, the inhibition of
this PTM sensitises cells to DSB inducers and impairs the resolution of these lesions. There are
multiple proposed functions of PARylation in DSB repair signalling: to promote recruitment of
other DSB repair factors, many of which have PAR-binding motifs, to modify these factors to
influence their interactions with DNA and with other repair pathway components (Beck et al.,

2014), and to facilitate chromatin remodelling (Chen et al., 2018).

To date, PARP1, PARP2 and PARP3 have been identified as DNA damage responders. Whilst
PARP1 and PARP2 activation has been linked to multiple types of DNA lesion, including DSBs,
recent evidence is suggestive of a specific role in DSB resolution for PARP3. The two zinc finger
domains of PARP1 recognise the key hallmarks of damaged DNA: unpaired nucleotides and an
exposed phosphate backbone. Upon binding to DSBs, PARP1 assembles into dimers, resulting
in conformational changes to the enzyme’s catalytic domain that up-regulate the synthesis of
poly(ADP-ribose), thereby creating a feedback loop to enhance DSB-dependent signalling (Beck

et al.,, 2014). Whilst PARP1 has no apparent role in canonical NHEJ (which remains viable in
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PARP1-deficient murine cells), it is a pre-requisite for non-canonical alternative NHEJ (alt-NHEJ)
(refer to section 1.5.4) and facilitates the re-start of stalled replication forks by promoting HR-

mediated repair (Pears et al., 2012, Couto et al., 2011).

Initial PARylation by PARP1 triggers recruitment of PARP2, which further propagates the
PARylation signal through the conjugation of additional ADP ribose units onto existing PAR
chains. It was recently demonstrated that the resultant branched structures act as a signal for
the histone chaperone Aprataxin-PNK-like factor (APLF), which promotes removal of histone
H3 during the repair of DNA damage to allow for chromatin remodelling. Furthermore, the
accumulation of PAR, which has a net negative charge, at the site of damaged DNA leads to

electrostatic repulsion of the nearby chromatin (Chen et al., 2018)

Finally, emerging evidence supports the importance of PARP3 in canonical NHEJ. The
recruitment of the Ku70/Ku80 heterodimer to DSBs is aided by the poly(ADP-ribose)-binding
zinc finger (PBZ) domain of Ku70. PARP3 co-operates with this heterodimer to suppress short-
range nucleolytic resection at these sites by CtIP and MRE11, thereby promoting NHEJ-
mediated repair (section 1.5.3). Furthermore, it has been suggested that PARP3 acts with APLF

to support the re-ligation step of NHEJ (Couto et al., 2011, Beck et al., 2014).

DSB detection and assembly of DNA-PK: Within seconds of the induction of a DSB, the

Ku70/Ku80 heterodimer is recruited to the site of damage. Owing to its ring-like structure, this
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Figure 1.4: Assembly of DNA-PK.

The Ku70/80 dimer is rapidly recruited to DSBs, stabilising the damaged DNA (a). This triggers the recruitment of DNA-PKcs.
Together with Ku70/80 and associated DSB ends, this forms the DNA-PK holoenzyme (b). DNA-PK is activated by
autophosphorylation and proceeds to phosphorylate a number of downstream, substrates, including RPA, WRN and Artemis,
thereby propagating the DNA damage signal and promoting the recruitment of the required repair factors (c). Adapted from

Davis et al., 2014.
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dimer has a high affinity for DSB ends. An individual heterodimer is loaded onto each exposed
end, where it functions as a platform for the recruitment of downstream repair factors and acts
to stabilise the damaged DNA. Furthermore, Ku70/Ku80 rapidly recruits the catalytic subunit
of DNA-PK, termed DNA-PKcs (Davis et al., 2014). In complex with Ku70/Ku80 and bound DSB
ends, DNA-PKcs forms the holoenzyme DNA-PK (DNA-dependent protein kinase). The binding
of DNA-PKcs engenders a slight shift in the position of bound Ku70/Ku80 (Wyman and Kanaar,
2006). This shift is followed by autophosphorylation-based activation of DNA-PK and the
phosphorylation of multiple downstream targets, including replication protein A (RPA)
(Shrivastav et al., 2008). Collectively, these processes function to propagate DDR signalling,
triggering the recruitment of additional repair factors and facilitating their access to the
damaged DNA. In addition to its signalling function, DNA-PK also supports the activity of MRE11
and RAD50 in bridging the gap between the broken DNA ends, but opposes the nuclease activity
of the MRN complex in order to prevent spurious processing of the DSB (Wyman and Kanaar,

2006, Davis et al., 2014).

Roles of MRN during DSB detection and early signalling: The MRN complex, recruited promptly
upon detection of a DSB, is a highly conserved complex comprising Meiotic recombination 11
homologue A (MRE11), RAD50 and Nijmegen breakage syndrome protein 1 (NBS1). MRN is
equipped for DNA binding through the properties of its subunits. MRE11, which serves as the
functional core of the complex, has 2 DNA-binding motifs, as well as an N-terminal
phosphoesterase domain. RAD50’s Walker A and B sequences also facilitate DNA binding.

NBS1 includes a C-terminal MRE11-interacting motif (van den Bosch et al., 2003). Whilst the
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Figure 1.5: MRN performs a scaffolding role during DSB detection and signal initiation.

The MRN complex binds to DSB ends via the DNA-binding motifs of MRE11 and RAD50’s Walker A and B domains (denoted as
Aand B, respectively). NBS1 interacts with the complex with a C-terminal MRE11-binding sequence. RAD50 and MRE11 bridge
the gaps between the broken ends of the DSB through oligomerisation of RAD50’s protruding coiled coil domains. Adapted
from van der Bosch et al., 2003.
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endo- and exonuclease activities of MRE11 play key roles in the processing of DNA at a DSB site
to initiate repair (Shibata et al., 2014), it is widely acknowledged that the scaffolding role of this
complex is its most critical function at the point of DSB detection. Structural studies implicate
RADS50, in complex with MRE11, in the formation of bridges between DNA ends. The protruding
coiled coil domains of RAD50 allow for the formation of oligomers at broken DNA ends, thereby
maintaining their proximity to one another to facilitate faithful repair (Wyman and Kanaar,

2006).

ATM: The initiation and amplification of IR-induced DDR signalling is primarily attributable to
the master regulatory kinase, ATM (Ataxia-telagiectasia mutated), which is activated via
multiple routes. Activation of ATM by autophosphorylation of S1981 occurs within minutes
following treatment with IR. Furthermore, the detection of DNA damage triggers the
conversion of ATM from an inactive homodimer to a catalytically active monomer. Optimal
activation of ATM is dependent upon the activity of the MRN complex; in MRE11-deficient cells,
there is a notable reduction in the phosphorylation of ATM target proteins (Adams et al., 2006,

Paull, 2015).

ATM activation initiates a cascade of downstream signalling, during which the histone analogue
H2AX is phosphorylated (creating the phosphorylated variant yH2AX), along with a plethora of
other proteins which harbour SQ or TQ target motifs (Matsuoka et al., 2007). The key mediator
protein MDC1 (mediator of DNA damage checkpoint protein 1) interacts with yH2AX in a

phosphorylation-dependent manner to propagate the DDR signal and recruit critical factors,
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Figure 1.6: Activation of ATM and downstream signalling.

Upon detection of a DSB, ATM is converted from an inactive dimer to a monomer and is activated by autophosphorylation at
$1981. Optimal activation is achieved by the activity of the MRN complex (a). ATM phosphorylates downstream targets,
including the histone analogue H2AX, forming yH2AX (b). The mediator protein MDC1 interacts with yH2AX , propagating the
DNA damage signal to promote recruitment of BRCA1 and 53BP1.
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including the additional mediator protein BRCA1 (breast cancer susceptibility protein 1) to
damaged chromatin (Stewart et al., 2003). The BRCT2 domain of a third mediator, 53BP1
(tumour protein 53-binding protein 1) also interacts directly with yH2AX, promoting its
recruitment to damaged chromatin following ATM activation (Baldock et al., 2015). These
proteins are key determinants of appropriate repair pathway selection (to be discussed in detail

in section 1.6).

Roles of Ubiquitination: Ubiquitin and ubiquitin-like modifiers are eminently suited to the
modulation of DSB repair and other dynamic processes due to the capacity for easy reversal by
de-ubiquitinating enzymes (DUBs). Moreover, as ubiquitin itself may also be modified, diverse
signalling is possible through the creation of complex chains (Schwertman et al.,, 2016).
Ubiquitination is a three-step post-translational modification involving the activation of
ubiquitin by E1 enzymes followed by co-operation between E2 conjugating enzymes and E3
ubiquitin ligases to attach ubiquitin moieties to lysine residues of substrate proteins (Komander

and Rape, 2012).

Along with phosphorylation, ubiquitination plays a fundamental role at the early stages of DDR
signalling in order to direct 53BP1 to sites of DNA damage. In response to ATM and ATR
signalling, MDC1 binds to H2AX in the locality of the damaged chromatin. This binding triggers
the recruitment of a ubiquitin E3 ligase complex, comprising RNF8, HERC2 and UBC13 along
with UBA1 (Stewart et al., 2009). This is followed by the localisation of RNF168, which

ubiquitinates Lysine 15 of histone H2A in the vicinity of the damaged DNA. Ubiquitinated
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H2AK15 acts as a signal to direct the recruitment of 53BP1. This modification is performed
exclusively by RNF168 as a downstream consequence of ATM/ATR signalling; this underlies the
specificity of 53BP1 recruitment to damaged regions of chromatin (Zimmermann and de Lange,
2014). Histone ubiquitination allows for chromatin remodelling to facilitate access of the DSB

repair machinery to these regions (Kee and Huang, 2015).

The recruitment of BRCA1 to DSBs is also supported by ubiquitin-based signalling. Through its
BRCT (BRCA1 C-terminus) domains, BRCA1 interacts with RAP80 (receptor-associated protein
80), which harbours two ubiquitin-interacting motifs (UIM) and a SUMO-interacting motif (SIM)
(Lombardi et al., 2017, Sobhian et al., 2007). These motifs allow RAP80 to recruit BRCAL, in
complex with its interacting partner BARD1 (BRCA1-associated ring domain protein 1) to poly-
ubiquitinated MDC1 at DSB sites with a preference for polymers linked to Lys63 or Lys6

(Sobhian et al., 2007).

1.5.2: Homologous recombination

Following the initiation of DDR signalling, the resolution of a DSB can proceed by HR, in which
undamaged DNA from the homologous sister chromatid is used as a template for repair, or
NHEJ, which involves direct re-ligation of the broken DNA ends (Heyer et al., 2010). HR and its

related sub-pathways will be described below.
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HR can be divided into three stages: pre-synaptic, synaptic and post-synaptic. During the first
phase (figure 1.3a), the DNA ends at either side of the DSB are subjected to processing by
nuclease enzymes. Initial short-range resection is first carried out to expose short 3’ ssDNA
tails, approximately 20 nt in length (Gong et al., 2016). This resection is primarily attributable
to the 3’-5’ exonuclease functions of tetrameric assemblies of CtIP (Davies et al., 2015) in
association with the MRN complex and BRCA1 (Chen et al.,, 2008). Additionally, mass
spectrometry analysis of the CtIP interactome revealed EXD2 (exonuclease 3’-5" domain-
containing 2) as a co-factor of MRN, which supports its nucleolytic activity, aids recruitment of

RPA, promotes HR and maintains genome stability (Broderick et al., 2016).

HR requires the generation of extensive tracts of ssDNA, which are generated from the 3’
overhangs by the action of further nucleases, DNA replication helicase/nuclease 2 (DNA2) and
Exonuclease 1 (EXO1). These catalyse long-range resection in the 5-3’ direction by two
overlapping pathways, both requiring the Bloom helicase (BLM). Biochemical analyses
demonstrated that BLM is recruited to DSBs ends by MRN. DNA2 subsequently interacts with

BLM to resect DNA in a manner dependent on the nuclease activity of DNA2 and the helicase
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Figure 1.7: Overview of DSB repair by homologous recombination (HR).

Repair of DSBs by canonical HR involves the use of the homologous sister chromatid as a template to produce an accurate
repair fragment. During pre-synapsis (a), DSB ends are subjected to two stages of nucleolytic processing. Short-range resection
is carried out by CtIP in complex with MRN and BRCA1; the formation of this complex is dependent on CDK-mediated
phosphorylation of CtIP. This is followed by long-range resection by DNA2 and EXO1, both of which are stimulated by BLM.
RPA is recruited to the exposed ssDNA, which serves as a platform for the recruitment of ATR and ATRIP. RPA is displaced by
RAD51 to form a nucleofilament; this is facilitated by mediators including RAD51 homologues. In the synaptic phase (b), the
RAD51-ssDNA nucleofilament performs a homology search to locate suitable template DNA and invades the complementary
strand. RAD51 dissociates from the strand in a RAD54-dependent process to allow DNA polymerases to synthesise new DNA.
During post-synapsis (c), the chromosome is restored by annealing of the existing and nascent DNA strands; in a small fraction

of cases, this involves the formation of crossovers, which must be resolved.
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function of BLM to promote DNA unwinding (Nimonkar et al.,, 2011). A more recent study
suggested that the helicase domain of DNA2 also has the capacity to unwind kilobases of
dsDNA; however, this activity is only observable in a nuclease-deficient variant of DNA2 and is
therefore unlikely to make a substantive contribution to the preparation of DNA for resection
(Pinto et al., 2016). Additionally, EXO1-dependent resection is supported by BLM, which

strengthens the binding of this nuclease to DNA (Nimonkar et al., 2011).

Both of the above long-range pathways are also reliant on existing RPA-bound ssDNA,
demonstrating the fundamental requirement for an initiating short-range resection step prior
to the extension of the ssDNA tails (Nimonkar et al., 2011). RPA rapidly binds to the extended
3’ overhangs, which may comprise thousands of nucleotides (Gong et al., 2016). This
heterotrimeric complex is rapidly recruited, stabilising it and suppressing the formation of
secondary structures. Whereas RPA may bind to all ssDNA within the nucleus, it has been
shown that RPA recruited to ssDNA following resection is phosphorylated by DNA-PKcs at
Serine residues 4 and 8 of the RPA32 subunit (Ashley et al., 2014). RPA-bound ssDNA provides
a platform for the recruitment of ATR, along with its obligate regulatory partner ATRIP (Cortez
et al., 2001). The formation of ATR foci can be observed 1-2 h after IR; this occurs in an MRN-
dependent manner, and considerably later than recruitment of ATM (Adams et al., 2006, Ciccia

and Elledge, 2010).

The final stage of pre-synapsis involves the loading of the highly-conserved RAD51 recombinase

onto ssDNA, thereby forming a RAD51-ssDNA nucleofilament. The presence of RPA poses a
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barrier to this process; RPA must therefore be displaced to facilitate RAD51 nucleation on the
ssDNA strand. This exchange and nucleofilament formation are catalysed by an array of
mediator proteins. RAD51 paralogues, comprising RAD51B, -C and -D, XRCC2 and -3, SWS1 and
SWSAP1, represent one class of mediators. These proteins bear structural resemblance to the
ATPase domain of RAD51 (Godin et al.,, 2016). Moreover, BRCA1 and BRCA2 also mediate
loading of RAD51 onto ssDNA. The precise mechanisms of action of mediator proteins in
mammalian cells remain to be elucidated, but it is understood that they are required to regulate
RAD51 function and overcome the inhibitory effects of loaded RPA (Shrivastav et al., 2008,
Heyer et al., 2010, Shibata et al., 2011). In Saccharomyces cerevisiae (a model in which the
steps of HR are well characterised), Rad52 performs a role analogous to human BRCA2 during
pre-synapsis; conversely, human RAD52 is not a pre-requisite for this stage of canonical HR

unless cells are deficient of BRCA2 (Godin et al., 2016, Wright et al., 2018).

Synapsis is the second stage of HR (figure 1.3b). A sequence homology search is undertaken by
the RAD51-ssDNA nucleofilaments to locate a suitable homologous tract of undamaged DNA
for use as a repair template — typically the undamaged sister chromatid. It is thought that the
nucleofilament probes dsDNA for complementary sequence regions through transient de-
stabilisation of the double helix. This process, referred to as base-flipping, remains unclear, but
it is known that additional factors are involved (Wright et al., 2018). For instance, a recent
study demonstrated that BRCA1 and its functional partner BARD1 both interact with RAD51
and enhance the interaction of the RAD51 nucleofilament with homologous DNA (Zhao et al.,

2017). Short homologous regions of only 8 nt are sufficient to prolong the nucleofilament-
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ssDNA interaction during homology searches. It is clearly of considerable importance that
filaments dissociate efficiently from non-homologous sequences; this process is not fully

understood in mammalian cells (Wright et al., 2018).

Upon location of a suitable region of homology, the nucleofilament forms a transient
association with the partially unwound duplex DNA in a synaptic complex; this process is
stimulated by the ATP-dependent translocase RAD54 (Rossi and Mazin, 2008, Shibata et al.,
2011). The nucleofilament then binds to the complementary region of DNA, forming a
displacement loop (D-loop) — so-named because the existing base pairing in the duplex DNA is
disrupted to allow the invasion and binding of the nucleofilament (Wright et al., 2018).
Following this strand exchange, RAD51 then dissociates from the nucleofilament in a process
catalysed by RAD54. This allows DNA polymerases to access the resultant primer-template
junction and synthesise new DNA until a sufficient length is produced to anneal to the second

end of the resected DSB (Wright et al., 2018, Godin et al., 2016).

During the post-synaptic stage of HR (figure 1.3c, figure 1.4), the restoration of intact duplex
DNA is completed by the appropriate sub-pathway: synthesis-dependent strand annealing
(SDSA), break-induced replication (BIR) or double Holliday junction (dHJ) formation. The main
pathway in somatic cells appears to be SDSA, during which the nascent DNA strand anneals to
the opposite end of the DSB, bridging the gap between the existing and newly-synthesised
strands. This circumvents the potential formation of crossovers (Wyman and Kanaar, 2006,

Heyer et al., 2010). Alternatively, if the DSB arose through the collapse of a stalled replication
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Figure 1.8: Sub-pathways of the synaptic phase of HR and resolution of crossovers.

Restoration of the repaired chromosome occurs via one of 3 sub-pathways. In synthesis-dependent strand annealing (SDSA),
newly-synthesised DNA anneals to the opposite end of the DSB. No crossovers are formed. A small proportion of repairs result
in double Holliday junctions (dHJs). These may dissolve or be resolved by dHJ resolvase enzymes or BLM/Topo3, leaving the
original DNA sequences intact. Some crossovers may remain, leading to chromosomal rearrangements. In break-induced
replication (BIR), the D-loop may be converted to a new replication fork to continue DNA replication. This occurs where DSBs
have occurred through the collapse of replication forks. Adapted from Mehta & Haber, 2014.
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fork (Petermann et al., 2010) and no second end is available for annealing, the D-loop can form
a new replication fork (BIR). In a small percentage of cases, crossed DNA structures (dHJs) can
result during the restoration of the chromosome. Whilst dHJ formation is an essential aspect
of meiotic recombination for the generation of genetic diversity in gametes, it can lead to
deleterious genomic rearrangements during HR-mediated repair. Crossovers may be resolved
by dHJ resolvase enzymes or through the combined activities of BLM helicase and
Topoisomerase 3 (Wyman and Kanaar, 2006, Heyer et al., 2010). RAD52 may play a role in the
annealing of existing and nascent DNA strands due to its capability to join tracts of ssDNA bound
by RPA. However, the mild phenotype of RAD52-deficient mammalian cells does not support
a critical role in HR for this factor; it is therefore unlikely to be the primary mediator of this step

(Wright et al., 2018).

1.5.3: Non-homologous end joining

In contrast to HR, NHEJ involves the direct re-ligation of the DNA ends at either side of the break
with no repair template and minimal nucleolytic processing of the damaged DNA. Of these two
pathways, NHE] is regarded as the more error-prone due to the potential for re-ligation of non-
contiguous ends, which can result in deleterious chromosomal rearrangements or loss of
genetic information at the repair site. However, the kinetics of NHEJ-mediated repair are
advantageous to cells; NHEJ offers a faster and more straightforward pathway for the
restoration of chromosomal integrity (Huertas, 2010, Shibata et al., 2011). It is therefore the

most frequently-used pathway for DSB repair, responsible for the resolution of around 80% of
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radiation-induced DSBs (Kakarougkas and Jeggo, 2014). The canonical and alternative modes

of NHEJ are described below.

Following the detection of a DSB by the ring-like Ku70/Ku80 heterodimer, DNA-PKcs is rapidly
recruited to the site of damage DNA and activated, forming the DNA-PK holoenzyme (figure
1.5a). This activation marks the initiation of repair by NHEJ (Davis et al., 2016, Ciccia and
Elledge, 2010). At this stage, DNA-PKcs is phosphorylated. The most well-characterised of
these phosphorylations takes place at Threonine 2609. This site was previously thought to be
autophosphorylated, but it is now known that these sites are ATM targets which are modified
in response to the detection of DSBs. Conversely, a second phosphorylation site at Serine 2056
is recognised as a site of autophosphorylation. It has been speculated that the phosphorylation
of these regions produce antagonistic effects in terms of nucleolytic processing of DSB ends
(discussed in section 1.5.6). Multiple other phosphorylation sites have been identified, but

their functions in modulating NHEJ remain unclear (Davis et al., 2016).

Finally, formation of the pre-ligation complex and re-ligation of the DSB ends is performed by
the XRCC4/LIG4 complex with support from the stimulatory action of an XRCC4 homologue,
XRCC4-like factor (XLF) (figure 1.5d) (Ciccia and Elledge, 2010). Recent single-molecule studies
with immunofluorescence microscopy have shed further light on these processes. Using a
system based on Xenopus laevis cell-free egg extract, Graham and colleagues demonstrated
that single XLF dimers function as bridges between DSB ends prior to the assembly of the

synaptic complex —a precursor to ligation. Furthermore, synapsis occurs as a two-step process.
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Figure 1.9: Overview of DSB repair by non-homologous end joining (NHEJ).

During DSB repair by canonical NHEJ, the Ku70/Ku80 heterodimer rapidly recruits DNA-PKcs; the Ku/DNA-PKcs/DNA complex
forms the DNA-PK holoenzyme (a). DNA-PKcs is then phosphorylated at the Thr2609 cluster, which promotes minimal
resection by ARTEMIS and APLF to remove DNA adducts. This processing is stimulated by PNK (b). DNA-PKcs is then
autophosphorylated at the Ser2056 cluster to inhibit further nuclease activity. The synaptic complex is formed when XLF
dimers form bridges between DSB ends (c). The ends are then brought closer to one another to facilitate ligation by XRCC4
and LIG4.
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The ends of the DSB are initially held at some distance from one another before being brought

into proximity to facilitate ligation (figure 1.5e) (Graham et al., 2018, Graham et al., 2016).

The properties of the NHEJ machinery and a number of supporting factors contribute to the
fidelity of this crucial ligation step. A structural motif of LIG4, known as insert1, allows for the
flexible assembly of the LIG4 complex that permits tolerance of complex ends and sampling of
alternative ends in the event of mismatches (Conlin et al., 2017). In addition, tyrosyl-DNA
phosphodiesterase 1 (TDP1) was recently shown to be essential for efficient and accurate NHEJ.
Overall end-joining proficiency is reduced in the absence of TDP1. Moreover, end-joining
fidelity is compromised, with cells deficient of this protein exhibiting an increased frequency of
erroneous insertion-associated repair events. The NHEJ-related functions of TDP1 are
dependent on its catalytic activity (Li et al., 2017). Modulator of retroviral infection (MR, also
termed cell cycle regulator of NHEJ, CYREN) also functions as a versatile adaptor protein during
canonical NHEJ, interacting with a suite of NHEJ-associated proteins, such as Ku70, Ku80 and

XRCC4, via its N- and C-terminal domains (Hung et al., 2018).

1.5.4: Error-prone DSB repair pathways

Alongside the DSB repair pathways described above, several non-canonical pathways have
been described. These are typically regarded as error-prone; despite being reliant on some
nucleolytic processing, repairs involve little or no utilisation of homologous template DNA and
typically result in deletions at the DSB site. Two non-canonical pathways, single-strand

annealing (SSA) and alternative NHEJ (alt-EJ), will be described below.
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Single-strand annealing becomes a viable pathway for repair when DSBs are flanked by
homologous repeat regions (a relatively frequent occurrence in large eukaryotic genomes). As
for canonical HR, SSA is dependent on resection; in contrast to HR, however, it occurs
independently of RAD51 (Heyer et al., 2010). The DSB is primed for repair by CtIP-mediated
processing to expose 3’-ended homologous sequences at either side of the break. These
sequences function as a bridge across the DSB and are annealed by RAD52 (Symington, 2002,
Bhargava et al., 2016). Interestingly, FANCA, a member of the Fanconi Anaemia core complex
(refer to section 1.3.3), was recently shown to catalyse strand annealing in a RAD52-
independent manner (Benitez et al., 2018). Next, the non-homologous regions are cleaved by
the endonuclease ERCC excision repair 1 (ERCC1) in complex with the exonuclease Xeroderma
pigmentosum group F-complementing protein (XPF). Finally, DNA polymerases synthesise new
DNA to fill any remaining gaps, allowing the resultant strands to be joined by DNA ligases
(Symington, 2002, Bhargava et al., 2016). Due to the loss of genetic material involved, SSA is
inherently mutagenic and is therefore typically down-regulated relative to other pathways.
However, multiple studies have demonstrated increased utilisation of SSA when alternative
pathways, such as canonical NHEJ, are unavailable (Mansour et al., 2008, Escribano-Diaz et al.,

2013).

For a number of years, alternative NHEJ (alt-EJ) was considered to be a back-up in case of failure
of the canonical pathway. Later studies have indicated that the switch to alt-EJ is triggered

specifically by the absence of Ku, but not through the impairment of NHEJ caused by loss of
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other core repair factors, such as DNA-PKcs or XRCC4 (Mansour et al., 2013). DSB end structure
is also a key determinant of NHEJ sub-pathway selection (Chang et al., 2017). In preparation
for repair by alt-EJ, limited processing of the DSB ends may be performed by MRN and CtIP,
exposing regions including 2-20 nt of microhomology which can be used to facilitate re-ligation.
The ligation step is then performed by X-ray repair cross-complementing 1 (XRCC1) and Ligase

3 (LIG3) (Ciccia and Elledge, 2010, Chang et al., 2017).

Several factors have been implicated specifically in non-canonical end joining. Firstly, PARP1 is
an essential regulator of this repair pathway, hence its alternative designation of PARP-EJ
(Mansour et al., 2013). Pol 8, an atypical DNA polymerase, also promotes alt-EJ and suppresses
recombination. Alongside its functions in DNA replication, it contributes to the formation of
the pre-ligation complex and the annealing of processed DNA strands (Kent et al., 2015,

Mateos-Gomez et al., 2015).

1.5.5: Structural variation in double-strand breaks

There is considerable variability in the structural complexity of the damaged ends of a DSB,
which is determined by how the break arises. At one end of the spectrum, chemically ‘simple’
DSBs, such as those induced by restriction endonucleases, may have blunt ends or short 5’/3’
overhangs. Multiple systems have been generated which allow the induction and visualisation
of DSBs at defined genomic loci by specific enzymes, such as the rare-cutting I-Scel (Gunn and
Stark, 2012) or Fokl (Bitinaite et al.,, 1998). These DSBs are valuable in research settings,

allowing repair kinetics to be monitored at individual, known sites of damage. Enzymatically-
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induced DSBs are typically reparable by direct re-ligation of the DSB ends with no preliminary

processing (Wyman and Kanaar, 2006).

Conversely, DSBs inflicted by exogenous agents may include chemical alterations, secondary
DNA structures or protein adducts. IR, for instance, results in oxidative damage to the sugar-
phosphate backbone of the DNA, which creates SSBs. DSBs are generated when two such
lesions occur on opposite DNA strands in proximity to one another. These DSBs typically include
a 5 hydroxyl group and 3’ phosphoglycolate adduct, rendering direct re-ligation of the broken

ends impossible (Schipler and lliakis, 2013, Mehta and Haber, 2014).

An additional layer of complexity has also been described in cells exposed to ionising radiation
or radiomimetic drugs. These forms of assault can lead to clustered DNA damage, in which
multiple DNA lesions — DSBs, SSBs, abasic sites or oxidised bases — occur within a region of
approximately 20 bp. The complexity of the individual lesions, as well as their proximity to one
another, poses considerable challenges to the DNA damage repair machinery (Sutherland et

al., 2002).

1.5.6: Coping with complex lesions
Previous studies have consistently suggested that misprocessing of complex DSBs is the main

factor underlying the deleterious outcomes associated with this form of DNA damage;
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furthermore, errors in processing are considerably more likely for DSBs than for lesions

involving only one strand of the DNA (Schipler and lliakis, 2013).

The repair pathways described above are applicable to scenarios involving chemically ‘simple’
DSBs, such as those induced by restriction endonucleases. However, exogenous agents,
including IR, are a major source of DSBs. The complex ends associated with these DSBs require
additional processing prior to the initiation of repair. To some extent, the cellular HR machinery
is able to cope with such complexity due to the extensive processing inherently associated with
this pathway. Any damaged bases are likely to be removed by nucleolytic resection, although
this may negatively impact on the kinetics of repair (Schipler and lIliakis, 2013). For instance,
CtIP, BRCA1 and the MRN complex have been shown to process DSBs arising from
Topoisomerase |l (Topoll) trapping (Aparicio et al., 2016). Furthermore, when faced with bulky
protein adducts at DSB ends, MRN is effectively ‘converted’ in an NBS1- and ATP-dependent
manner into a complex which is specialised to handle these adducts using both its endo- and

exonuclease activities (Deshpande et al., 2016).

Conversely, specialised mechanisms and additional factors are inevitably required prior to re-
ligation of DSB ends via NHEJ. The most well-characterised of these is the ARTEMIS nuclease,
which works in co-operation with a second nuclease, Aprataxin and PNKP-like factor (APLF),
and requires the kinase/phosphatase activity of polynucleotide kinase (PNK). In association
with DNA-PK, ARTEMIS utilises its endonuclease activity to target DSB ends associated with

complex structures, such as gaps, flaps, DNA hairpin structures and 5 or 3’ overhangs
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(Malyarchuk et al., 2013, Wyman and Kanaar, 2006). The removal of these structures facilitates
the continuation of repair by the standard NHEJ machinery. Resection of complex breaks is
carefully controlled by post-translational modifications. Initial phosphorylation of DNA-PKcs at
Thr2609 permits minimal nucleolytic end processing by ARTEMIS. In contrast, subsequent
autophosphorylation at Ser2056 protects ends from excessive resection and acts as an inhibitor

of HR-mediated repair (Davis et al., 2016, Ciccia and Elledge, 2010).

1.6:  Regulation of DSB repair pathway choice
The selection of the appropriate repair pathway for each DSB is carefully controlled by a
multitude of factors. The complex interplay between these determinants maintains a finely-

tuned balance between repair pathways.

1.6.1: Cell cycle-dependent regulation

It is understood that NHEJ, although error-prone, is the favoured pathway for the repair of 75-
80 % of DSBs, irrespective of the cell cycle stage (Shibata et al., 2011). Time-lapse fluorescence
microscopy studies of live cells have confirmed that NHEJ predominates during G1 and G2
phases, with a gradual shift towards increased HR during late S and G2 phases, and peak HR
utilisation during mid-S phase. Interestingly, repair pathway choice for a DSB is not determined
at the point of damage. Instead, it can be adjusted according to replication dynamics within

the cell (Karanam et al., 2012). There is scant evidence that HR can occur outside S and G2
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phases (Saleh-Gohari and Helleday, 2004); this is understandable due to the requirement of

the homologous sister chromatid as a template for HR-mediated repair.

Erroneous repair of DSBs is a major cause of genome instability (Schipler and lliakis, 2013).
Selecting the appropriate pathway for the repair of DSBs is therefore fundamental for survival
at the cell and whole organism level. A major consideration which governs repair pathway
choice is the presence or absence of an intact sister chromatid to use as a template for repair.
HR-mediated repair is template-dependent; as such, this pathway must be suppressed outside
late Sand G2 phases orin non-replicated chromosomal regions. This precise regulation is partly
achieved by cell cycle-dependent control of nucleolytic resection, which is an essential

precursor to HR (Shrivastav et al., 2008).

The activity of cyclin-dependent kinases (CDKs) oscillates throughout the cell cycle and reaches
peak levels during S and G2 phases of the cell cycle. thereby providing a suitable tool for
implementing cell cycle-dependent control of resection (Harashima et al., 2013). Four CDKs
have been identified in humans (CDK1, CDK2, CDK4 and CDK6); these target substrates
harbouring a serine or threonine residue with a neighbouring downstream proline (S/T-P). CDK
activity is controlled via an interaction with a specific cyclin which serves a regulatory function.
These kinases and associated cyclins play a key role in governing passage through cell cycle
checkpoints (figure 1.6). Accordingly, their activity is down-regulated in response to DNA
damage in order to provide sufficient time to effect repair, thus preventing the potentially

deleterious consequences of passage through the cell cycle with unresolved DNA damage. In
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Figure 1.10: Cell cycle checkpoints.

Uni-directional progression through the cell cycle is ensured by three checkpoints, which are governed by cyclins and cyclin-
dependent kinases (CDKs). Quiescent (GO) cells require CDK4 and CDK6 activity in combination with Cyclin D for transition into
G1. CDK2 along with Cyclins A and E allow entry into S-phase. The onset and progression of mitosis is controlled by CDK1 in
association with Cyclins A and B. Finally, upon correct alignment of chromosomes on the metaphase plate, the completion of
M phase is permitted by APC/C-mediated degradation of Cyclins A and B.
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a contrasting but equally important role, CDKs also phosphorylate a plethora of factors
associated with DSB repair. This phosphorylation is essential for nucleolytic resection of DSBs

and results in the up-regulation of HR (Ferretti et al., 2013).

CDK-mediated phosphorylation of CtIP remains the most widely accepted mechanism for the
modulation of resection dynamics (Ferretti et al., 2013). CDK2-mediated phosphorylation of
this nuclease and its suppressors exerts multiple direct and indirect effects on resection levels.
Firstly, phosphorylation of Thr847 promotes resection through the stimulation of CtIP activity,
although the exact mechanism for this remains unknown (Ferretti et al., 2013). Moreover, the
presence of CDK-phosphorylated CtIP impedes the interaction between 53BP1 — a key
antagonist of resection — and its major downstream effector, RIF1, which also serves to up-
regulate CtIP-mediated resection indirectly (Zimmerman and de Lange, 2014). Thirdly,
phosphorylation of CtIP at Ser327 permits its interaction with BRCA1; the formation of this
complex is generally viewed as a further pre-requisite for short-range resection (Chen et al.,
2008), although one study suggests that this interaction is dispensable for efficient resection
(Polato et al., 2014). Phosphorylation of Ser327 is facilitated by interaction between MRE11,
CDK2 and CtIP, which brings the kinase into proximity with its substrate. However, there is no
convincing evidence to suggest that MRE11 or other components of the MRN complex are
controlled by CDK-mediated phosphorylation. Studies to date have yielded conflicting results;
whilst NBS1 has been demonstrated to be a CDK substrate, there is no consensus regarding the
impact of this apparent phosphorylation on resection (Chen et al., 2008, Ferretti et al., 2013).

Additionally, the 5’-3" exonuclease EXO1 is phosphorylated by CDK1 and CDK2 at four sites
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(Ser639, Thr732, Ser815, and Thr824); these modifications promote resection and efficient HR,

thereby contributing to the maintenance of genome stability (Tomimatsu et al., 2014).

Until recently, it was not understood why canonical NHEJ does not consistently out-compete
HR to resolve DSBs, particularly in late S and G2 phases when both pathways are viable. The
identification of CYREN as a cell cycle-dependent regulator of NHEJ provided key insights into
this unanswered question. The depletion of CYREN in cells expressing TRF2282M 'which leads to
exposure of the telomeres to the cellular end-joining machinery, led to a marked increase in
chromatid-type telomere fusions. These fusions are characteristic of post-replicative cells. This
implicated CYREN in the suppression of NHEJ in S and G2. Furthermore, an increase in NHEJ
was observed in CYREN knockout cell lines relative to wild-type cells. Finally, this study revealed
that CYREN preferentially suppresses NHEJ at DSBs with 3’ overhangs, protecting these

overhangs to provide favourable environments for HR-mediated repair (Arnoult et al., 2017).

1.6.2: Promotion of nucleolytic resection

Since the two main categories of DSB repair have differential requirements for ssDNA at the
break site, resection serves as a robust tool for commitment of each lesion to the appropriate
pathway. Resolution of DSBs by HR relies upon the initiating step of short-range resection
followed by long-range resection; indeed, it has been demonstrated that short-range resection
in isolation is sufficient to block NHEJ, but it cannot initiate HR (Bakr et al., 2016). Conversely,
NHEJ is suppressed at resected DNA ends due to the low affinity of the Ku70/Ku80 heterodimer

for ssDNA (Ciccia and Elledge, 2010, Huertas, 2010). In the absence of Ku70/Ku80, repair
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dynamics shift towards HR or alt-EJ, an error-prone, non-canonical end-joining pathway which

is dependent on PARP1 (Bakr et al, 2016).

Multiple studies have revealed that pathway choice is underpinned by the nuclease activities
of CtIP and the MRN complex. Following induction of DNA damage by laser micro-irradiation,
Sartori and colleagues demonstrated that CtIP is recruited exclusively to lesions in S- or G2-
phase nuclei. CtIP was also shown to interact with MRN, modulating its function to promote
resection and consequent repair by HR (Sartori et al., 2007). A subsequent study further
elucidated the details of the CtIP-MRN interaction and highlighted the importance of the critical
HR factor BRCA1 in this context. It was demonstrated that CtIP forms a complex with BRCA1
by interacting with the BRCT domains of this protein, and with the MRN complex via a direct
association with Nbsl. As discussed above, the formation of this complex is cell cycle-
dependent, and short-range resection is thereby restricted to late S and G2 phases of the cell
cycle (Chen et al. 2008). A further aspect of CtIP regulation was also described. Ina 2014 study,
CtIP was revealed as a substrate of the E3 ubiquitin ligase complex, APC/C®M (anaphase
promoting complex/cyclosome), which targets this nuclease for ubiquitin proteasome system
(UPS)-mediated degradation outside G2 phase, thus ensuring that DSBs resection is prevented
and breaks are repaired by NHEJ. The interaction between CtIP and the adaptor protein Cdh1
was found to be essential for clearance of CtIP from sites of DNA damage; abrogating this

interaction led to aberrant DSB resection and dysregulated HR (Lafranchi et al., 2014).
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The multi-functional transcription factor CCCTC-binding factor (CTCF) has also been implicated
in the promotion of CtIP-dependent resection. It was demonstrated previously that CTCF
promotes HR; however, the underlying mechanism was not fully understood until recently. In
a 2019 study, Hwang and colleagues highlighted three routes by which CTCF promotes CtIP
activity. Firstly, it directly interacts with MRE11 in a DNA damage-dependent manner and
localises to DSBs via this interaction. Secondly, it interacts with CtIP, promoting the recruitment
of this nuclease to DSBs. Finally, CTCF also strengthens the interaction between CtIP and
MRE11, thereby indirectly stimulating CtIP recruitment to sites of DNA damage (Hwang et al.,

2019).

1.6.3: Suppression of resection

Alongside the factors which promote resection and HR, a suite of DNA end protection factors
exists to antagonise nuclease activity and promote NHEJ. The apical factor of this cascade is
53BP1 (TP53BP1, Tumour protein 53-binding protein 1), the function of which has been studied
extensively. In response to phosphorylation by ATM at 28 N-terminal S/TQ motifs, 53BP1 is
recruited to DSBs; the presence of this factor at DSBs as a scaffold is critical for the fulfilment
of its role as an antagonist of resection and driver of end joining (Bakr et al., 2016, Symington

and Gautier, 2011, Bothmer et al., 2011, Bunting et al., 2010).

ATM-dependent phosphorylation of 53BP1 is also essential for the successful recruitment of
several downstream effectors, of which RIF1 (Rapl-interacting factor 1) was the first to be

identified. As with 53BP1, RIF1 is required for NHEJ, and end-joining is defective in the absence
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of RIF1 — both in the context of DNA damage repair and the re-ligation of programmed DSBs
during CSR. Indeed, the end-to-end fusion of artificially de-protected telomeres which lack a
functional Shelterin complex is markedly reduced in the absence of RIF1, illustrating that this
protein is required for NHEJ (Chapman et al., 2013). As such, Rif17- mouse models exhibit
immunodeficiency due to their inability to develop sufficient immune diversity (Chapman et al.,
2013, di Virgilio et al., 2013). RIF1 also regulates nucleolytic resection directly through crosstalk
with the BRCA1-CtIP-MRN complex. During G1, when HR is inviable due to the absence of
suitable template DNA, recruitment of this complex to damaged chromatin is antagonised by
RIF1, preventing short-range resection by CtIP and MRE11 (Chapman et al., 2013, Escribano-
Diaz et al., 2013, di Virgilio et al., 2013). Conversely, in late S and G2 phases, BRCA1 and its
functional partner BARD1 overcome this block to resection by ubiquitination of histones at the
DSB site, promoting the dissociation of 53BP1-RIF1 from the DNA and allowing nuclease access
(Densham and Morris, 2017). Furthermore, CDK2-phosphorylated CtIP also impedes the

interaction between 53BP1 and RIF1 (Zimmerman and de Lange, 2014).

As well as RIF1, several additional effectors of 53BP1 have been identified, including Pax
transactivation domain interacting protein (PTIP) and REV7 (also known as MAD2L2). The
precise role of PTIP in 53BP1-dependent DSB end protection remains to be fully elucidated;
however, it is accepted that there is some redundancy between this factor and RIF1. Depletion
of PTIP is sufficient to recapitulate a number of the defects associated with RIF1 deficiency,
including an elevation in DSB end resection during G1 and NHEJ-mediated fusion of de-

protected telomere ends (Zimmerman and de Lange, 2014). It is thought that PTIP acts via
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ARTEMIS, an endonuclease with known functions in promoting NHEJ (Wang et al., 2014). REV7
has also been shown to promote NHEJ and inhibit HR in a 53BP1-dependent manner (Xu et al.,
2015a, Boersma et al.,, 2015). It is now understood that the key function of REV7 is the
recruitment of a distal 53BP1 effector complex known as Shieldin. This heterotrimeric complex,
which comprises C200rf196 (SHLD1), FAM35A (SHLD2) and CTC-534A2.2 (SHLD3), was
characterised independently in four recent CRISPR/Cas9 screens which aimed to identify novel
53BP1 interactors associated with PARPi resistance in BRCA1-deficient cells. REV7 facilitates
the localisation of this complex to DSBs via its interaction with SHLD2, where it functions to
shield DNA ends from unscheduled resection and promote repair of the lesion by NHEJ (Gupta

et al.,, 20183, Dev et al., 2018, Findlay et al., 2018, Noordermeer et al., 2018).

Pathways that negatively regulate resection independently of 53BP1 have also been identified.
For instance, the helicase HELB suppresses long-range DNA resection during G1 via a feedback
inhibition mechanism. HELB is recruited to tracts of resected ssDNA through its interaction
with RPA; at high nuclear concentrations, it limits resection by BLM, DNA2 and EXO1 via its 5'-
3’ translocase activity. During late S and G2 phases, CDK-mediated phosphorylation of HELB
triggers its export from the nucleus, removing the obstacle to long-range resection. Indeed,
forced maintenance of nuclear HELB during these phases abrogates DNA end resection. In
contrast to 53BP1 and RIF1, HELB is not required for NHEJ in the context of CSR or the repair of
IR-induced DSBs (Tkac et al.,, 2016). Nevertheless, due to its role in effecting cell cycle-
dependent control of long-range resection, one may speculate that it contributes to the

suppression of inappropriate HR.
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Although nucleolytic resection of DSB ends has widely been viewed as a key point of distinction
between HR and NHEJ, recent studies have indicated that this distinction may not be clear-cut.
Canonical NHEJ may also proceed in a resection-dependent manner during G1, but this
resection differs from that which takes place as a precursor to HR. Resection-dependent NHEJ
is initiated by a PLK3-mediated CtIP-BRCA1 interaction and continues through EXO1, EXD2 and
MRE11 exonuclease activity; the endonuclease activity of MRE11 is dispensable. Resection is

then completed by ARTEMIS (Biehs et al., 2017).

1.6.4: Epigenetic control of repair pathway choice

Post-translational protein modifications are known to influence a host of cellular processes,
including DNA repair pathway choice. Alongside phosphorylation, a spectrum of other post-
translational modifications, such as methylation, acetylation, ubiquitination and SUMOylation,
are also known to influence resection dynamics and repair pathway choice (Ceccaldi et al.,

2016a).

As discussed in section 1.5.1, histone ubiquitination plays a key role in directing 53BP1 to sites
of damaged chromatin during the early stages of DSB detection and signalling. Ubiquitination
of H2AK15 by RNF168 occurs solely as a consequence of ATM/ATR signalling in response to
DNA damage, allowing for the specific recruitment of 53BP1 to regions requiring repair

(Zimmerman and de Lange, 2014).
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Histone methylation also impacts on the recruitment of 53BP1. It has been known for some
time that 53BP1 is preferentially recruited to di-methylated Histone H4K20 in pre-replicative
chromatin to promote NHEJ during G1; it dissociates as cells enter S phase to allow HR in post-
replicative chromatin, at which time there is homologous template material available to
facilitate repair (Zimmerman and de Lange, 2014). Appropriate targeting of 53BP1 to damaged
chromatin is crucial for the selection of optimal repair pathways, especially in S-phase cells
which can contain tracts of both pre- and post-replicative chromatin (Simonetta et al., 2018).
However, the precise mechanism underlying the regulated binding and dissociation of 53BP1
remained unknown until recently. Pellegrino and colleagues highlighted the importance of the
H4K20Me2 mark, levels of which are close to saturation prior to DNA replication, as a signal for
the recruitment of 53BP1 specifically to non-replicated chromatin. In this study, it was
demonstrated that resection as a precursor to HR-mediated repair is at its most efficient in
damaged chromatin where H4K20 di-methylation, and therefore 53BP1 localisation, is minimal.
Artificial enhancement of H4K20Me? by over-expression of the histone methyltransferase SET8
during S-phase restored 53BP1 recruitment and suppressed resection (Pellegrino et al., 2017).
These results were corroborated by a second study, which further demonstrated that the two-
fold dilution of H4K20Me? after DNA replication triggers the dissociation of 53BP1 and its
downstream effectors from damage sites in post-replicative chromatin, thereby allowing access

by BRCA1 to promote resection (Simonetta et al., 2017).
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Whilst the CDK-mediated phosphorylation of CtIP is well characterised as a means of
influencing DSB repair dynamics in a cell cycle-dependent fashion (as discussed in section
1.6.1), further studies have also implicated other modifications of CtIP in the fine-tuning of DSB
end resection. NEDDylation involves the conjugation of NEDDS to lysine residues in substrate
proteins and has known functions in the DDR. The process is analogous to ubiquitination,
requiring a chain of E1, E2 and E3 enzymes to transfer the modifying peptide to its target
protein. NEDDylation has been proposed as a determinant of repair pathway choice through
the control of CtIP-dependent resection. This resection is up-regulated in the presence of small
molecule inhibitors of NEDDylation; furthermore, the interaction between CtIP and BRCA1
appeared to be compromised in these conditions (Jimeno et al., 2015). In contrast, constitutive
SUMOylation (the conjugation of the small peptide SUMO onto target proteins) of CtIP at lysine
896 by the E3 SUMO ligase CBX4 has been shown to be essential for CtIP-dependent resection

(Soria-Bretones et al., 2017).

1.7:  Human diseases arising from a defective DNA damage response

A functional DDR is fundamental to the successful passage through the cell cycle and the
maintenance of genome stability. As would therefore be expected, a multitude of human
diseases can be attributed to mutations in key components of the DDR. A selection of relevant

examples will be outlined below.
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1.7.1: Ataxia telangiectasia

Ataxia Telangiectasia (A-T) was described in the mid-20th century as an autosomal recessive
syndrome involving progressive decline of neurological function. Affected individuals display
unusual gait and posture due to loss of muscular co-ordination (ataxia) along with prominent
dilation of capillaries in the sclera of the eyes and elsewhere on the face (telangiectasia).
Additional typical features include growth retardation, predisposition to lymphoid cancers and
a high frequency of respiratory tract infection due to immunodeficiency; furthermore, there is
increased radiosensitivity at the cellular level (Boder and Sedgwick, 1958, Taylor et al., 1975,

Taylor and Byrd, 2005).

A-T is clinically heterogeneous; this likely reflects the fact that over 400 causal mutations in
ATM have been identified. Eighty-five percent of these are bi-allelic mutations. In the majority
of cases, these mutations result in a reduction of functional ATM protein to negligible levels
(Ball and Xiao, 2005, Savitsky et al., 1995). However, some patients (such as those with a
heterozygous mutation in ATM) have residual levels of functional protein, which is typically

associated with reduced disease severity (Taylor and Byrd, 2005).

ATM is a master regulator of the DDR, and of DSB repair in particular; this explains the marked
increase in kinase activity in wild-type cells exposed to IR relative to untreated cells, and the
profound sensitivity to this agent in A-T patient-derived cells. The dysregulation of the DDR in
the absence of functional ATM underlies all phenotypic manifestations of A-T (Taylor et al.,

1975, Ball and Xiao, 2005). The reduced growth rate frequently observed in A-T patients results
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from unresolved DNA damage combined with the failure of the G1-S, S-phase and G2-M
checkpoints (refer to figure 1.6). Patients also exhibit increased cancer predisposition due to
constitutive genome instability arising from impairment of the DDR. Immunodeficiency in
affected individuals can be attributed to an inability to repair physiologically programmed DSBs
during the process of V[D]J recombination, which is a pre-requisite for the generation of
immune diversity (Taylor and Byrd, 2005, lkuta et al., 1986). Furthermore, it was recently
suggested that the predominantly cytoplasmic localisation of ATM in post-mitotic cells, such as
neurons, may account for the progressive neurological symptoms observed in A-T patients.
This localisation allows for the association of ATM with organelles which produce reactive
oxygen species (ROS), which may play a role in neurodegeneration. Indeed, increased levels of

oxidative stress were observed in brains of Atm-deficient mice (Choy and Watters, 2018).

Confirmation of a clinical diagnosis of A-T involves the exposure of patient-derived cells to IR
and assessing levels of ATM protein by immunoblotting. Increased sensitivity to radiation along
with negligible ATM protein levels are reliable indicators of the disease. Sequencing of the ATM
gene to identify the associated mutations is usually performed as a secondary step, and an ATM
kinase activity assay can provide additional verification in the rare instances when ATM protein

levels are close to normal (Taylor and Byrd, 2005).

1.7.2: A-T-like disorder
A-T-like disorder is an incredibly rare DDR-linked disorder, with only a handful of cases reported

internationally.  Patients exhibit many features typically associated with A-T, including
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cerebellar ataxia (albeit with a later onset than for classical A-T), cellular radiosensitivity and an
impairment of DDR signalling.  Notably, telangiectasia are absent, and patients are
immunocompetent with respect to levels of total IgG, IgA and IgM (although some specific

functional antibodies may be deficient) (Taylor et al., 2004).

In some of the first reported instances, patients identified from two families were diagnosed
with an A-T-like disorder (ATLD) based on clinical presentation. None of the patients had
mutations in ATM; furthermore, all had normal ATM protein levels. Sequencing of the
components of MRN complex (MRE11, RAD50 and NBS1), which also play a role in early-stage
sensing of DSBs along with ATM (van den Bosch et al., 2003), revealed truncating and missense
mutations in MRE11 and reduced levels of all proteins; this distinguished this disorder from
classical A-T at the molecular level. The identified mutations were shown to compromise the
interaction of MRE11 with other members of the MRN complex, but did not abrogate these

interactions entirely (Stewart et al., 1999).

Examinations of the phenotypic manifestations of ATLD at the cellular level have revealed
multiple similarities to A-T, as well as a number of key contrasts. As for A-T patient-derived
cells, ATLD cells exhibit an increased sensitivity to IR, but this is not due to a major DDR defect.
ATLD patient cells are also unable to suppress DNA synthesis after IR exposure as the S-phase
DNA damage checkpoint is inactive; notably, however, the impact of MRE11 mutations on the
functionality of this checkpoint is less pronounced than for ATM mutations. Additionally, there

is reduced IR-induced activity of stress-activated protein kinases (SAPKs) in ATLD patient-
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derived cells. Conversely, the induction of p53 following exposure to y irradiation is normal in
ATLD, whereas radiation-induced p53 induction is impaired in cells carrying a mutation in ATM.
Furthermore, immunofluorescence microscopy analyses have demonstrated that ATLD cells
show negligible recruitment of the MRN complex to IR-induced lesions in ATLD patient cells;
MRN focus formation in cells exposed to IR is unaffected in ATM patient-derived cells (Stewart

et al., 1999, Taylor et al., 2004).

1.7.3: Nijmegen breakage syndrome

Nijmegen breakage syndrome (NBS) is a rare disease inherited in an autosomal recessive
manner, and is caused by bi-allelic mutations in NBS1. This gene was formerly termed p95 and
had already been shown to encode a DDR-associated protein that interacts with MRE11 and
RAD50 (Chrzanowska et al., 2012, Carney et al., 1998). NBSI1 maps to chromosome 8q and
encodes a 754 aa protein. Screening of NBS1 in multiple patients of Slavic and German ethnic
origin revealed a 5 bp deletion. This mutation generates an erroneous stop codon at position
218, leading to severe polypeptide truncation (Chrzanowska et al., 2012, Matsuura et al., 1998);

this underlies the absence of full-length NBS1 protein in patient cells.

NBS is characterised by microcephaly identified at birth, along with other features that become
apparent with age: a mild extra-uterine growth delay, recurrent infections due to
immunodeficiency, a predisposition to early-onset malignancies, especially haematological
cancers, and a potential decline in cognitive function. At the cellular level, patient-derived cells

exhibit heightened sensitivity to IR, chromosomal inversions and translocations and
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chromosomal breakage in unperturbed cells; this is accompanied by the failed suppression of
DNA synthesis after IR and the absence of full-length NBS1 protein (Taalman et al., 1983,

Chrzanowska et al., 2012).

The first affected individuals identified were 2 members of same Dutch family who presented
with microcephaly at birth, subsequent growth delay, cognitive impairment, immunodeficiency
and café-au-lait spots on the skin. Cytogenetic analyses of patient lymphocytes revealed
reciprocal chromosomal translocations centred around the common fragile sites of
chromosomes 7 and 14, as well as spontaneous chromosome breakages. Immunodeficiency

was observed in both individuals (Weemaes et al., 1981).

Whilst the clinical presentations were acknowledged to be strikingly similar to those of other
known syndromes involving chromosomal breakage, these diagnoses were ruled out on the
basis of clinical and cytogenetic observations. Firstly, the lack of skeletal abnormalities or
pancytopaenia distinguished this disease from FA. A-T was also ruled out clinically due to the
absence of ataxia or telagiectasia. Finally, a diagnosis of Bloom syndrome was ruled out.
Quadriradial chromosomes are characteristic of Bloom syndrome, but were absent in the Dutch
patients. It was concluded that a novel syndrome had been identified; this was designated

Nijmegen breakage syndrome (NBS) (Weemaes et al., 1981).
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1.7.4: DNA-PKcs severe combined immunodeficiency

Severe combined immunodeficiency (SCID) arises due to the failed differentiation of Band T
lymphocyte lineages (Bosma et al., 1983). It has been demonstrated in multiple animal models
as well as in humans that this disorder can be attributed to C-terminal deletions in the catalytic
sub-unit of DNA-PK (DNA-PKcs). These mutations compromise the functionality of the
holoenzyme, impairing NHEJ in the context of V[D]J recombination: a requirement for the
generation of immune diversity. Defective V[D]J recombination has consistently been
implicated in the development of SCID (Meek et al., 2001, Bosma et al., 1983, Wiler et al., 1995).
Conversely, there is no consensus regarding the potential importance of DNA-PKcs in CSR
within this context. A recent study proposed that DNA-PKcs mutations also underlie CSR
defects in SCID patients (Bjorkman et al., 2015); however, this conflicted with multiple earlier
studies which suggested that DNA-PKcs does not function in this process (Bosma et al., 2002,

Kiefer et al., 2007).

As would be expected, the failure to generate sufficient immune cell diversity across multiple
lineages results in profound immunodeficiency, with affected individuals frequently
succumbing to opportunistic infections during childhood. Patients also exhibit a predisposition
to the development of cancers, neurological defects and hypersensitivity to radiation at the

cellular level (Morio, 2017).
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1.7.5: Cancer

Perhaps the most frequently cited example of a human disease associated with defective DNA
repair is cancer, with genomic instability being one of the defining hallmarks of this complex
disease (Lengauer et al., 1998, Jackson and Bartek, 2009). Therefore, a functional DDR can be
regarded as an anti-tumour barrier to reduce the frequency of malignant cellular
transformations. Tumour cells typically exhibit gross chromosomal rearrangements (GCRs),
missense/nonsense mutations, and gene deletions/amplifications (Lengauer et al., 1998), all of
which can arise following progression through the cell cycle with unrepaired DNA damage. DDR
defects are characteristic of many, if not most, tumour cells. Furthermore, these cells
proliferate more rapidly than normal cells. Upon exposure to chemotherapeutic agents, a high
proportion of tumour cells are in S phase, during which cells are most vulnerable to DNA
damage. Catastrophic levels of DNA damage are induced, and tumour cells are unable to repair

this damage effectively (Jackson and Bartek, 2009).

Interestingly, a link has been proposed between BOD1L and cancer. As will be discussed further
in section 7.4.2, a number of mutations in BOD1L — mainly in the N-terminus — are associated
with chronic lymphocytic leukaemia (CLL) as well as myelodysplasia, which is a precursor to the
development of this cancer (Dr. Martin Higgs and Prof. Tatjana Stankovic, unpublished). This

further highlights the critical role of the DDR in suppressing cancer development.
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1.8: Therapeutic opportunities within the DNA damage response

The DDR provides a wealth of therapeutic opportunities, particularly for the treatment of
cancer. Typical approaches involve targeting DDR pathways with inhibitors and/or harnessing
the inherent hypersensitivity of cancerous tissues to DNA-damaging agents, many of which
have defective DNA repair pathways (Jackson and Bartek, 2009). Despite numerous advances,
this remains an area of extensive research; the development of drug resistance due to
restoration of repair pathways and toxicity in healthy tissues are challenges that must be
overcome. Current successful strategies for DDR-related treatment approaches, future

perspectives and remaining challenges are summarised below.

Genomic instability in cancer arises through a combination of accumulated DNA damage,
impaired DNA repair capacity and the inappropriate transition of cells through cell cycle prior
to the completion of repair (Lord and Ashworth, 2012, Lengauer et al., 1998). DNA-damaging
agents as therapy may therefore have a more profound impact on tumour cells than on the
surrounding unaffected tissue. Non-surgical avenues for treatment of cancer typically involve
the use of DNA-damaging agents, which can be divided into several classes. Radiotherapy (such
as ionising radiation) and radiomimetic drugs generate single- and double-stranded breaks in
the DNA; furthermore, the reactive oxygen species (ROS) released upon exposure to radiation
can damage DNA bases. Alkylating drugs, such as Mitomycin C, engender replication stress due
to the generation of bulky adducts on the DNA (Jackson and Bartek, 2009). DNA replication
inhibitors also impede replication and lead to chronic replication stress by various means.

Aphidicolin, for example, inhibits DNA polymerase a (Krokan et al., 1981), whereas hydroxyurea
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functions by depleting the pool of available nucleotides (Mehta and Haber, 2014). Replication
inhibitors can also induce chromosomal damage during S-phase. Topoisomerase inhibitors,
such as the Topol inhibitor Camptothecin, trap topoisomerase in enzyme-DNA complexes,
impeding replication and generating single-ended DNA breaks. Finally, a class of agents known
as antimetabolites inhibit appropriate base pairing, resulting in base damage and S-phase

lesions, which may prove irreparable in DDR-deficient cancer cells (Helleday et al., 2008).

Exploiting the known DNA repair defects present in many cancers through the use of DDR
inhibitors can allow for the targeted impairment of malignant cells due to synthetic lethality.
Conversely, the impact on healthy tissue is minimal due to compensation by alternative repair
pathways; as such, these treatments are associated with reduced side effects compared to DNA
damage inducers (Helleday et al., 2008). A key clinical example is the use of poly(ADP ribose)
polymerase inhibitors (PARPi). Whilst there is no consensus as to the mechanisms of PARPI
activity in tumour cells, two possible scenarios are that sensitivity to PARPi arises due to the
persistence of unrepaired spontaneous lesions or through the maintenance of PARP at sites of
DNA damage (Pears et al., 2012, Lord and Ashworth, 2012, Helleday et al., 2008, D'Andrea,
2018). The clinical applicability of PARPi has been demonstrated in HR-deficient cancers, such
as BRCA1- or BRCA2-mutated breast and ovarian cancers or those with defects in proteins
associated with recombination (Helleday et al., 2008). Furthermore, inhibitors of other
fundamental DDR components, including ATM, ATR, CHK1 and DNA-PKcs, are undergoing
development for clinical application (O’Connor, 2015). A recent study also demonstrated that

CtIP-deficient cells are hyper-sensitive to PARPI; as the expression of this key nuclease is often
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down-regulated in breast cancer, this may provide novel therapeutic opportunities in the future

(Wang et al., 2015b).

The key challenges associated with harnessing DDR pathways or deficiencies for therapeutic
ends are the possibility of off-target effects and the development of resistance to treatments.
Bone marrow suppression is commonly associated with chemotherapeutic regimens
(particularly those incorporating DNA-damaging agents) due to the rapid rate of cellular
proliferation in the bone marrow (Helleday et al., 2008). This has obvious implications for
immune competence. Moreover, IR, to which approximately 40% of positive patient outcomes
can be attributed, generates considerable numbers of SSBs and DSBs in healthy tissues as well
as cancerous cells. This side effect underlies the dose-limiting toxicity of this agent (O’Connor,
2015). As discussed above, however, progress has been made in this area following the clinical

introduction of DDR inhibitors as monotherapies.

In addition, the development of treatment-resistant malignancies remains an ongoing problem.
For instance, acquired resistance to PARPi has been widely studied. Broadly, the mechanisms
of resistance in BRCA1- and BRCA2-deficient tumours are based upon the restoration of HR or
the development of reliance on alternative pathways for replication fork protection; these
mechanisms are intrinsically linked to the key functions of BRCA1 and BRCA?2 in the DDR. Firstly,
HR restoration can arise due to secondary mutations in BRCA1 or BRCA2, an altered
methylation status of the BRCA1 promoter which triggers a shift from low to high protein

expression, or the loss of 53BP1-dependent DNA end protection, which leads to the up-
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regulation of resection. It has been known for some time that secondary loss of 53BP1 in
BRCA1-deficient cells restores HR, resulting in resistance to PARPi (D’Andrea, 2018). Recent
studies have demonstrated the importance of the Shieldin complex, a distal 53BP1 effector, in
DNA end protection; loss of any component of this trimeric complex leads to PARPi resistance
(Dev et al., 2018, Gupta et al., 2018a, Noordermeer et al., 2018, Findlay et al., 2018, D'Andrea,
2018). Secondly, the up-regulation of ATR/CHK1-dependent replication fork protection
pathways also confers resistance to PARPi by compensating for loss of BRCA1- and BRCA2-

dependent fork protection (Edwards et al., 2008, Sakai et al., 2008).

There is growing interest in combining DDR inhibitors with conventional chemotherapy or DNA-
damaging agents in order to increase the efficacy of these treatments. Clinical trials are already
underway for a number of regimens. PARP inhibitors, for example, have been trialled in
combination with systemic platinum-based chemotherapy or alkylating agents, and ATR
inhibitors are being tested alongside chemotherapy or Olaparib. These novel approaches may
be applicable to multiple types of tumour (O'Connor, 2015), Helleday et al.,, 2008).
Furthermore, a recent study yielded promising results with the use of KU60648, an inhibitor of
DNA-PKcs, as a radiosensitiser in osteosarcoma cells (Mamo et al., 2017). However, there are
several key questions to address when designing combined treatment plans. The optimal
dosages and timings of exposure to DNA-damaging agents and potential sensitisers will need
to be determined. Additionally, any variability in the efficacy of the sensitising agent in different
genetic backgrounds must be identified. Finally, the impact of combined therapies on normal

tissue will be a key consideration (O'Connor, 2015, Helleday et al.,, 2008). Such informed
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management approaches may facilitate patient stratification and the selection of appropriate

treatments based on predicted responses to maximise the likelihood of positive outcomes.

1.9: BOD1L

The DDR remains the subject of intensive investigation; scores of novel players are identified
each year, and the complex network of pathways is gradually being elucidated. However, there
are undoubtedly many factors which remain to be investigated. In this context, my laboratory
recently demonstrated that BOD1L plays a key role in the resolution of replication stress.

Below, | will describe the findings of this study and outline our current understanding of BOD1L.

A diverse array of proteins involved in combating replication stress is recruited to replication
forks during DNA replication. Examination of the proteomic content of nascent chromatin
therefore provides a useful means of identifying novel factors associated with the DDR. One
technique for achieving this is iPOND (isolation of proteins on nascent DNA) (Sirbu et al., 2012).
To identify novel replication stress responders, an iPOND screen was undertaken by our
laboratory, modified to overcome the sensitivity of many proteins to the standard conditions.
iPOND involves the labelling of newly-replicated DNA with the thymidine analogue EdU
(ethynyldeoxyuridine), using a Click reaction to link biotin-azide to EdU-labelled DNA, and the
purification of nascent DNA and associated proteins using Streptavidin-agarose beads. These
proteins can then be resolved by SDS-PAGE and characterised by mass spectrometry (Higgs et

al., 2015, Sirbu et al., 2012). As well as components of the replication machinery, this screen
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also revealed a previously uncharacterised factor, Biorientation defect 1-like (BOD1L), which
was subsequently shown to play a role in the maintenance of genome stability during
replication stress. Furthermore, BOD1L was designated as a novel FA-like gene in the ATR/FA

pathway (Higgs et al., 2015).

1.9.1: Structural and preliminary functional detail

BOD1L is a 3051 aa protein, named for the sequence similarity of its N-terminal domain to the
mitotic spindle regulator BOD1 (figure 1.7). Within its amino acid sequence are 5 confirmed
target sites for ATM/ATR phosphorylation, as well as numerous other putative ATM/ATR

phosphorylation motifs. It was therefore hypothesised that BOD1L may be involved in the DDR.

BOD1 is a highly-conserved protein that localises to kinetochores and spindle poles at mitosis
and plays vital roles in chromosome biorientation at the metaphase plate (Porter et al., 2007).
Using siRNA-mediated depletion, Higgs and colleagues demonstrated that despite the similarity
between the sequences of BOD1 and BOD1L (figure 1.7), there was no overlap in the functions
of the two proteins. Hyper-phosphorylation of H2AX and RPA2 was observed upon knockdown
of BOD1L, indicating an elevation in DNA damage signalling and nucleolytic resection of DNA
lesions, respectively; in contrast, loss of BOD1 resulted in severe spindle alignment defects

(Higgs et al., 2015).
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Figure 1.11: Structural details of BOD1L.

Schematic diagram of the human mitotic spindle regulator BOD1 and BODIL structures, illustrating regions of sequence
homology. Confirmed ATM/ATR phosphorylation target sites are shown above the structure; additional putative targets are
denoted with arrowheads below the structure. Other potential domains are also shown.
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1.9.2: Characterisation as a fork protection factor

In agreement with the iPOND data, which suggested a role for BOD1L at replication forks,
subsequent experiments using a variety of techniques confirmed that BOD1L was required to
resolve replication stress. DNA fibre analysis was used to examine the progression of ongoing
forks after exposure of cells to HU. Opposing forks from the same origin typically progress at
similar rates; as such, disparities between these rates can indicate problematic re-start or
increased fork stalling (Conti et al., 2007, Rodriguez-Lopez et al., 2002). BOD1L-deficient cells
were shown to exhibit a marked increase in the asymmetry of sister replication forks upon
treatment with HU, suggesting that BOD1L is required for the re-starting and/or progression of
replication forks. Moreover, BOD1L-depleted cells subjected to replication stress exhibited an
increase in nucleolytic resection of stalled forks, as evidenced by an increase in both RPA2 and

RPA-P (S4/S8) foci (Higgs et al., 2015).

Furthermore, cells treated with BOD1L siRNA showed severe impairment of MMC-induced
RAD51 focus formation. In addition to its role in HR-mediated repair pathways, RAD51 is known
to stabilise damaged replication forks to ensure they can be repaired and re-started (Costanzo,
2011). Interestingly, MMC-induced RAD51 foci formation could be re-established in BOD1L-
depleted cells by co-depletion of either BLM or FBH1: two helicases which inhibit RAD51-
dependent pathways of DNA repair. This co-depletion also reduced levels of RPA-P (S4/S8) foci,
showing that over-resection of stalled replication forks had been alleviated. This led to the
conclusion that BOD1L stabilises RAD51 at stalled forks through the inhibition of BLM and FBH1

(Higgs et al., 2015).
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Assessments of fork resection by DNA fibre analyses supported the role of BOD1L as a fork
protection factor. Sequential pulsing of replicating cells with the thymidine analogues CldU and
IdU, treatment with HU and measurements of the relative length of each labelled tract of ssDNA
allowed for quantification of fork degradation during replication stress. A decrease in the ratio
of the two labels to less than 1 would be indicative of increased fork resection. In the absence
of BOD1L, the mean IdU:CldU ratios were reduced to levels comparable with those observed in
BRCA2-depleted cells. Since BRCA2 is essential for the loading and stabilisation of RAD51 onto
ICLs during replication stress (Godthelp et al., 2006), this was taken as a further indication of
fork degradation in the absence of BOD1L. Notably, ratios were restored to control levels by
the depletion of DNA2, but not by the inhibition of MRE11 with Mirin. This led Higgs and
colleagues to conclude that BOD1L-mediated stabilisation of RAD51 at stalled forks prevents
excessive DNA2-mediated resection of stalled replication forks; however, MRE11 does not play
a role in aberrant fork resection in the absence of BOD1L. As a consequence, forks remain
competent for repair and genome stability is maintained (Higgs et al., 2015). This model is

summarised in figure 1.8.

It is interesting to note that no equivalent defect was observed for IR-induced DNA damage,
suggesting that there was no overall defect in the recruitment of RAD51, but a problem with

the stabilisation of the protein specifically at replication forks.
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Figure 1.12: Model for BOD1L-mediated protection of stalled replication forks.

In the event of an obstacle to the progression of replication, stalled forks undergo regulated nucleolytic resection as a precursor
to repair by homologous recombination (a). RPA is loaded onto the exposed ssDNA. The activities of BRCA1, BCRA2 and PALB2
facilitate the displacement of RPA (b), allowing RAD51 to be loaded. The stability of the resultant RAD51 nucleofilaments is
maintained by BOD1L through the inhibition of BLM and FBH1 (c). Forks are repaired by HR and genome stability is maintained.
When BODIL is lost, FBH1 and BLM remove RAD51 from stalled forks (d), permitting unrestricted nucleolytic processing by
DNA2 (e). These forks are thus rendered irreparable. Unrepaired forks, in combination with elevated levels of new origin firing,

result in genome instability. Adapted from Higgs et al., 2015.
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Furthermore, cells depleted of BOD1L exhibited an increase in micronuclei formation, ultra-fine
bridges (UFBs) early in mitosis (which are indicative of improperly replicated DNA),
chromosomal breakage and 53BP1 body formation, all of which are characteristic
manifestations of unresolved replication stress. Importantly, restoration of the observed
chromosomal damage to control levels was achieved when murine Bod1l was stably expressed

to complement loss of the endogenous protein (Higgs et al., 2015).

1.9.3: Characterisation as a member of the FA pathway

During the course of their studies on BOD1L, Higgs and colleagues also demonstrated that the
depletion of BOD1L phenocopied loss of FANCA, a core component of the Fanconi Anaemia
pathway. Moreover, as is characteristic of cells deficient in FA pathway members, exposure of
BOD1L-depleted cells to the ICL inducer MMC led to severe chromosomal breakage. These
observations suggested that BODIL acts in the FA pathway and is required for an effective
cellular response to replication stress (Higgs et al., 2015). Indeed, BOD1L has been proposed
as an FA-like factor in recent reviews (D’Andrea, 2018), despite the fact that no mutations in

BOD1L have been discovered to date in patients with an FA-like disorder.

1.10: Thesis aims
Robust DNA damage repair mechanisms are critical to the maintenance of genome stability.

Earlier published work by Higgs and colleagues identified BODI1L as a previously
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uncharacterised factor with a key role in maintaining genome stability through the protection
of stalled replication forks during replication stress. BOD1L was shown to participate in the
repair of S-phase DNA damage by preventing spurious resection of stalled forks (Higgs et al.,
2015). However, prior to the commencement of my doctoral studies, the potential role of
BOD1L in the response to other forms of DNA damage had not been explored. This provided

the basis for my investigations.

The first aim of my thesis was to determine whether BOD1L also functioned in other aspects of
the DDR. Numerous proteins involved in the prevention of replication stress-induced DNA
damage also contribute to the repair of DSBs; | therefore hypothesised that BOD1L may also
function in the resolution of these lesions. | initially focused on DSBs inflicted by IR, a potent
inducer of this type of DNA damage. Given its demonstrated role in the suppression of stalled
fork resection, | next investigated the hypothesis that BOD1L performed an analogous function

at IR-induced DSBs.

Nucleolytic resection of DSBs is tightly regulated to ensure appropriate DSB repair pathway
selection. Key pathways have evolved to antagonise resection in situations where homologous
recombination-mediated repair would be inviable. | therefore considered the possibility that
BOD1L may suppress inappropriate DSB resection via interactions with 53BP1 or its
downstream effectors, as these factors are among the most well-characterised resection
antagonists. Insights from an ongoing collaboration with Prof. Simon Boulton led me to focus

on a potential interaction between BOD1L and RIF1.
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Finally, | sought to extend the characterisation of BOD1L's role further by examining its
importance in the repair of DSBs induced by Camptothecin. This Topol inhibitor generates
single-ended DSBs in S-phase, which bear structural similarities to stalled replication forks as

well as IR-induced double-ended DSBs.
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Chapter 2: Materials and Methods

2.1: General Reagents and Equipment

Laboratory chemicals were purchased from Sigma or Thermo Fisher Scientific, except where
otherwise stated. Kits for isolation of plasmid DNA from bacterial cultures were obtained from
Invitrogen (Thermo Fisher Scientific). Purified 18 Q water was used for all experimental

procedures.

Centrifugation (with the exception of cell culture samples) was performed in Grant benchtop
micro-centrifuges or an Allegra X-30R fitted with either SX4400 or FO630 rotors (Beckman

Coulter).

Menzel Glaser Superfrost® microscope slides and 12 mm coverslips were purchased from

Thermo Fisher Scientific.

2.2: Antibodies

Commercial primary antibodies were sourced from Abcam or Bethyl Laboratories Inc., unless
stated otherwise. The antibody against BOD1L was generated as a custom order and the anti-
CtIP antibody was produced in the laboratory from a hybridoma cell line. Secondary antibodies

(Alexa Fluor 594-conjugated anti-mouse 1gG and Alexa Fluor 488-conjugated anti-rabbit 1gG)
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were obtained from Life Technologies. Table 2.2 provides full details of all antibodies with

relevant dilutions.

2.3: Mammalian cell culture

2.3.1: General culture protocols

Hela and U-2-0OS cell lines were obtained from ATCC and maintained at 37 °C with 5 % CO; in
a humidified incubator. Hela cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with L-glutamate supplemented with 10 % (v/v) foetal bovine serum (FBS) and 1 %
(v/v) Penicillin/Streptomycin solution (from stock containing 10,000 units/ml Penicillin and
10,000 pg/ml Streptomycin). U-2-0S cells were maintained in McCoy’s 5A medium with 10 %

(v/v) FCS.

All tissue culture plastic-ware was supplied by Corning and cell culture media and solutions by
Gibco (Life Technologies). Cryo-vials were obtained from Greiner Bio-One. For cell culture,
centrifugation steps were carried out in an Allegra X-12 centrifuge with SX4750 rotor (Beckman

Coulter). Unless otherwise stated, centrifugation steps were performed at room temperature.

Cultures were passaged sufficiently to maintain sub-confluent conditions. After aspiration of
media, cells were washed in phosphate-buffered saline (PBS) before incubation at 37 °C with

TrypLE™ Express cell dissociation reagent for 3-5 min. Flasks were tapped to release adherent
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cells before the addition of appropriate fresh media. A proportion of the suspension (typically

1/15 for Hela and 1/10 for U-2-0OS) was then transferred to a new flask containing fresh media.

After a maximum of 20 passages, cultures were replaced with new cells retrieved from short-
term storage at -80 °C. Vials of cells were thawed rapidly before being transferred to fresh T75
flasks containing appropriate medium, pre-warmed to 37 °C. After 4-6 hours, the thawed cells
were examined; once adhering to the flask, the medium was aspirated and replaced with fresh

pre-warmed medium after a wash with PBS.

For storage, cells in confluent T75 flasks were washed in PBS and treated with cell dissociation
reagent as described above. The suspension was diluted with appropriate fresh media and
centrifuged at 1,600 rpm for 4 min to collect the cells as a pellet. The pellet was re-suspended
in PBS and the centrifugation step repeated. The pellet was then re-suspended in freezing
medium comprising appropriate cell medium (DMEM or McCoy’s 5A) with 10% FCS and 10%
dimethyl sulphoxide (DMSO). Cells were frozen without antibiotics. The contents of each
confluent T75 were frozen in 2 Cryo-vials, each containing 1 ml cell suspension. Tubes were
transferred to Nalgene™ Cryo freezing containers for controlled cooling to -80 °C. For short-
term storage (up to 6 months), tubes were retained at -80 °C; long-term stocks were also

maintained in liquid nitrogen.
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2.3.2: Transfections
Custom and SMARTpool™ siRNA was obtained from Dharmacon (Horizon Discovery Ltd.)

Further details, including custom siRNA sequences, are provided in table 2.1.

To perform RNAi-mediated knockdowns, 5 x 10° cells were plated into 60 mm dishes to achieve
40-60% confluence at the point of transfection. Hela cells were plated and maintained at 37
°C for 4 h prior to transfection. siRNA transfections were carried out with Oligofectamine
reagent in Opti-MEM reduced serum medium according to the manufacturer’s standard
protocol. siRNA was used at a final concentration of 100 nM for single transfections or 50 nM
per target for multiple transfections (for which the optimal concentrations were determined

by titration and Western blotting). Details of specific siRNA are provided in table 2.1.

Eighteen hours post-transfection, the cells were rescued after by adding DMEM with 20% FCS
to the dishes. For U-2-0S, cells were transfected 24 h after plating and rescued 4-6 h post-
transfection by complete replacement of the transfection medium with fresh culture medium
(as described in section 2.3.1). Unless otherwise stated, all experiments were performed 72 h

post-transfection.

For plasmid transfections, Lipofectamine 2000 was used in accordance with the manufacturer’s

standard protocol. In brief, the required quantity of plasmid DNA was diluted in Opti-MEM
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Table 2.1: Details of siRNA

siRNA Target Supplier Catalogue No./Sequence

BOD1L Dharmacon L-017033-02

BRCA1 Dharmacon L-003461-00

DNA2 Dharmacon L-026431-01

MRE11 Dharmacon L-009271-00

RIF1 Dharmacon [-027983-01

References: BOD1L — Higgs et al., 2015. RIF1—Chapman et al., 2013. The Control siRNA is a pool of 4 non-targeting
siRNAs, engineered with a minimum of 3 mismatches to any human protein-coding gene and modifications to
both strands to reduce potential off-target effects.

86



reduced serum medium. Lipofectamine 2000 was diluted separately in Opti-MEM and the
diluted reagents were incubated at room temperature for 5 min before being combined and
incubated for a further 25 min. Transfection complexes were applied to cells at approximately
60% confluence. Transfections were carried out in antibiotic-free medium appropriate to the
cellline (prepared as described in section 2.2.1 but omitting Penicillin/Streptomycin). Following
incubation (3-6 h for U-2-0S cells or overnight for Hela), the transfected cells were rescued by
replacement of the transfection medium with standard culture medium. Cells were washed
twice in standard medium after aspiration of the transfection media to remove traces of

Lipofectamine 2000.

Twenty-four hours prior to experimental treatments, cells to be analysed by SDS-PAGE and
immunoblotting were re-plated into 100 mm culture dishes to achieve 90-100% confluence at

the point of harvesting.

2.3.3: Treatment with DNA damaging agents and chemical inhibitors
To permit cell cycle-specific immunofluorescence microscopy analyses, coverslips were treated

with 3 uM Aphidicolin for 40 minutes immediately prior to the induction of DNA damage.

To induce DSBs, cells were irradiated with a dose of 3 Gy (unless otherwise stated). Irradiated
and non-irradiated control cells were returned to the incubator and maintained at 37 °C until

they were harvested at the required time points for analyses.
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Alternatively, cells were treated with 1 uM Camptothecin for 1 h at 37 °C and then harvested
immediately for analysis by Western blotting and immunofluorescence microscopy (sections
2.5.1and 2.7.1). For quantification of CPT-induced micronuclei, cells were treated as described
above; after 1 h, the CPT was washed out and cells were cultured in standard growth medium

for 24 h prior to harvesting.

To inhibit the exonuclease activity of MRE11, cells were treated with Mirin (in full: Z-5-(4-
hydroxybenzylidene)-2-imino-1,3-thiazolidin-4-one) at a final concentration of 50 uM (Dupré

et al., 2008). This treatment was applied for 40 min prior to the induction of DNA damage.

2.4:  Clonogenic survival assays
Twenty-four hours after siRNA transfections, cells were re-suspended and counted using a
haemocytometer slide. Serial dilutions were prepared and used to seed four 60 mm dishes per

conditions.

Twenty-four hours after plating at low density, the cells were treated with IR or CPT and allowed
to proliferate for 10-14 days in standard conditions. At the end of this period, the culture
medium was removed by aspiration and surviving colonies stained with Crystal Violet solution

for 5 min. After staining, dishes were washed once in PBS and 3 times in water before being
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allowed to air-dry. The number of colonies per dish was then quantified manually, and the

proportion of viable colonies was calculated.

2.5:  Immunoblotting

2.5.1: Preparation of whole cell extracts (WCE)

Cells were harvested to prepare WCE by washing in PBS and treatment with cell dissociation
reagent as described above. After dilution with fresh media, the suspension was centrifuged
for 4 min at 1,600 rpm. The collected pellet was re-suspended in PBS and centrifugation was
repeated. PBS was then removed by aspiration and pellets were snap-frozen in liquid nitrogen
before storage at -80 °C. WCE were obtained by sonication of the thawed pellets in UTB buffer
(8 M urea, 50 mM Tris, 150 mM B-mercaptoethanol) and clarified by centrifugation at 4 °C.
Lysates were quantified using the Bradford protein assay according to standard protocols; 96-
well plates were analysed on an iMark Microplate Absorbance Reader (Bio-Rad) with a bovine

serum albumin (BSA) standard curve for reference. Quantified lysates were stored at -80 °C.

2.5.2: Analysis of WCE by SDS-PAGE and Western blotting

To prepare samples for immunoblotting, 50 pug of WCE was denatured at 95 °C in Laemelli
buffer for 10 min. Samples were loaded in duplicate (50 pg protein per gel lane) onto
denaturing polyacrylamide gels (6% v/v acrylamide with a 12% lower layer) along with a full
range molecular weight marker (Amersham ECL Rainbow Marker, GE Healthcare). Proteins

were resolved by electrophoresis at 25 mA per gel for 5 h.
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Following electrophoresis, proteins were transferred to BioTrace™ NT nitrocellulose
membrane (Pall Corporation) in standard transfer buffer (25 mM Tris, 192 mM Glycine, 20%
methanol v/v). Membranes were probed with primary antibodies overnight at 4 °C; details of
antibodies and concentrations are provided in table 2.2. After primary labelling, membranes
were washed with TBS-T and incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies for 1 h at room temperature. Following final washes with TBS-T, proteins
were visualised using chemiluminescence with either Amersham™ ECL Western Blotting
Detection Reagents (GE Healthcare) or Immobilon™ Western (Millipore) sensitive ECL systems
and Amersham™ Hyperfilm chemiluminescent film (GE Healthcare) according to standard
manufacturer protocols. Exposed films were developed in a Konica Minolta SRX-101A

automatic developer.
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Table 2.2: Antibody information and dilutions for immunoblotting

Antigen Host Dilution Supplier Cat. No. Usage notes
species

53BP1 Rabbit 1/1000 Novus NB100-904

BOD1L Rabbit 1/1000 Custom N/A Antibody freshly diluted from stock
for each procedure.

P-CHK1 Rabbit 1/1000in  Abcam ab58567
(S345) 5% BSA

DNA2 Rabbit 1/500 Abcam ab96488 Sensitive ECL reagents used for
detection.

H2A Rabbit 1/2000 Millipore 07-146

MRE11 Rabbit 1/1000

RPA2 Mouse 1/1000 Abcam ab2175
P-RPA Rabbit 1/1000 Bethyl A300-245A  Used only for Western blotting.
(S4/58) Laboratories
Inc.
lg/HRP Goat (a- 1/10000  Agilent Dako P0447 Secondary antibody for WB
Mouse)

References: BOD1L — Higgs et al., 2015. RIF1: Chapman et al.,, 2013. Sources: The CtIP antibody stock was a gift
from Dr. Roger Grand, University of Birmingham. The stock was expanded in the lab using a hybridoma cell line
provided by Dr. Richard Baer, Columbia University. The antibody diluent was 5% milk in TBS-T. Diluted primary
antibodies were stored at 4 °C with the addition of 0.1% sodium azide as a bacteriostatic agent.
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2.6:  Native DNA fibre analysis

2.6.1: Preparation and spreading

The thymidine analogue lododeoxyuridine (ldU) (Sigma-Aldrich) was thawed, diluted in
appropriate cell culture medium and pre-equilibrated in the CO; incubator prior to use to avoid
oxidative damage to cells. Twenty-four hours after siRNA transfections (section 2.3.2), diluted
IdU was applied to cells at a final concentration of 10 uM. Treated cells were incubated in
standard conditions for a further 24 h before exposure to IR or CPT according to the doses
stated. At the given time points, the culture medium was removed and cells were washed twice
in ice-cold PBS. Cells were re-suspended according to standard protocols (section 2.2.1) and
the cell concentration for each sample was adjusted to 5 x 10°/ml in ice-cold PBS. Samples

were stored on ice for up to 2 h.

Spreading was performed in triplicate for each condition. In preparation, 2 ul cell suspension
was applied to labelled microscope slides and allowed to settle. Seven microlitres of spreading
buffer (200 mM Tris at pH 7.4, 50 mM EDTA, 0.5% SDS) was then added. The sample was mixed
to promote cell lysis and left for 2 min. Lysed cells were then spread down the slide by gravity.
Once dry, slides were fixed in a 3:1 solution of methanol : acetic acid for a minimum of 10 min

prior to air-drying, and were stored at 4 °C until staining.
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2.6.2: Antibody staining of DNA fibres for immunofluorescence microscopy

Slides were washed twice in water and twice in blocking solution (1% BSA in PBS with 0.1%
Tween-20) before being incubated in blocking solution for 1 h. Diluted mouse primary antibody
against Bromodeoxyuridine (BrdU) was applied to cover each slide (approximately 100 ul).

Slides were covered with rectangular coverslips and incubated in the dark for 1 h.

Following primary antibody labelling, antibodies and coverslips were removed and slides were
washed 3 times in PBS. Slides were fixed in 4% PFA for 10 min before being washed 3 times in
PBS and 3 times in blocking solution. Anti-mouse secondary antibody (Alexa Fluor 594), diluted
1/500 in blocking solution, was applied and slides were incubated for 90 min as described

above.

After final washing steps, (2 x PBS, 3 x blocking solution, 2 x PBS), Fluoroshield™ mounting
medium (Sigma-Aldrich) was applied to each slide, followed by a fresh rectangular coverslip.
Once dried, coverslip edges were sealed with transparent nail varnish, and slides were stored

at -20 °C prior to analysis.
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2.7:  Immunofluorescence microscopy

2.7.1: Preparation of samples for immunofluorescence microscopy
Twenty-four hours in advance of experimental treatments, cells were re-suspended,

transferred from 60 mm dishes and grown on 12 mm round glass coverslips in 100 mm dishes.

To prepare coverslips for analysis, cells were treated for 5 min with ice-cold pre-extraction
buffer (0.25 % Triton X-100, 10 mM NaCl, 1.5 nM MgCl,, 150 mM sucrose, 5 mM PIPES). Cells
were then fixed for 10 min in 3.6% PFA and washed twice in ice-cold PBS. Coverslips were

blocked in 10% FBS with 0.1% sodium azide in advance of antibody staining.

2.7.2: Antibody staining and mounting

Details pertaining to specific antibodies are provided in table 2.3. Fixed and permeabilised
coverslips were transferred to lidded chambers and incubated in primary antibodies for 2 h at
room temperature. Following three washes with PBS, coverslips were moved to fresh
chambers and probed with secondary antibodies for 1 h at room temperature in the dark.
Coverslips were washed as above, blotted dry and mounted onto Menzel Glaser Superfrost®
microscope slides using Vectashield Antifade Mounting Medium with DAPI (Vector
Laboratories). Coverslip edges were sealed with transparent nail polish, and slides were stored

at 4 °C.
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Table 2.3: Antibody information and dilutions for immunofluorescence

Antigen Host Dilution  Supplier Cat. No. Usage notes
species

53BP1 Rabbit 1/300 Novus NB100-904

BRCA1 Mouse 1/1000 Santa Cruz sc-6954
Biotechnology

CENPF Rabbit 1/1000 Abcam ab5

Mitosin Mouse 1/1000  BD Transduction 610768
(CENPF)

REV7 Mouse 1/500 BD Transduction 612266 Not successfully optimised for IF.

RPA2 Mouse 1/200 Abcam ab2175
P-RPA Rabbit 1/1000  Bethyl IHC-00422  Optimised for immunofluorescence;
(S4/s8) in TBS Laboratories Inc. not used for Western blotting.

Alexa Fluor Goat (a- 1/1000 Life Technologies  A-11032 Secondary antibody for IF
594-IgG Mouse)

ECL: Enhanced chemiluminescence. TBS: Tris-buffered saline. Except where otherwise stated, the antibody
diluent was 3% FCS in PBS. Antibody sources/references: BOD1L — Higgs et al., 2015.
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2.7.3: Proximity ligation assays (PLA)

PLA was performed using the Duolink™ In Situ Fluorescence kit (Sigma) in accordance with the
manufacturer’s standard protocol. Briefly, cells grown on coverslips were pre-extracted, fixed
in 3.6% PFA and blocked as described in section 2.7.1. A humidified chamber was used for all
incubations. Primary antibody incubation was carried out for 1 h at room temperature before
two washes with the provided Wash Buffer A. Coverslips were then incubated with the
prepared PLUS and MINUS PLA probes for 1 h at 37 °C before two washes with Wash Buffer A.
The ligation reaction then was carried out for 30 min. After a further two washes with Wash
Buffer A, amplification was performed at 37 °C for 100 min; during this stage, coverslips were
shielded from light. After two final washes with Wash Buffer B (provided), coverslips were

mounted with Duolink™ In Situ Mounting Medium with DAPI and stored at -20 °C.

2.7.4: Visualisation of IdU foci

To permit the examination of native IdU focus formation, transfected cells on coverslips were
supplemented with 10 uM IdU for 24 h prior to the induction of DNA damage. At the
appropriate time points following DNA damage, cells were harvested as for standard
immunofluorescence, but with two consecutive 5-min pre-extraction steps prior to fixation

(Sartori et al., 2007).

After harvesting, cells were prepared for immunofluorescence microscopy as in section 2.7.1.
Cells were stained with primary antibodies against IdU and CENPF followed by incubation with

secondary antibodies (table 2.3) before being mounted as described above.
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2.7.5: Fluorescence microscopy and image analysis

Fixed and stained coverslips were examined on a Nikon Eclipse Ci setup with CoolLED pe-300
illumination. Quantification was performed at the microscope under the Plan Fluor 60x oil
objective. Light intensity was optimised for each experiment depending on antibody staining

efficiency, and intensity conditions were then kept constant for each experiment.

Images were acquired using an Andor Zyla SCMOS camera in conjunction with the Plan Fluor
60x or Plan Fluor 100x oil objectives. After adjustment for staining efficiency, acquisition

settings were kept constant for each experimental replicate.

For fluorescence intensity calculations, acquired images were analysed using ImagelJ software
v.1.51 (NIH). Green (CENPF) and red (RPA2) channel images were converted to 8-bit format. A
mask was generated from the 8-bit green image which included only CENPF-positive cells; this
was overlaid onto the corresponding 8-bit red image, allowing calculation of the mean RPA2

intensity per unit area in the unmasked (CENPF-positive) regions.
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2.8: ldentification of novel BOD1L interactors

2.8.1: Generation of Bod1L-FLAG-GFP stable cell line

A bacterial artificial chromosome (BAC) encoding murine BodllL tagged with FLAG-GFP
(hereafter Bod1L-FLAG-GFP) was generated by fusing genomic mBod1L to an existing FLAG-GFP
construct using a BAC sub-cloning kit. This was then stably transfected into Hela cells.
Alongside this, an empty FLAG-GFP vector was stably transfected to generate a control Hela

(Prof. Simon Boulton and Valérie Borel, Francis Crick Institute, London).

2.8.2: Affinity purification pull-down and mass spectrometry

Bod1L-FLAG-GFP and FLAG-GFP control cells were cultured as monolayers, harvested and lysed.
Immune complexes were isolated using an anti-GFP antibody and extensively washed; bound
proteins were then resolved by SDS-PAGE. Gel slices were excised, digested with trypsin and
processed for analysis by mass spectrometry (Prof. Simon Boulton and Valérie Borel, Francis

Crick Institute, London).

2.8.3: Analysis of mass spectrometry data

Samples were analysed with an Orbitrap Fusion mass spectrometer (Thermo Scientific). In
order to provide an accurate determination of the relative abundance of all proteins identified
in each sample, intensity-based absolute quantification (iBAQ) was used. For each protein, this

involved calculating the sum of the intensities for all tryptic peptides and dividing this value by
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the number of theoretically observable peptides using MaxQuant software v.1.5.3.8 (Cox &

Mann, 2008, www.maxquant.org).

2.8.4: Immunoprecipitation

Hela nuclear cell extracts (Cilbiotech) were clarified by centrifugation at 44,000 x g and
incubated with 5 ug relevant antibodies or an IgG control. Following incubation for 3 h at 4 °C,
immune complexes were isolated with protein-A Sepharose (GE Healthcare). Purified
complexes and a 5% input control were loaded onto polyacrylamide gels and analysed by SDS-
PAGE. Polypeptides were transferred to nitrocellulose membranes and visualised by

immunoblotting and chemiluminescence (section 2.5).

2.8.5: Generation of GST-tagged BOD1L fragments

Six overlapping fragments of BOD1L with N-terminal GST tags were generated by PCR
amplification of BOD1L cDNA. The resultant fragments were cloned into the pGEX4T1 vector
at the Sall and Notl restriction sites. Primer sequences are listed in table 2.4. Fragment sizes
ranged from 500-652 aa and collectively spanned the full length of BOD1L. Proteins were

expressed in E. coli and purified with GST affinity reagents.
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Table 2.4: Primer sequences for generation of GST-tagged BOD1L fragments.

Primer name Supplier Sequence

BOD1L F1 Fwd Sigma-Aldrich TATCCTGTCGACATGGCCACCAACCCACAGCCGCAG
BODI1L F1 Rev Sigma-Aldrich CGAGTTAGCGGCCGGGGTTTCTTTGGAATCTTCTTCATA
BODIL F2 Fwd Sigma-Aldrich CACGACGTCGACGAAAAAGAAGAGAGGCTTTTAAGA
BOD1L F2 Rev Sigma-Aldrich CGTTTGAGGGGCCGCTTTCTCCTTTGCTAATGGTAACTT
BOD1L F3 Fwd Sigma-Aldrich AGAACGGTCGACACAAAGAGCTTGTTAGAAGAGAAA
BOD1L F3 Rev Sigma-Aldrich ACGGATAGCGGCCGCAGTTGCCACATCCTCAGTTTGTCC
BOD1L F4 Fwd Sigma-Aldrich ATCACCAAGGAGGGCGGCCTGGTGGACATGGCCAAG
BODI1L F4 Rev Sigma-Aldrich GGAGATGGTGGTGTCCTCCACCTTCTCCAGCTG

BOD1L F5 Fwd Sigma-Aldrich GAGTCCGCCGAGGGCGACTCCCAGATCGGCACCGTG
BOD1L F5 Rev Sigma-Aldrich GTTGGCGTTGCCCTCCAGGCCCCGGCCGGCGGAGTA
BOD1L F6 Fwd Sigma-Aldrich GAGTGAGTCGACTTGGCAGTGAGCACCCAGGAGGGG
BODI1L F6 Rev Sigma-Aldrich TTGTAGAGGGGCCGCTTATCGCTTCGCTTTTTTCACAGG

Forward and reverse primer sequences for amplification of sections from BOD1L cDNA in preparation for cloning
GST-tagged fragments.
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2.8.6: GST pull-down assays

Hela nuclear cell extracts were clarified as in section 2.8.4. Following affinity purification, GST-
tagged BOD1L fragments or GST alone (1 pg per assay) were incubated with clarified nuclear
cell extracts for 3 h at 4 °C. Tagged proteins were then isolated with glutathione Sepharose.
Isolated protein complexes were separated by SDS-PAGE along with a 5% sample of nuclear cell
extract as an input control before analysis by immunoblotting and chemiluminescence

(described in section 2.5).

2.9: Analysis of class switch recombination (CSR)

2.9.1: Generation of conditional Bod1L knockout mouse model

The creation of a B-cell-specific conditional Bod1L knockout mouse model and control animals
was carried out by our collaborators (Prof. Simon Boulton and Valérie Borel, Francis Crick
Institute, London). Parental mouse strains were sourced from EUCOMM. A conditional
knockout line (Bod1L"F) had previously been established using embryonic stem cells
engineered with CRISPR/Cas9 genome editing. In this line, functional Bod1L expression is
abrogated by a Cre recombinase-induced deletion of exon 3. These animals, along with Bod1L-
proficient controls (Bod1L**), were crossed with Cd19*/¢"® mice to induce a B-cell-specific
knockout of Bod1L in the resultant progeny (Bod1LFF Cd19*/¢¢) and Bod1L-proficient control

mice (Bod1L** Cd19*/Cre), respectively.
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2.9.2: Assessing CSR proficiency

To assess the proficiency of CSR, B-cells were extracted from Bod1L-deficient animals and
Bod1L-proficient controls. Differentiation was stimulated by culturing cells with
lipopolysaccharide (LPS) for 96 h with or without interleukin 4 (IL-4) supplementation. Flow
cytometry was then used to examine cell surface immunoglobulin expression (Prof. Simon

Boulton and Valérie Borel, Francis Crick Institute, London, Dr. Rachel Bayley).

2.10: DNA repair assays

2.10.1: I-Scel-based reporter assays

I-Scel reporter cell lines and plasmids were a kind gift from Dr. Jeremy Stark. Plasmid details
are provided in table 2.5. These reporter lines and the associated assay protocols have been
described comprehensively (Gunn and Stark, 2012); an overview is provided here. Cells were
cultured in standard media for Hela cells described in section 2.2.2 and passaged 1-2 times per

week

The DR-GFP cell line was used to assess repair by homologous recombination (HR). The
reporter cassette within this cell line includes truncated N- and C-terminal GFP fragments either
side of a restriction site for the rare-cutting endonuclease, |-Scel (termed SceGFP).
Downstream of this region is a fragment which encompasses the central portion of the GFP
coding sequence but lacks the N- or C-terminal regions (iGFP). When I-Scel is transiently

expressed, this induces a DSB in SceGFP; HR-proficient cells repair this break using iGFP as a

102



homologous template. This generates a functional GFP coding sequence; expression of GFP

can then be analysed as ain indicator of HR proficiency.

Single-strand annealing (SSA) was assessed in the SA-GFP cell line. In this line, the repair
cassette comprises a 5’ section of the GFP coding sequence (5’ GFP) situated upstream of the
3’ section that harbours the I-Scel recognition site (Sce3’GFP). There is a short (~260nt) region
of sequence homology shared by these sections. Expression of I-Scel results in a DSB in the
Sce3’'GFP section. The short homologous region is sufficient to act as a bridge to facilitate repair

by SSA, thereby generating a functional GFP sequence.

For DNA repair assays, cells were seeded into 60 mm dishes (5 x 10° per dish) 24 prior to
transfection to achieve 40-60 % confluence at the point of transfection. Cells were then

transfected with the relevant siRNA as above (section 2.3.2) and rescued after 4 hours.

Once cells had reached 60-80% confluency, they were transfected with 4 pg |-Scel expression
vector and 1 pug pRFP using Lipofectamine 2000 as described in section 2.3.2. The cells were

rescued with fresh media 3 hours after transfection.

Forty-eight hours after DNA transfections, cells were then harvested for analysis by flow

cytometry. The cells were re-suspended as described in section 2.2.1, transferred to 15 ml
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screw-cap centrifuge tubes and centrifuged at 1,200 rpm for 4 min. The culture medium was
aspirated and the pellets were re-suspended in PBS and re-centrifuged. After re-suspension in
fresh PBS, an equal volume of 3.6% PFA solution was added to a final concentration of 1.8%

PFA. Cells were then fixed on ice for 15 min.

Following fixation, the cells were pelleted by centrifugation as described above. The fixative
solution was removed by aspiration and the pellet was washed by re-suspension in fresh PBS
to remove traces of PFA. Cells were again pelleted and re-suspended in 1 ml PBS before being

stored on ice for a maximum of 4 hours before analysis.

Immediately prior to flow cytometry, the cell suspensions were vortexed and filtered with a 30

um nylon mesh filter (CellTrics™).

Screening for GFP-positive cells (those which had successfully reconstructed a functional GFP
sequence by the repair pathway of interest) was carried out on a Beckman Coulter Cyan flow

cytometer. Data were analysed using FlowJo™v.10.6.1 (Becton Dickinson).

2.10.2: TRF2 telomere fusion assays
Hela cells were seeded into 60 mm dishes and transfected with the relevant siRNA as described

above. Twenty-four hours after siRNA transfections, cells were transfected with a plasmid
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encoding a dominant-negative TRF2 allele (TRF2282M) as described in section 2.2.2 (refer to
table 2.5 for plasmid details). The following day, cells were transferred to 100 mm dishes and

cultured for a further 24 h before being harvested.

Prior to harvesting, cells were incubated with 0.1 pg/ml Colcemid for 3 h. Cells were diluted
with PBS and transferred to a 15 ml polypropylene centrifuge tube. Pellets were collected by
centrifugation at 1000 rpm for 5 min, after which the supernatant was discarded and the pellets

re-suspended in 5 ml 75 mM KCl (pre-warmed to 37 °C).

The cell suspension was incubated at 37 °C for 10 min with gentle agitation every 2 min before
centrifugation at 1200 rpm for 5 min. The supernatant was then poured off and the pellets re-

suspended in the residual volume of KCl.

Cells were then fixed in pre-chilled fixative solution (3:1 methanol : acetic acid, freshly
prepared). The first 1 ml of fixative was added dropwise whilst agitating tubes on a vortex
mixer; a further 9 ml was added without agitation. After fixation, cells were stored at 4 °C for

at least 30 min before spreading.

To prepare for spreading, cells were centrifuged for 5 min at 1000 rpm; afterwards, 9 ml of

fixative solution was removed and the cell pellets were re-suspended in the remaining 1 ml.
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Microscope slides were soaked in fixative solution, and spreading was commenced before the
slides had dried. For each condition, 15 ul cell suspension was dropped onto slides from a
height of 20-30 cm. Remaining cells were transferred to -20 °C for storage. Slides were heated

to 80 °C for 1 min and allowed to air-dry overnight in a fume hood before being stored at 4 °C.

Spread metaphases were stained using Duolink™ In Situ Mounting Medium with DAPI, covered
with rectangular coverslips (22 x 50 mm) and sealed with transparent nail polish. Slides were

analysed at 100x magnification using the microscope setup described above.
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Table 2.5: Details of plasmids.

Section reference  Protocol/application Plasmid Source/Reference
2.8.5 GST-BOD1L fragment cloning PGEX4T1
2.10.1 I-Scel reporter assays pCAGGS-I-Scel Dr. Jeremy Stark (Gunn & Stark,
2012)
I-Scel reporter assays pRFP Dr. Jeremy Stark (Gunn & Stark,
2012)
2.10.2 Telomere fusion assay pLPC-Myc-TRF2282M  Smogorzewska et al., 2002

Expression vectors used during the course of this study.

107



Chapter 3: Arole for BOD1L in repair of IR-induced DNA double-strand breaks

3.1: Introduction

The recently-identified DDR protein BOD1L plays a critical role in maintaining genome stability
during replication stress. BODIL functions to protect stalled replication forks through the
inhibition of the anti-recombinase activities of BLM and FBH1, thereby stabilising RAD51 at
these sites. The shielding of stalled forks from excessive nucleolytic resection ensures that they
can be repaired in a timely manner by HR, which allows for the continuation of DNA replication
and preserves genome integrity. In the absence of BOD1L, RAD51 is displaced by BLM and
FBH1, which exposes stalled forks to uncontrolled resection by DNA2, ultimately compromising

genome stability (Higgs et al., 2015).

To date, there have been no investigations into the potential role of BOD1L in other aspects of
the DNA damage response, despite the fact that it is well established that certain factors
function in several DDR pathways. For example, alongside its well-characterised role in
homology search and strand invasion during HR, RAD51 participates in the repair of ICLs
independently of HR. RADS51 carrying a T131P mutation in its Walker A domain is deficient in
ICL repair whilst its function in HR in unaffected (Wang et al., 2015a). Additionally, BLM is
required for nucleolytic resection of DNA lesions as a precursor to HR, but also co-operates with
components of the Fanconi Anaemia (FA) pathway to suppress replication stress-induced
micronucleation (Naim and Rosselli, 2009). Likewise, some pathways are involved in the

resolution of multiple types of lesion. For instance, HR is important for the repair of collapsed
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DNA replication forks but is also fundamental to the resolution of double-strand breaks (DSBs)

(Heyer et al., 2010).

DSBs arise from a variety of sources, including some physiological processes as well as extra-
cellular agents. These lesions involve the simultaneous breakage of both phosphate backbones
within a single turn of the DNA double helix (Mehta & Haber, 2014). If unrepaired, DSBs can
severely compromise a multitude of cellular processes, including DNA replication and
transcription; furthermore, small- or large-scale chromosomal aberrations may result. As such,
they pose a considerable threat to cell viability and genome stability (Shrivastav et al., 2008).
IR is acknowledged to be one of the most potent DSB inducers (Soulas-Sprauel et al., 2007,
Zeman and Cimprich, 2014, Mehta and Haber, 2014). DSBs in late S and G2-phase cells may be
resolved by either of the two major repair pathways: HR or NHEJ. HR is not a viable DSB repair

pathway outside these phases.

Repair pathway choice is influenced by the cell cycle due to the necessity of a homologous
sister chromatid as a template for HR-mediated repair. Conversely, NHEJ is template-
independent and is not restricted post-replicative phases (Heyer et al., 2010). Outside late
S/G2, additional control measures exist to down-regulate nuclease activity — a pre-requisite for
HR. The stimulatory activity of BRCA1 is required for CtIP-mediated resection. Recruitment of
BRCA1 is antagonised by components of the 53BP1 end protection pathway when DNA
replication has not been completed and there is no template for HR (Chen et al., 2008). During

these phases, DSB repair is completed by NHEJ.
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Nucleolytic resection is a key determinant of repair pathway choice. Short-range 3’-5" resection
is firstly carried out by CtIP and MRE11. As CtIP activation requires phosphorylation by CDKs,
which are active during late S/G2 phases, this resection is therefore limited to these phases
(Huertas, 2010). The short 3’ overhangs are subsequently extended by DNA2 and EXO1, both
of which are supported by the activity of BLM (Nimonkar et al., 2011). In view of its function in
the modulation of resection, | hypothesised that BOD1L may participate in the repair of IR-
induced DSBs. This chapter therefore aims to investigate this potential role. It was of particular
importance to determine whether BOD1L influences the resection of IR-induced DSBs, and to
identify other known DDR factors involved. The impact of BOD1L deficiency on genome stability

in cells exposed to IR was also examined.

3.2: BODI1L suppresses resection of IR-induced DSBs alongside its fork protection role
To investigate any uncharacterised roles of BOD1L in DSB repair, | first examined the impact of
BOD1L depletion on cellular survival after IR. Indeed, cells lacking BOD1L were more sensitive
to IR than control cells. Immunofluorescence microscopy also revealed that BOD1L-deficient
cells displayed more IR-induced genomic instability. These analyses further highlighted a G2-
specific increase in yH2AX and RPA2 recruitment to IR-induced DSBs in BOD1L-depleted cells,
indicating compromised DSB resolution and a higher level of IR-induced DSB resection. These
observations were confirmed by immunoblotting. The nature of this aberrant resection in the
absence of BOD1L was probed using native DNA fibre and IdU focus analysis; these experiments

suggested that BOD1L controls the number of DSBs resected, but not the extent of resection
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at individual breaks. Finally, to identify the nucleases involved in BOD1L-mediated suppression
of DSB resection, cells were depleted of BOD1L along with a subset of relevant factors, and

resection was monitored.
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3.2.1: Depletion of BODI1L results in increased sensitivity to IR

Higgs and colleagues demonstrated that BOD1L plays a key role in the resolution of replication
stress. In wild-type cells, BOD1L ensures that stalled replication forks are subjected to
controlled nucleolytic resection to facilitate HR, a pathway which is also essential for the repair
of DSBs. | therefore proposed that BOD1L may also be involved in the resolution of IR-induced
DSBs, and that cell viability would be compromised in the absence of this factor. To investigate
the impact of BOD1L depletion on cell survival following exposure to IR, clonogenic survival
assays were performed. Twenty-four hours after siRNA-mediated depletion of BOD1L, Hela
cells were plated at low density, with cell numbers adjusted for siRNA condition and irradiation
dose. In parallel, siRNA-transfected cells were cultured at normal density and harvested for
Western blot analysis after 3 days to confirm depletion of BOD1L. Cells at low density were
subjected to ionising radiation in doses ranging from 2 Gy to 8 Gy. After incubation in standard
conditions for a further 10 days, surviving colonies were stained with Crystal Violet solution and

quantified by eye.

Successful depletion of BOD1L was first confirmed by Western blotting (Figure 3.1a). BOD1L-
deficient cells were more sensitive to IR than control cells. The depletion of this factor resulted
in a two- to five-fold reduction in cell viability (Figure 3.1b). Although this is a relatively modest
reduction in cell viability, similarly modest defects have been observed upon inhibition or loss
of key DNA damage repair factors, such as the apical signalling kinase ATM (Xu and Baltimore,

1996), the end resection regulator 53BP1 and its downstream effectors, such as RIF1
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Figure 3.1: Depletion of BOD1L induces hyper-sensitivity to ionising radiation.

Hela cells were treated with siRNA against BOD1L and a non-targeting control. Knockdown was confirmed by Western blotting
(a). These cells were plated at low density and subjected to the indicated doses of ionising radiation (IR). Irradiated cells were
returned to standard culture conditions for a further 10 days to allow colony formation, after which the surviving colonies were
stained with Crystal Violet solution and quantified. The proportion of viable colonies was calculated for each condition (b).
Data shown in (b): Three technical repeats of the assay were performed, with 3 dishes per condition included in each assay.
Statistics: Student’s T-test for Control vs. BOD1L. 8 Gy: p = 0.00002. Error bars indicate SEM.
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(Chapman et al., 2013, Silverman et al., 2004). It can therefore be concluded that BOD1L

promotes cell survival following exposure to IR.

3.2.2: BOD1L maintains genome stability in irradiated cells by contributing to the repair of IR-
induced DSBs
The results of the survival assays described above demonstrate that BOD1L is required for cell
viability following IR exposure. Given these results, | hypothesised that BOD1L may ensure
genome stability and cell survival by contributing to the repair of IR-induced lesions. To
investigate this, | first examined the impact of BOD1L loss on genome integrity, which is genome
instability (Tucker and Preston, 1996, Naim and Rosselli, 2009). To this end, Hela cells
transfected with siRNA against BOD1L or a non-targeting control were irradiated with 3 Gy IR
and harvested after 24 h for analysis. Cells were pre-extracted, fixed and mounted, and

micronuclei enumerated by immunofluorescence microscopy.

The proportion of cells with IR-induced micronuclei was elevated in BOD1L-depleted cells
relative to controls. In particular, the proportion of nuclei with between two and five associated
micronuclei was 13.5% in control cells and more than three-fold higher in those lacking BOD1L
(figure 3.2). These results indicate that BOD1L is required for the maintenance of genome

stability following exposure to IR.
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Figure 3.2: Prevalence of IR-induced micronuclei is elevated in the absence of BOD1L.

The proportion of cells with of micronuclei was quantified in asynchronous Hela cells transfected with siRNA against BOD1L or
a non-targeting control sequence. Quantifications were performed 24 hr after irradiation with 3 Gy IR (a). Representative
images are shown in (b), with micronuclei indicated by arrowheads.

Data shown in (a): 3 technical repeats with > 100 nuclei analysed per condition in each experiment. Statistics: Students T-test
for Control vs. BOD1L. 0: p=0.00002. 1: p=0.26. 2-5: p=0.0003. >5: p=0.11. Error bars indicate SEM.
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To extend my investigations, | monitored focus formation of yH2AX. The histone variant H2AX
is phosphorylated by ATM during the initial stages of DSB detection and signalling and yH2AX
can therefore serve as a proxy for the induction of the DDR (Matsuoka et al., 2007). Hela cells
were transfected with control or BODI1L siRNA, irradiated and harvested for
immunofluorescence microscopy as described above. After coverslips had been stained with
antibodies against yH2AX and mounted with DAPI, the number of nuclei with at least 10 yH2AX

foci was scored for all conditions.

In non-irradiated cells, the proportion of focus-positive nuclei was 7.9% in control cells. This
proportion more than doubled in the absence of BOD1L. This difference was also observed at
late time points post-irradiation. Twenty-four hours after exposure to IR, the majority of
control cells had resolved yH2AX foci; conversely, almost one third of BOD1L-depleted cells
retained at least 10 yH2AX foci at this time (figure 3.3). These results provide further evidence

that BOD1L is required for the successful completion of DSB repair in cells exposed to IR.

| next hypothesised that BOD1L may preserve genome stability by contributing directly to the
repair of IR-induced DSBs. In order examine this, Hela cells were stained with antibodies
against 53BP1: a widely-used indicator of the presence of DSBs (Symington and Gautier, 2011,
Bothmer et al., 2010, Bunting et al., 2010). Cells were depleted of BOD1L using siRNA and
exposed to 3 Gy IR. Coverslips were harvested at multiple time-points up to 24 h post-

irradiation. Non-irradiated coverslips were also harvested and treated as described above.
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After staining, coverslips were mounted in DAPI and immunofluorescence microscopy was used

to assess the proportion 53BP1-positive cells.

The proportions of nuclei with 53BP1 foci were similar for control and BOD1L-depleted cells at
early time points, but a discontinuity was observed 24 h post-irradiation. While the majority of
53BP1 foci in control cells had been cleared by this time point, approximately 41.0% of BOD1L-
depleted cells retained foci after 24 h (figure 3.4). These data illustrate that the initiation of
the DNA damage response is unaffected in the absence of BOD1L; however, the failure to
resolve these foci by 24 h after damage is suggestive of problematic repair of DSBs in BOD1L-

depleted cells.

3.2.3: BOD1L modulates DSB repair during G2 phase

BOD1L functions during S-phase to protect stalled replication forks from uncontrolled resection
(Higgs et al., 2015). | considered the possibility that BOD1L’s function in DNA repair may not
be confined to S-phase cells, speculating that it may also modulate G2 resection as a precursor
to HR. | hypothesised that if this were the case, DSB repair would be impaired in G2 cells
deficient of BOD1L. This would lead to a G2-specific increase in yH2AX-positive nucleiin BOD1L-

depleted cells.
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Figure 3.3: BOD1L is required for the resolution of IR-induced DSBs.

Hela cells were treated with the named siRNAs and exposed to 3 Gy IR. Coverslips were pre-extracted, fixed and stained with
antibodies against yH2AX. The proportion of nuclei with at least 10 yH2AX foci was assessed by immunofluorescence
microscopy at the indicated time points after exposure to IR. Representative images of yH2AX foci in control- and BOD1L-
depleted cells are shown (a) with quantifications in (b).

Data shownin (b): 3 independent experiments with > 100 nuclei analysed per experiment. Statistics: Students T-test for Control
vs. BOD1L. Untreated: p=0.00001. 1 hr:p=1. 24 hr: p<0.00001. Error bars indicate SEM.
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To examine cell cycle-specific recruitment of yH2AX to IR-induced DSBs, | transfected Hela cells
with control or BOD1L siRNA. Prior to irradiation, cells were treated with the DNA polymerase
a inhibitor Aphidicolin (Krokan et al., 1981). This prevented the transition of any damaged cells
from S-phase to G2 between irradiation and analysis, and also ensured that no cells damaged
in G1 entered S-phase. Cells were exposed to 2 Gy IR and harvested for immunofluorescence

microscopy at multiple time points until 24 h post-irradiation.

Coverslips were pre-extracted, fixed in PFA and stained with antibodies against yH2AX. To
distinguish between G1 and G2 cells, coverslips were co-stained with antibodies against CENPF.
Expression of this centromeric protein peaks during late S/G2 phase (Zhu et al., 1995); as such,
CENPF-positive cells were regarded as G2 cells and CENPF-negative as G1 cells. The mean

number of yH2AX foci per nucleus was quantified in G1 and G2 cells.

yH2AX focus formation in G1 cells was unaffected by depletion of BOD1L; numbers of foci for
control and BOD1L-deficient cells were indistinguishable at all time points analysed (figure
3.5a). In contrast, G2 cells depleted of BOD1L contained significantly more foci per nucleus
than controls at 8 h post-IR (figure 3.5b). These data implied an increase in unrepaired DNA

damage during G2.
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Figure 3.4: BOD1L-deficient cells initiate an IR-induced DNA damage response, but the completion of repair is compromised.
Hela cells transfected with siRNA against BOD1L or a non-targeting control sequence were exposed to 3 Gy IR and harvested
for immunofluorescence microscopy at the indicated time points. Coverslips were pre-extracted, fixed and stained with
antibodies against 53BP1. Representative images are shown in (a). The proportion of nuclei with at least 10 53BP1 foci was
calculated; quantifications are shown in (b).

Data shownin (b): 3 independent experiments with 2100 nuclei analysed per condition in each experiment. Statistics: Student’s
T-test for Control vs. BOD1L. Untreated: p=0.10. 1 h: p=0.82. 24 h: p =0.003.
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3.2.4: BODI1L depletion results in increased accumulation of IR-induced ssDNA in G2 cells

As outlined above, the G2-specific impairment of DSB repair in the absence of BOD1L provided
further support for the notion that this protein functioned as a modulator of DSB resection
following exposure to IR. To determine whether BOD1L influenced the resection of IR-induced
DSBs, Hela cells were depleted of BOD1L with siRNA, treated with 3 Gy IR and harvested for
analysis by Western blotting over a 24-hour time course. Membranes were probed with
primary antibodies against BOD1L, the ssDNA-binding protein RPA2 and phosphorylated RPA2
(RPA-P S4/S8), followed by incubation with HRP-conjugated secondary antibodies and
visualisation by chemiluminescence. Levels of phosphorylated RPA2 protein can be monitored
to provide an indication of the amount of resection that has taken place within a sample of cells

(Ashley et al., 2014).

Successful depletion of BOD1L was verified by Western blotting. Importantly, the level of RPA2
was consistent across all samples. There was negligible RPA2 phosphorylation in control cells,
with detectable levels observed only at 24 hours post-irradiation. In contrast, BOD1L-depleted
cells exhibited a marked increase in RPA2 phosphorylation, even in unperturbed cells. Levels
of phosphorylated protein increased following irradiation and reached peak levels 8 hours after
treatment (figure 3.6). This result suggested that more IR-induced nucleolytic resection

occurred in the absence of BOD1L.

Whilst the above approach provided a means to examine changes in DSB resection, it did not

allow for the identification of the cell cycle phase(s) in which aberrant resection took place. It
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Figure 3.5: Defective repair of IR-induced DSBs in the absence of BOD1L is specific to G2 cells.

Hela cells were transfected with the named siRNAs, pre-treated with Aphidicolin prior to irradiation and harvested for analysis
at the indicated time points following exposure to 3 Gy IR. Coverslips were pre-extracted and fixed prior to staining with
antibodies against yH2AX and CENPF. yH2AX foci were quantified by immunofluorescence microscopy in CENPF-negative (G1)
nuclei (a) and CENPF-positive (G2) nuclei (b).

Data shown in (a) and (b): 3 independent experiments with > 100 nuclei analysed per condition in each experiment. Statistics
for CENPF-negative analyses: Student’s T-test for Control vs. BOD1L. Untreated: p >0.05. 1 hr: p >0.05. 24 hr: p >0.05.
Statistics for CENPF-positive analyses: Student’s T-test for Control vs. BOD1L. Untreated: p >0.05. 1 hr: p >0.05. 8 hr: p <0.05.
Error bars indicate SEM.
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was therefore important to determine whether elevated resection could be detected
specifically in G2 cells in the absence of BOD1L. To this end, Hela cells treated with siRNA
against BOD1L or a non-targeting control were irradiated with 3 Gy IR. Prior to irradiation, cells
were treated with Aphidicolin as described in section 3.3.2. Cells were harvested, pre-
extracted, fixed in PFA and mounted with DAPI at time points ranging from 1-24 hours after

irradiation.

The gold standard for monitoring changes in nucleolytic resection by immunofluorescence
microscopy is to probe cells with antibodies against RPA32-P (S4/S8). However, other
experiments presented in this chapter showed that RPA2 phosphorylation occurs at relatively
low levels in response to IR (refer to figures 3.10, 3.12a and 3.14) when compared with other
inducers of DNA damage, such as Camptothecin (figure 3.12b). It was therefore difficult to
make comparisons between protein levels in different conditions. Moreover, preliminary
investigations in our lab revealed that this antibody was associated with a high fluorescent
background signal in irradiated cells. Cells were therefore stained with antibodies against RPA2
and CENPF; as outlined above, Aphidicolin pre-treatment and CENPF expression were used to
facilitate the identification of G2 phase cells. The proportion of RPA2-positive G2 nuclei (those

with at least 10 RPA2 foci) was assessed by immunofluorescence microscopy.
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Figure 3.6: The level of IR-induced phosphorylation of RPA2 is higher in the absence of BOD1L.

Hela cells treated with the named siRNA were subjected to 3 Gy IR and harvested for analysis at the time points given. Whole-
cells extracts were resolved by SDS-PAGE and transferred to nitrocellulose membranes, which were then probed with the
named antibodies.
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In control cells, the proportion of RPA2-positive nuclei reached its peak (37.9%) 4 hours post-
irradiation and had begun to decline after 8 hours. By 24 h after irradiation, the majority of
cells were negative for RPA2 foci. The proportion of RPA2-positive nuclei in BOD1L-depleted
cells was significantly higher than for control cells at all time points following irradiation, with
the highest proportion (83.3%) being recorded 8 hours after treatment. Twenty-four hours
after irradiation, 35.8% of BOD1L-depleted nuclei retained RPA2 foci (figure 3.7). These data

suggest that resection of IR-induced DSBs during G2 is more prevalent in the absence of BOD1L.

There were two possible scenarios that could explain the observed increase in RPA2 focus
formation in the absence of BODI1L: either an increase in the number of DSBs resected per
nucleus, or a greater extent of resection per DSB. It was not possible to distinguish between
these scenarios in the analyses described thus far. Therefore, to gain further insight, | cultured
control- and BOD1L-depleted cells in media supplemented with 10 uM IdU and irradiated them
with 10 Gy IR. Cells were harvested and lysed after 24 h and spread onto slides for native DNA
fibre analysis to assess the extent of resection at individual DSBs. As outlined in figure 3.8a, HCI
denaturation is omitted from this protocol, meaning that only resected tracts of ssDNA are
exposed; these regions were delineated by staining DNA fibres with anti-IdU antibodies and
measured using ImagelJ software. The depletion of BOD1L did not have any detectable effect

on ssDNA tract length (figure 3.8b).
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Figure 3.7: Depletion of BOD1L increases the prevalence of nuclear ssDNA following IR.

Hela cells were treated with siRNA targeting BOD1L and a control sequence, pre-treated with Aphidicolin and exposed to 3 Gy
IR. Cells were harvested for analysis at the indicated time points following IR. Coverslips were pre-extracted and fixed prior to
staining with the named antibodies. Representative images of RPA foci in late S/G2 (CENPF-positive) Hela cells are shown in
(a). The proportion of late S/G2 cells (CENPF-positive) with at least 10 RPA2 foci was quantified at the time points given (b).
Data shownin (b): 3 independent experiments with =100 nuclei analysed per experiment. Statistics: Student’s T-test for Control
vs. BOD1L. O hr (untreated): p >0.05. 1 hr: p <0.0005. 4 hr: p <0.0005. 8 hr: p <0.0005. 24 hr: p <0.0005 . Error bars
indicate SEM.
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In parallel, cells cultured and irradiated as above were harvested for immunofluorescence
microscopy after 24 h and stained with antibodies against IdU and CENPF, thereby allowing for
the identification of late S/G2-phase cells (figure 3.9a). The number of IdU foci per cell was
analysed by immunofluorescence microscopy as an indicator of the number of DSBs resected
per cell. In contrast to the results of the native fibre analyses, BOD1L depletion was found to
have a significant impact on the number of IdU foci, with more foci per cell in the absence of
BODI1L (figure 3.9b). Based on these observations, it was apparent that BOD1L did not suppress
the extent of resection at DSBs, but restricted the number of DSBs resected. | therefore
concluded that, rather than acting as physical block to the progress of resection at individual
DSBs, it was more likely that BOD1L influenced the activity of key nucleases to effect a global

suppression of resection in cells exposed to IR.

3.2.5: Elevated DSB resection in the absence of BOD1L is suppressed by depletion of CtIP

BODI1L suppresses aberrant resection of stalled replication forks by inhibiting the nuclease
DNAZ2 (Higgs et al., 2015). The previous sections of this chapter provided evidence of a parallel
role for BOD1L in the modulation of IR-induced DSB resection; however, the nucleases
responsible for unscheduled resection in the absence of BOD1L had not been investigated in
this novel context. For this reason, | set out to identify the relevant nucleases from a panel of
well-characterised factors associated with resection of DSBs: CtIP and MRE11, which perform
short-range resection in the 3’-5" direction, and DNA2 and EXO1, which are responsible for

long-range resection with support from BLM (Heyer et al., 2010, Nimonkar et al., 2011).
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Figure 3.8: BOD1L depletion has no detectable impact on the extent of resection of individual IR-induced DSBs.

Hela cells were transfected with siRNA against BOD1L or a non-targeting control sequence. The following day, the culture
medium was supplemented with IdU. After 24 h, cells were treated with 10 Gy IR. Cells were harvested, stained with antibodies
against |dU and spread for DNA fibre analysis, omitting the HCl denaturation step. Fluorescence microscopy images were
acquired and native IdU tract length was measured using ImagelJ software. The workflow is summarised in (a); native IdU tract
lengths are shown in (b).

Data shown in (b): 3 independent experiments with >100 tracts measured per condition in each experiment. Statistics: T-test
for Control vs. BOD1L: p >0.05 . Bars indicate the standard deviation from the population mean.
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Figure 3.9: More IR-induced DSBs are subjected to nucleolytic resection in BOD1L-depleted cells than in control cells.

Hela cells were transfected with Control or BOD1L siRNA and cultured with 10 uM IdU. After 24 h, cells were treated with 10
Gy IR. Coverslips were harvested and stained with antibodies against IdU and the S/G2 marker CENPF. The number of IdU foci
per CENPF-positive cell was quantified by immunofluorescence microscopy. The workflow is summarised in (a); the numbers
of foci per cell are shown in (b).

Data shown in (b): 3 independent experiments with 2100 nuclei analysed per condition in each experiment. Statistics: T-test
for Control vs. BOD1L: p <0.0005 . Bars indicate the standard deviation from the population mean.
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As proof of principle, the above-mentioned nucleases were depleted with siRNA in Hela and
U-2-0S cells, with the exception of MRE11, which was inhibited with Mirin. In addition to single
knockdowns of the named nucleases, BLM was also co-depleted with DNA2 and with EXO1 to
account for the functional relationships between these factors (Heyer et al., 2010, Nimonkar et
al.,, 2011). Due to the established role of the named nucleases in DSB resection and repair, |
predicted that ssDNA accumulation would be reduced in the absence of these nucleases.
siRNA-transfected cells were exposed to 3 Gy IR and harvested for immunofluorescence
microscopy and Western blotting after 8 h. Cells grown on coverslips for microscopy were
treated with Aphidicolin prior to irradiation to prevent transition of cells through S-phase,
thereby facilitating specific identification of damaged G2 nuclei. Western blotting was used to
confirm knockdown of the relevant proteins, and also to compare levels of RPA2
phosphorylation between conditions. Coverslips were treated with antibodies against RPA2
and co-stained with CENPF to permit the identification of G2 nuclei. The localisation of RPA2
to IR-induced DSBs was quantified by immunofluorescence microscopy as an indication of IR-

induced accumulation of ssDNA.

Depletion of the target nucleases was first verified by Western blotting in Hela cells; this also
confirmed that levels of total RPA2 were unaltered by nuclease depletion. Somewhat
surprisingly, CtIP depletion and MRE11 inhibition both led to a notable increase in RPA-P (54/S8)
levels, with a lesser increase seen upon co-depletion of BLM and EXO1; this result counter-
intuitively implied an increase in resection in the absence of these nucleases (figure 3.10).

Nevertheless, the depletion of the candidate nucleases in the same cells resulted in a two- to
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threefold reduction of IR-induced RPA2 focus formation in G2 nuclei relative to the control
condition, with the most pronounced impact observed upon depletion of CtIP. The exception
to this was the depletion of EXO1, which did not have any discernible impact on RPA2
recruitment (figure 3.11). This latter observation may have reflected the fact that EXO1
participates in long-range resection, which takes place after the initial short-range resection by
CtIP and MRE11; the knockdown of this nuclease would therefore not be expected to abrogate

all resection (Huertas, 2010).

For further verification of these results, the depletion of the same panel of nucleases was
repeated in a second cell line, U-2-0S, using the same experimental setup as described for
Hela. In parallel, to verify the functionality of Mirin at the relevant concentration, U-2-0S cells
were treated for 1 hr with 1 uM Camptothecin (CPT), with or without the addition of 50 uM
Mirin. These cells were harvested and stained with antibodies against RPA2 and RPA-P (S4/S8).
CPT-treated cells typically show high levels of RPA2 phosphorylation. It was anticipated that
correctly-functioning Mirin would considerably impair this phosphorylation through its
inhibition of MRE11, which is responsible for initiating short-range resection along with CtIP

(Dupré et al., 2008).

Depletion of the relevant factors was first confirmed by Western blotting; in fact, the efficiency
of the knockdowns—particularly the dual depletions of BLM/DNA2 and BLM/EXOl-was
generally higher in this cell line than in HelLa. Furthermore, although levels of RPA2 remained

constant across all conditions, a reduction in levels of IR-induced RPA-P (54/S8) was observed
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Figure 3.10: Depletion of a panel of key nucleases in Hela cells.

Hela cells were treated with the indicated siRNA/inhibitor, exposed to 3 Gy IR and harvested after 8 h for analysis by SDS-PAGE
and Western blotting. Membranes were probed with the named primary antibodies and labelled with HRP-conjugated
secondary antibodies before visualisation by chemiluminescence.
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Figure 3.11: Depletion of key DSBR-associated nucleases reduces IR-induced resection in Hela cells.

Hela cells were treated with the indicated siRNAs/inhibitor, pre-treated with 3 uM Aphidicolin and harvested 8 h following
exposure to 3 Gy IR. Cells on coverslips were pre-extracted, fixed and stained with antibodies against RPA2 and CENPF. The
proportion of CENPF-positive cells with at least 10 RPA2 foci was assessed by immunofluorescence microscopy (a).
Representative images are shown in (b).

Data shown in (a) are from 3 independent experiments with =100 cells analysed per condition in each experiment. Statistics:
Student’s T-test for Control vs. KD/inhibitor. CtIP: p =0.007. DNA2: p =0.01. EXO1: p=0.99. BLM: p =0.03. BLM/DNA2: p =
0.10. BLM/EXO1: p =0.02. Mirin: p =0.05. Error bars indicate SEM.
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upon depletion or inhibition of the full nuclease panel (figure 3.12a). Additionally, as predicted,
Mirin had no impact on the prevalence of RPA2 foci, but CPT-induced RPA-P (S4/S8) foci were
not detected in cells treated with this inhibitor (figure 3.12b). This confirmed that Mirin
functioned as expected to inhibit MRE11 activity. Immunofluorescence analysis revealed that
the depletion of CtIP, DNA2, BLM/DNA2, BLM/EXO1 and the inhibition of MRE11 resulted in a
significant reduction in the proportion of cells with RPA2 foci from 38.9 % to between 6.7 %
and 11.0 %. Upon depletion of EXO1 or BLM, this proportion was also reduced, albeit to a lesser
degree (figure 3.13). These results demonstrated that the depletion of key pro-resection

factors reduced resection of IR-induced DSBs in this experimental setup.

Having validated my planned protocol, | moved on to identify the nucleases which specifically
play a role in the aberrant resection of DSBs in BOD1L-deficient cells. There was considerable
variation observed in the positive control experiments performed in Hela cells. The depletion
of key nucleases in Hela did not consistently lead to the reduction in both IR-induced RPA2 foci
formation and S4/S8 phosphorylation as expected. As such, U-2-0OS cells were selected for
subsequent studies of DSB resection in the absence of BOD1L. BOD1L was co-depleted with
the described panel of nucleases in U-2-0S cells; as above, cells were exposed to 3 Gy IR (with
Aphidicolin pre-treatment in advance of irradiation for microscopy coverslips) and harvested
after 8 h for immunofluorescence microscopy and Western blotting. Coverslips were stained

with antibodies against RPA2 and CENPF.
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Figure 3.12: Depletion of a panel of key nucleases in U-2-0S cells.
U-2-0S cells treated with the named siRNA/inhibitor were irradiated with a dose of 3 Gy and harvested 8 h post-irradiation.

Untreated

+ CPT 1M

+ CPT 1 pM,
+ Mirin 50 pM

Whole-cell extracts were prepared and analysed by SDS-PAGE and Western blotting. Membranes were probed with the
indicated primary antibodies, incubated with HRP-conjugated secondary antibodies and visualised by chemiluminescence (a).
U-2-0S cells were seeded onto coverslips and treated with CPT or Mirin as described. After 1 h, coverslips were harvested for
immunofluorescence microscopy, pre-extracted and fixed before being stained with the named antibodies (b).
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Figure 3.13: IR-induced resection in U-2-0S cells is reduced by depletion of key DSBR-associated nucleases.

U-2-0S cells were treated with the indicated siRNAs/inhibitor, pre-treated with 3 uM Aphidicolin, exposed to 3 Gy IR and and
harvested after 8 h. Coverslips were pre-extracted, fixed and stained with antibodies against RPA2 and CENPF. The proportion
of CENPF-positive nuclei with at least 10 RPA2 foci was assessed by immunofluorescence microscopy (a). Representative
images are shown in (b).

Data shown in (a): 3 independent experiments with >100 cells analysed per condition in each experiment. Statistics: Student’s
T-test for Control vs. KD/inhibitor. CtIP: p = 0.02. DNA2: p = 0.04. EXO1: p = 0.09. BLM: p = 0.13. BLM/DNA2: p = 0.05.
BLM/EXO1: p =0.02. Mirin: p =0.02. Error bars indicate SEM.
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The depletion of BOD1L and all nucleases of interest was demonstrated by Western blotting
(figure 3.14). The recruitment of RPA2 to ssDNA was examined with immunofluorescence
microscopy; the proportion of G2 (CENPF-positive) cells with at least 10 RPA2 foci was
calculated. In support of my earlier findings, the depletion of BOD1L alone led to a significant
increase in the proportion of RPA2-positive nuclei from one third to nearly half of G2 cells.
Depleting CtIP and BLM/DNA2 along with BOD1L gave the most pronounced reductions in RPA2
focal accumulation, whilst depleting BOD1L with DNA2, EXO1 or BLM was less consequential.
The combined knockdown of EXO1 and BLM in BOD1L-deficient cells had a greater impact than
the single knockdowns. Inhibition of MRE11 in cells lacking BOD1L suppressed RPA focus
formation, but only to a level slightly lower than control cells (figure 3.15). A number of
important conclusions were drawn based on these observations. Firstly, as the increase in IR-
induced DSB resection in BOD1L-deficient cells was rescued by co-depletion with CtIP, this
suggested a prominent role for CtIP in the aberrant resection observed in the absence of
BODI1L. As a similar result was observed for the depletion of BLM and DNA2 in combination
with BOD1L, this also implied a role for these nucleases. Interestingly, the depletion of DNA2
in combination with BOD1L was insufficient to rescue uncontrolled resection. This contrasted
with the findings of the previous study on BOD1L’s role in the DDR, in which it was
demonstrated that BOD1L suppresses DNA2 to restrict resection of stalled replication forks
(Higgs et al., 2015); this implied that BOD1L may function via a novel mechanism in cells

exposed to IR.
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Figure 3.14: Depletion of CtIP rescues defective resection of IR-induced DSBs in the absence of BOD1L.

U-2-0S cells were treated with the indicated siRNA or inhibitor, exposed to 3 Gy IR and harvested after 8 h for analysis. Whole-
cell extracts were prepared and analysed by SDS-PAGE and Western blotting. Membranes were probed with the named
primary antibodies, incubated with HRP-conjugated secondary antibodies and visualised by chemiluminescence.
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One shortfall with the scoring of RPA2 focus-positive cells was the potential for subjectivity
during analyses. Furthermore, quantifying only focus-positive cells would mean that
differences in focus intensity would be overlooked; such differences could be indicative of
altered levels of resection. To overcome these caveats, a set of fluorescence microscopy
images from the above experiments was analysed using a software-based intensity calculation
protocol, as summarised in figure. 3.16a. Image) was used to calculate the mean RPA2 intensity
per unit area in CENPF-positive control cells and those depleted of BOD1L and BOD1L/CtIP. The
mean RPA2 intensity was higher in BOD1L-depleted cells than controls, and co-depletion of
BOD1L with CtIP reduced this intensity (figure 3.16b). These data provided further support for

the importance of CtIP in aberrant resection in BOD1L-deficient cells.

Next, | investigated changes in RPA-P (S4/S8) protein levels in response to the depletion of
BOD1L and CtIP as a proxy for nucleolytic resection. To this end, | transfected U-2-0S cells with
siRNA against BOD1L, CtIP or both proteins, alongside a non-targeting control sequence.
Transfected cells were irradiated with 15 Gy IR and harvested 8 h post-damage for analysis by
Western blotting. As expected, RPA2 phosphorylation was negligible in all non-irradiated cells.
In agreement with earlier results from this chapter, depletion of BOD1L resulted in a high level
of IR-induced RPA2 phosphorylation.  CtIP-deficient cells exhibited minimal levels of
phosphorylated RPA2. Importantly, co-depletion of BOD1L and CtIP reduced RPA-P (S4/S8) to
levels lower than those observed in cells depleted of BOD1L alone (figure 3.17). These results

collectively illustrated that CtIP-mediated resection of IR-induced DSBs increased in BOD1L-
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depleted cells, suggesting that CtIP played a key role in the uncontrolled resection of IR-induced

DSBs in the absence of BOD1L.
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Figure 3.15: Depletion of CtIP rescues defective resection of IR-induced DSBs in the absence of BOD1L.

U-2-0S cells were treated with the indicated siRNA/inhibitor, pre-treated with Aphidicolin and irradiated with 3 Gy IR. After 8
h, cells were harvested for immunofluorescence microscopy. Coverslips were pre-extracted, fixed and stained with antibodies
against RPA2 and CENPF. The proportion of CENPF-positive nuclei with at least 10 RPA2 foci was quantified. Proportions are
shown in (a) with representative images in (b).

Data shownin (a): 3 independent experiments with 2100 cells quantified per condition in each experiment. Statistics: Student’s
T-test for Control/KD vs. BOD1L. Control: p =0.04. BOD1L/CtIP: p =0.001. BOD1L/DNA2: p = 0.005. BOD1L/EXO1: p = 0.11.
BOD1L/BLM: p =0.04. BOD1L/BLM/DNA2: p = 0.007. BOD1L/BLM/EXO1: p =0.02. BOD1L/Mirin: p =0.01. Error bars indicate
SEM.
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Figure 3.16: Co-depletion of CtIP rescues increased RPA2 fluorescence intensity observed in BOD1L-deficient cells.

Following treatment of U-2-0S cells as described in figure 3.15, immunofluorescence microscopy images were acquired in the
FITC and mCherry channels and analysed using Imagel) software. Images were converted to 8-bit format and a mask was
created to delineate CENPF-positive cells. This mask was merged with the mCherry channel image, and the mean mCherry
fluorescence intensity per area was calculated in CENPF-positive cells (a). Intensity quantifications for 3 independent
experiments are shown in (b).
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Figure 3.17: RPA-P (54/58) phosphorylation in BOD1L-deficient cells is reduced by co-depletion with CtIP.

U-2-0S cells were transfected with the indicated siRNA and irradiated with a dose of 15 Gy IR. After 8 h, cells were harvested
and whole-cell extracts prepared for SDS-PAGE and Western blotting. Membranes were probed with the named primary
antibodies, incubated with HRP-conjugated secondary antibodies and then visualised with chemiluminescence.
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3.3: Discussion

The founding work into the role of BOD1L in the DDR by Higgs and colleagues revealed that this
factor suppresses resection of stalled replication forks, allowing them to be repaired by HR and
thereby contributing to the maintenance of genome stability (Higgs et al., 2015). | therefore
proposed that BOD1L may also modulate the resection of DSBs in cells exposed to IR, which is
a potent inducer of these lesions (Mehta and Haber, 2014). | first investigated cell viability and
DSB signalling and repair in BOD1L-depleted cells treated with IR, hypothesising that these
would be impaired if BOD1L were required for the resolution of IR-induced DSBs. In support of
my predictions, cell survival was significantly compromised in the absence of BODIL, as
demonstrated by a clonogenic survival assay. | subsequently demonstrated by
immunofluorescence microscopy that BOD1L-deficient cells failed to resolve 53BP1 and yH2AX
foci by 24 h post-irradiation. These observations collectively suggested that whilst BOD1L was
dispensable for the initiation of IR-induced DDR signalling, it was required to complete repair
of DSBs. It was also worthy of note that the persistence of IR-induced yH2AX foci was apparent
in BOD1L-depleted G2 cells, but not in G1 cells, suggesting a specific role in the repair of G2

DNA damage.

One key consideration when inducing DSBs with IR and examining G2 nuclei is that IR-induced
DNA damage is not restricted to G2 cells. S-phase nuclei may also sustain DNA damage
following exposure to IR, allowing for the possibility of damaged S-phase cells entering G2
phase between irradiation and analysis. | acknowledged that this could artificially elevate the

proportion of cells exhibiting DNA damage foci and attempted to prevent this scenario by
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treating cells with the DNA polymerase a inhibitor Aphidicolin prior to irradiation. This
prevented the transition of S-phase cells to G2, thereby ensuring that any CENPF-positive nuclei

identified were G2 cells that had been irradiated whilst in this phase.

A fully functional DDR is essential for the maintenance of genome stability. Failure to resolve
DNA damage in a timely and appropriate manner can ultimately lead to cell death. Surviving
cells may exhibit micronuclei: a hallmark of genome instability (Naim and Rosselli, 2009, Tucker
and Preston, 1996). | therefore examined the prevalence of micronuclei in BOD1L-depleted
cells following irradiation. Cells depleted of BOD1L exhibited more micronucleation than
control cells, suggesting that BOD1L was crucial for the resolution of IR-induced DSBs and
maintenance of genome stability after IR exposure. These results demonstrated that the role

of BOD1L as a genome stability factor was not restricted to cells experiencing replication stress.

BOD1L’s role in the DDR during replication stress involves the indirect suppression of
nucleolytic resection of stalled replication forks. | hypothesised that it could also influence the
resection of DSBs in cells exposed to IR to facilitate repair. A role in resection modulation was
supported by the aforementioned G2-specific failure of BOD1L-depleted cells to clear IR-
induced yH2AX foci; resection of DSBs as a precursor to HR is primarily restricted to G2 cells
(Heyer et al., 2010). To investigate this, | examined IR-induced recruitment of RPA2 in BOD1L-
deficient cells by immunofluorescence microscopy. RPA2 rapidly binds to ssDNA, such as tracts
exposed by nucleolytic resection of a DNA lesion, to stabilise it and prevent the formation of

secondary structures (Nakajima et al., 2015). However, ssDNA can be exposed by any
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physiological process that requires the DNA double-helix to be unwound, such as transcription
or DNA replication. Whilst RPA2 is frequently used to provide an indication of fluctuating levels
of resection, it must be noted that this protein is recruited to all nuclear ssDNA, and not solely
to resected sites. With this caveat in mind, | also monitored the phosphorylation of RPA2 at S4
and S8 by immunoblotting. RPA2-P (S4/S8) is specifically associated with nucleolytic resection

(Ashley et al., 2014).

My immunofluorescence microscopy studies revealed an increase in IR-induced accumulation
of RPA2 at DSBs in BOD1L-deficient cells. In agreement with the above hypothesis, this was
suggestive of a role for BOD1L in suppressing nucleolytic resection of DSBs. The corresponding
elevation in RPA2 phosphorylation shown by Western blotting further supported this notion. It
is particularly of note that both RPA2 recruitment and phosphorylated RPA2 levels reached
their peaks at 8 hours after exposure to IR. As these two markers follow the same pattern of
accumulation and resolution in BOD1L-depleted cells subjected to irradiation, it can be
concluded that the changing RPA2 focal accumulation is likely, at least in part, to be the result

of altered levels of resection.

The nature of this defective resection in the absence of BOD1L was probed further using native
DNA fibre analysis and the enumeration of IdU foci by immunofluorescence microscopy. This
provided a sensitive means of distinguishing between an increased number of DSBs resected
per cell versus a greater extent of resection at individual breaks in BOD1L-deficient cells. Having

demonstrated a significant increase in IdU foci but no detectable change in the mean length of
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ssDNA tracts at resected DSBs, | concluded that BOD1L functioned to restrict the number of
DSBs resected in cells exposed to IR. In this manner, BOD1L may preserve genome stability in
cells exposed to IR by effecting a shift in repair dynamics to favour the more rapid, template-

independent NHEJ pathway.

It is known that in the context of replication stress, DNA2 is responsible for unscheduled
resection of stalled replication forks in the absence of BOD1L. However, it was not known
whether the increased resection of IR-induced DSBs in BOD1L-deficient cells was attributable
to DNA2, or to other nucleases. The latter scenario would suggest that BOD1L operates via
distinct mechanisms to repair different types of DNA lesion. | therefore set out to identify the
nucleases which promote aberrant resection of IR-induced DSBs in the absence of BOD1L by
co-depleting BOD1L with a panel of candidate factors, exposing cells to IR and analysing the
proportion of RPA2-positive cells in each condition by immunofluorescence microscopy. As
resection in advance of HR-mediated repair typically occurs only during G2 phase, analyses

were confined to G2 (CENPF-positive) nuclei.

There was a significant reduction in the proportion of RPA2 focus-positive cells upon depletion
of BOD1L with CtIP, which suggested that this nuclease was required for the increased IR-
induced ssDNA accumulation observed in BOD1L-deficient cells. As further verification of the
relevance of this nuclease, IR-induced RPA2 (S4/58) phosphorylation was assessed in cells
depleted of BOD1L and CtIP by Western blotting. As mentioned earlier, this post-translational

modification is specifically associated with resected regions of ssDNA (Ashley et al., 2014). In
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agreement with the abrogation of RPA2 focus formation, there was a reduction in IR-induced
RPA2 phosphorylation upon co-depletion of these proteins. Moreover, | carried out software-
based analysis of RPA2 intensity in cells depleted of BOD1L or BOD1L with CtIP. This enabled
me to assess changes in RPA2 recruitment in an unbiased manner, accounting for any
fluctuations in antibody staining efficiency or background fluorescence that could have been
problematic whilst making observations solely by eye. In line with my earlier observations,
RPA2 fluorescence intensity was higher in BOD1L-depleted cells than in control cells; this
intensity was reduced upon co-depletion of BOD1L and CtIP. Collectively, these data suggested
that CtIP played a prominent role in over-resection of DSBs in the absence of BOD1L. This
points towards a scenario in which BOD1L regulates the activity of this nuclease directly or

indirectly to suppress uncontrolled resection of IR-induced DSBs during G2.

It is well established that short-range DSB resection by CtIP underpins all subsequent resection
associated with DSB repair. It could therefore be argued that lower levels of resection would
be expected for depletion of CtIP irrespective of a cell’s BOD1L status; indeed, this has been
demonstrated by previous studies (Sartori et al., 2007). However, the results discussed above
lent credibility to the proposal that CtIP specifically played a role in over-resection of DSBs in
the absence of BOD1L, implying that BOD1L may influence the resection of IR-induced DSBs by

modulating the activity of CtIP in a manner that remained to be determined.

Notably, the knockdown of DNA2 alone in BOD1L-depleted cells had less impact on the

resection of IR-induced DSBs than on stalled replication forks. In addition, the depletion of BLM
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alone had only a modest impact on the level of resection in BOD1L-deficient cells. In the
context of replication stress, siRNA-mediated knockdown of either BLM or DNA2 in BOD1L-
deficient cells was sufficient to rescue the aberrant resection of stalled replication forks
observed in cells depleted of BOD1L alone (Higgs et al., 2015). This contrast suggested that
BOD1L modulated resection of IR-induced DSBs via a novel mechanism, and not in the same
manner by which it protects stalled replication forks from inappropriate nuclease activity. It
implied that uncontrolled resection of IR-induced DSBs in the absence of BODI1L was
attributable to alternative nucleases. My demonstration of the importance of CtIP in aberrant

resection, as discussed in this chapter, was in line with this assertion.

It was therefore somewhat surprising that the depletion of BLM and DNA2 in combination had
such a pronounced impact on DSB resection in BOD1L-deficient cells; the result was
comparable to that of CtIP depletion in the absence of BOD1L. | considered the possibility that
these nucleases in combination played a key role in aberrant DSB resection in BOD1L-deficient
cells; however, this may well be an overly simplistic interpretation. Unanswered questions
remain concerning the role of BLM in BOD1L-mediated DNA damage repair. As was discussed
by Higgs and colleagues regarding BOD1L’s role in replication stress, it was not known whether
BOD1L inhibits DNA2-mediated resection by directly suppressing BLM activity, or by limiting
access to stalled forks by the stabilisation of RAD51 (Higgs et al., 2015).  As such, the impact
on resection of BLM/DNA2 depletion in the absence of BOD1L could not be regarded as
definitive evidence for the importance of these factors in aberrant resection of IR-induced

DSBs. Further investigations will therefore be required in order to elucidate the complex
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interplay between BOD1L, BLM and DNAZ2 in this aspect of the DDR. As well as supporting the
current experiments with native fibre and IdU focus analyses in BLM/DNA2- and
BOD1L/BLM/DNA2-depleted cells to confirm the suspected resection defect, the impact of

these depletions on IR-induced RAD51 focus formation could also be examined.

In summary, these data demonstrated that alongside its role during replication stress, BOD1L
facilitated the repair of IR-induced DSBs and maintained genome stability and cell viability
following exposure to IR. It fulfilled this role by preventing uncontrolled CtIP-mediated

resection of IR-induced DSBs.

Nucleolytic resection of DSBs is a carefully controlled process. Whilst resection is fundamental
to HR, unregulated resection can render lesions irreparable and ultimately lead to genome
instability (Higgs et al., 2015). To maintain appropriate resection and facilitate repair, a well-
characterised DSB end protection network exists to antagonise nuclease activity. The apical
factor of this network is 53BP1, which is recruited to DSBs following phosphorylation by ATM
(Symington and Gautier, 2011, Bothmer et al., 2010, Bunting et al., 2010). When resection and
HR would be inappropriate for the repair of a particular lesion, 53BP1 and its downstream
effectors antagonise the recruitment of BRCA1 to the site of damage, thereby preventing short-
range resection by CtIP and allowing for repair by NHEJ (Chen et al, 2008). | hypothesised that
there could be interplay between BODI1L and this anti-resection pathway as a means of
regulating nuclease activity. The experiments of the following chapter therefore aimed to

investigate the mechanisms through which BOD1L regulates resection of IR-induced DSBs.
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Chapter 4: The interaction of BOD1L with resection antagonist RIF1 and the

implications for DSB repair

4.1: Introduction

The results presented in Chapter 3 demonstrate that BOD1L plays a role in suppressing
nucleolytic resection of IR-induced DSBs. One scenario which could explain these findings is
that BOD1L may modulate DSB resection by regulating one or more of the factors which
antagonise this process. This cascade of DNA end protection factors ensures that resection is
suppressed during phases of the cell cycle in which no homologous sister chromatid is available

as a template for repair (Heyer et al., 2010).

Several anti-resection and pro-NHEJ factors have been identified. The first, whose role in end
protection is well characterised, is 53BP1, which is recruited to DSBs following ATM
phosphorylation at multiple sites within its N-terminus (Symington & Gautier, 2011, Bothmer
et al., 2010, Bunting et al., 2010). These phosphorylation events are a pre-requisite for the
interaction of 53BP1 with several key downstream effectors, including RIF1 and PTIP
(Zimmerman & de Lange, 2014). RIF1 is essential for 53BP1-mediated cellular processes. Along
with 53BP1, it antagonises short-range nucleolytic resection outside late S/G2, promotes non-
homologous end joining and functions in class-switch recombination (CSR), which requires
NHEJ-mediated repair of programmed DSBs (Feng et al., 2013, Chapman et al., 2013, Escribano-

Diaz et al., 2013, di Virgilio et al., 2013). Whilst the precise role of PTIP is not fully understood,

152



it is acknowledged that there may be some functional overlap between PTIP and RIF1. For
instance, the increase in DSB end resection and abrogation of dysfunctional telomere fusion
observed in the absence of RIF1 can be recapitulated by depleting PTIP (Zimmerman and de
Lange, 2014). Collectively, 53BP1 and RIF1 recruit REV7 to damaged chromatin (Xu et al.,
2015a, Boersma et al.,, 2015). It was recently demonstrated that RIF1/REV7-mediated
inhibition of resection involves the Shieldin complex, which physically protects DSB ends from
nucleolytic processing. A series of studies identified this complex as a distal effector of 53BP1.
Comprising newly-characterised C200rf196 (SHLD1), FAM35A (SHLD2) and CTC-534A2.2
(SHLD3), the Shieldin complex is targeted to DSBs via the interaction between SHLD2 and REV7,
where it restricts DNA end resection and promotes NHEJ (Dev et al., 2018, Gupta et al., 2018,

Noordermeer et al., 2018, Findlay et al., 2018).

Post-translational histone modifications play a key role in fine-tuning DSB repair pathway
choice. Ubiquitination of histones at sites of DNA damage is carried out in an ATM-dependent
manner by the E3 ligases RNF8 and RNF168 (Wang and Elledge, 2007, Stewart et al., 2009). In
particular, it has been shown that RNF168-mediated mono-ubiquitination of H2A/H2AX at K13-
15 is critical for the initiation of downstream DDR signalling (Mattiroli et al., 2012). This
promotes the recruitment of 53BP1 and BRCA1 to damaged chromatin (Ucklemann and Sixma,
2017), and crosstalk between post-translational modifications ensures the selection of the
appropriate repair pathway. Whilst ubiquitination of H2A at K13-15 by RNF168 favours 53BP1-

mediated end protection and repair by NHEJ, this block to resection can be overcome by the
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ubiquitination of H2A at K127-129 by BRCA1 and its functional interactor BARD1 (Chapman et

al., 2012, Densham et al., 2016).

Furthermore, a recent study revealed that histone methylation can dictate repair pathway
choice for DSBs in pre- and post-replicative chromatin while DNA replication is ongoing. During
this phase, incompletely-replicated DNA exists alongside replicated regions; the mechanism by
which 53BP1-mediated end protection was directed specifically to lesions in non-replicated
DNA to promote NHEJ was not previously understood. Simonetta and colleagues
demonstrated that pre-replicative chromatin contains the highest possible concentration of
histone H4 di-methylation of lysine 20 (H4K20M¢?), which provides a binding site for 53BP1. In
these regions, 53BP1, in complex with RIF1 and REV7, are reliably recruited to DSBs, thereby
suppressing the accumulation of BRCA1 and subsequent nucleolytic resection. Following DNA
replication, the 50 % reduction in the concentration of H4K20Me? triggers the dissociation of
53BP1-RIF1-REV7 from damaged chromatin, allowing for recruitment of BRCA1 and repair by

HR (Simonetta et al., 2018).

In this context, the work described in this chapter aimed to elucidate the potential interactions
between BOD1L and key resection antagonists, and to investigate their impact on DSB resection

and repair.
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4.2: ldentification of a functional interaction between BODI1L and the resection
antagonist RIF1
Although it has been shown that BOD1L suppresses excessive resection of IR-induced DSBs
during G2, how this occurs is unclear. To investigate the hypothesis that BOD1L regulates
resection antagonists to influence resection, initial experiments focused on the identification
of novel BOD1L interactors using pull-downs of GFP-tagged murine Bod1L and characterisation
of the resultant interacting proteins by mass spectrometry. These approaches revealed an
interaction between Bod1L and the resection antagonist RIF1, which was confirmed and further
characterised by immunoprecipitation and pull-down approaches. Cellular studies were
subsequently performed to assess the recruitment of 53BP1 pathway components to IR-
induced DSBs in BOD1L-depleted cells during G1 and G2. The proficiency of class switch
recombination (CSR), a fundamental 53BP1-dependent process, was assessed in control and
Bodl1L-deficient mouse models. Finally, the collective role of BOD1L and RIF1 in the

maintenance of genome stability was analysed using immunofluorescence techniques.
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4.2.1: BODIL interacts with the 53BP1 effector RIF1

The identification of potential novel BOD1L interactors may shed light on its role as a suppressor
of DSB resection. In order to identify uncharacterised BOD1L-protein interactions in a sensitive,
guantitative and unbiased manner, an approach involving affinity purification and mass
spectrometry (AP-MS) was adopted. This technique has been utilised to identify novel protein-
protein interactions within the DDR, allowing the identification of multi-protein complexes as

well as binary interactions in near-physiological cellular states (Li et al., 2015).

The required constructs and cell lines were generated at the Francis Crick Institute, London,
UK, as part of an ongoing collaboration with Prof. Simon Boulton and Valérie Borel. Firstly, a
Hela cell line stably expressing murine Bod1L tagged with FLAG-GFP (Bod1L-FLAG-GFP) was
generated (figure 4.1); this construct was created by fusing genomic mBod1L to an existing
FLAG-GFP construct using a BAC sub-cloning kit. Alongside this, a control cell line expressing
an empty FLAG-GFP vector was created. This approach enabled the rapid and robust affinity
purification of tagged BodllL using validated reagents. Protein isolation with antibodies
targeting epitope tags is widely used in mass spectrometry-based protein interaction studies
as a means of overcoming the potential cross-reactivity associated with antibodies against
endogenous proteins. Additionally, validated enrichment reagents and protocols are readily

available (Smits and Vermeulen, 2016).
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Figure 4.1: Schematic representation of Bod1L-Flag-GFP construct.

Murine Bod1L genomic DNA (along with linker sequences at both termini of the mBod1L sequence) was fused to Flag-GFP
using a BAC sub-cloning kit to generate Bod1L-Flag-GFP. Hela cells stably transfected with this construct were used to prepare
mass spectrometry samples to identify novel Bod1L interactors. Control samples were prepared from cells stably expressing
Flag-GFP alone.

Constructs generated by Prof. Simon Boulton and Valérie Borel, Francis Crick Institute, London.
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Monolayers of cells harbouring Bod1L-FLAG-GFP or the control vector were cultured, harvested
and lysed to generate whole-cell extracts. Immune complexes were isolated by incubation with
an anti-GFP antibody and extensively washed; bound proteins were then separated by SDS-
PAGE. Gel slices were excised and processed for mass spectrometry, with relative protein
abundances determined by intensity-based absolute quantification (iBAQ). In iBAQ, the sum of
the intensities of all tryptic peptides is calculated for each protein and divided by the number
of theoretically observable peptides. The resultant intensities provide an accurate

determination of the relative abundance of all proteins identified in a sample.

The top 30 proteins that were enriched in the Bodll-containing complexes compared to
controls by iBAQ are shown in Table 4.1. In addition to the successful identification of Bod1L
in FLAG-bound immune complexes, the screen also showed enrichment of several key proteins,
confirming its validity. For example, members of the COMPASS complex and several associated
proteins, including ASH2L, RBBP5, and CXXC1 (the latter of which is involved in the localisation
of the complex) (Couture and Skiniotis, 2013, Lee and Skalnik, 2005) were amongst the most
highly enriched proteins. This was anticipated due to the interaction of BOD1L with the histone
methyltransferase SETD1A (Higgs et al., 2018). Moreover, the complete MCM replicative
helicase (MCM2-7) was identified in the screen, along with other proteins associated with DNA
replication (Zhai et al., 2017). This is in line with BOD1L's known role in stabilising stalled
replication forks (Higgs et al., 2015). Furthermore, DNA repair proteins such as MSH2, XRCC5

and RAD50 were also identified (Heyer et al., 2010, Noll et al., 2006). The identification of these
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Table 4.1: Proteins identified by mass spectrometry screen as being highly enriched in complexes containing

mBod1L.

Protein name Gene name
Bi-orientation defect 1-like Bod1l
Set1/Ash2 histone methyltransferase complex subunit ASH2 ASH2L
Retinoblastoma-binding protein 5 RBBP5
CpG-binding protein Cfp1 CXXC1
Structural maintenance of chromosomes flexible hinge domain-containing protein 1 SMCHD1
Cullin-associated NEDD8-dissociated protein 1 CAND1
Structural maintenance of chromosomes protein 2 sMmc2
DNA replication licensing factor MCM5 MCM5
DNA mismatch repair protein Mlh1 MLH1
DNA replication licensing factor MCM3 MCM3; HCCS
DNA replication licensing factor MCM7 MCM7
X-ray repair cross-complementing protein 6 XRCC6
DNA replication licensing factor MCM4 MCM4
Fanconi anemia group | protein FANCI
Structural maintenance of chromosomes protein SMC4
DNA replication licensing factor MCM2 MCM?2
Chromodomain-helicase-DNA-binding protein 4 CHD4
Mitotic checkpoint protein BUB3 BUB3
DNA mismatch repair protein Msh6 MSH6; GTBP
DNA mismatch repair protein Msh2 MSH2
SWI/SNF complex subunit SMARCC2 SMARCC2
X-ray repair cross-complementing protein 5 XRCC5
DNA replication licensing factor MCM6 MCM6
Structural maintenance of chromosomes protein 1A SMC1A
DNA damage-binding protein 1 DDB1
Telomere-associated protein RIF1 RIF1
E3 ubiquitin-protein ligase RNF213 RNF213
DNA repair protein RAD50 RAD50
Scaffold attachment factor B2; Scaffold attachment factor B1 SAFB2; SAFB

Hela cells stably expressing mBod1L-Flag-GFP or Flag-GFP alone were cultured and lysed. Tagged Bod1L and bound proteins
were isolated with an anti-Flag antibody and affinity purification. Following extensive washing, samples were separated by
SDS-PAGE and gel slices were processed for mass spectrometry. The top 30 proteins enriched in Bod1L-containing complexes
relative to control samples are shown above. Proteins belonging to key functional categories have been highlighted. Orange:
SETD1A (COMPASS) complex members & associated proteins. Green: proteins involved in DNA replication. Blue: DNA damage
repair proteins.

Mass spectrometry and data analysis carried out by Prof. Simon Boulton and Valérie Borel, Francis Crick Institute, London.
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proteins is consistent with the role of BOD1L as a DNA repair factor and further demonstrated
the ability of the screen to highlight potential interactions between BOD1L and other proteins
within the DDR network. Interestingly, the 53BP1 effector RIF1 (Feng et al., 2013, Chapman et
al., 2013, Escribano-Diaz et al., 2013, di Virgilio et al., 2013) was found to be enriched in Bod1L-

containing complexes, suggesting a previously unknown interaction between BOD1L and RIF1.

One consideration was that the addition of tags to Bodl1L could have interfered with the
protein’s normal sub-cellular localisation or its interactions with other proteins.
Immunoprecipitation was therefore used to confirm the suggested interaction between BOD1L
and RIF1. To this end, nuclear cell extracts from Hela cells were clarified by high speed
centrifugation, and proteins immunoprecipitated using antibodies against BOD1L, RIF1, or an
lgG control. Immune complexes were isolated with protein-A Sepharose and analysed by SDS-
PAGE and Western blotting alongside an input control. Membranes were probed with

antibodies against BOD1L and RIF1, followed by HRP-coupled secondary antibodies.

Both BOD1L and RIF1 were immunoprecipitated by their respective antibodies, but were absent
from the IgG control; these observations confirmed the validity of the experiment. Moreover,
RIF1 was detected in immune complexes containing BOD1L, suggesting an interaction between
the two factors. In agreement with this, BOD1L was also present in RIF1-containing immune
complexes in the reciprocal assay (figure 4.2). These results further supported an interaction

between BOD1L and RIF1.
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Figure 4.2: Confirmation of interaction between BOD1L and RIF1.

Nuclear extracts from Hela cells were clarified by centrifugation, and then incubated with antibodies against BOD1L, RIF1, or
an 1gG control. Immune complexes were then isolated using protein-A Sepharose; complexes were analysed, along with a 5%
input control, by SDS-PAGE and Western blotting. Membranes were probed with the indicated antibodies, and polypeptides
detected using chemiluminescence.
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Since RIF1 is known to antagonise nucleolytic resection during G1 (Feng et al., 2013, Chapman
et al., 2013, Escribano-Diaz et al., 2013, di Virgilio et al., 2013), this suggests a potential

mechanism by which BOD1L may influence resection dynamics.

4.2.2: ldentification of the RIF1-binding domains of BOD1L

Having revealed a previously unknown interaction between BOD1L and RIF1, the next objective
was to identify the regions of BOD1L which are required for this interaction. As BOD1L contains
no recognisable protein-protein interaction domains (Higgs et al., 2015), there were no specific
candidate regions on which to focus these analyses; a search of the whole protein sequence

was therefore necessary.

To this end, | generated 6 overlapping BOD1L fragments with N-terminal GST tags in the
PGEX4T1 expression vector. These fragments ranged from 500-652 aa in length and collectively
spanned the full length of the protein (figure 4.3a). The tagged proteins were then expressed

and purified from E. coli using GST affinity reagents.

Purified GST-tagged BOD1L fragments or GST alone were incubated with clarified Hela nuclear
cell extracts. The tagged proteins and their interactors were subsequently isolated with
glutathione Sepharose and analysed by SDS-PAGE and Western blotting. As can be observed

in figure 4.3b, RIF1 was pulled down with fragments 1 and 2 and 6, but not by any other
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fragments (figure 4.3b). It is therefore apparent that sequences within both the N- and C-

terminal regions of BOD1L are required for its interaction with RIF1.

4.2.3: Recruitment of 53BP1, RIF1 and REV7 to DSBs is unaffected in the absence of BOD1L in
G2 cells
The preceding data indicate that BOD1L interacts with the 53BP1 effector RIF1. In light of the
anti-resection functions of RIF1 (Feng et al., 2013, Chapman et al., 2013, Escribano-Diaz et al.,
2013, di Virgilio et al., 2013), | therefore hypothesised that this interaction may act as a
mechanism to suppress G2 resection, and that perturbation of this interaction may underlie
the increased G2 resection observed in BOD1L-deficient cells (Chapter 3). To investigate this
hypothesis, the impact of BOD1L depletion on the chromatin recruitment of three key resection
antagonists was examined in G2 cells: 53BP1, the apical anti-resection factor, its principal
effector RIF1, which suppresses BRCA1l-mediated resection, and REV7, which contributes to

DNA end protection by recruitment of the Shieldin complex.

Forty-eight hours after siRNA-mediated depletion of BODI1L, cells on coverslips were pre-
treated with Aphidicolin, exposed to 3 Gy IR and harvested for immunofluorescence analyses
after 8 h, as described in Chapter 3. Cells were then stained with antibodies against 53BP1,

RIF1 and REV7, along with the S/G2 marker CENPF.
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Figure 4.3: The interaction between BOD1L and RIF1 is mediated by both the N- and C-terminal regions of BOD1L.

Six overlapping fragments of BOD1L, spanning the full amino acid sequence, were cloned and fused to N-terminal GST tags (a).
For GST pull-down assays, purified tagged proteins (or purified GST alone) were incubated with HelLa whole-cells extracts, after
which the GST-tagged proteins and bound complexes were isolated with protein-A Sepharose. Isolated protein complexes,
along with a 5% sample of nuclear cell extract as input control, were analysed by SDS-PAGE and Western blotting, and
membranes were then probed with antibodies against RIF1 (b). The bottom panel shows a Ponceau-stained membrane prior
to immunodetection, with GST and tagged fragments F1-F6 denoted by an asterisk (*).
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Successful depletion was first confirmed by immunoblotting (figure 4.4a). Next, the proportion
of focus-positive G2 nuclei (CENPF-positive nuclei with at least 10 foci) was assessed by
immunofluorescence microscopy. There was no significant difference in the proportion of
53BP1-positive G2 nuclei (figure 4.4b-c) between control and BOD1L-depleted cells; a
comparable result was obtained when these experiments were repeated in U-2-0S cells (figure
4.5b-c). Similarly, there were no observable changes in the proportion of RIF1-positive nuclei
(Figure 4.4d-e). These observations were recapitulated in U-2-OS cells (figure 4.5d-e). These
results are not suggestive of a role for BOD1L in the recruitment of 53BP1 or RIF1 to IR-induced

DSBs during G2.

In light of these observations, | postulated that the localisation of end protection components
downstream of RIF1 may be compromised in the absence of BOD1L, potentially explaining the
aberrant resection of IR-induced DSBs observed in G2 cells. The proportion of G2 nuclei with at
least 10 REV7 foci was therefore also quantified in Hela cells treated as described above. Initial
observations revealed that the anti-REV7 antibody produced a high fluorescent background.
Therefore, the ability of the antibody to detect REV7 foci at DSBs specifically was verified by
depleting REV7 in Hela cells and immunostaining with this antibody. Although the observed
foci were small, their formation was abrogated in the absence of REV7 (figure 4.6a),
demonstrating the capacity of the antibody to delineate REV7 foci at IR-induced DSBs, albeit

with considerable spurious signal.
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Figure 4.4: Depletion of BOD1L in Hela cells has no impact on IR-dependent recruitment of factors that antagonise resection.
Hela cells were treated with the named siRNA, subjected to 3 Gy IR and harvested after 8 h for analysis. Whole-cells extracts
were analysed by SDS-PAGE and Western blotting; membranes were probed with the indicated antibodies (a). Cells grown on
coverslips and treated as above were pre-extracted and fixed for immunofluorescence microscopy before being labelled with
antibodies against 53BP1/RIF1 and CENPF. The proportion of CENPF-positive (G2) cells with > 10 53BP1 foci (b/c) in control
and BOD1L-depleted cells was enumerated (statistics: Student’s T-test for Control vs. BOD1L: p = 0.49). The proportion of
CENPF-positive cells with RIF1 foci (d/e) was also assessed in cells treated as described above (statistics: Student’s T-test for
Control vs. BOD1L siRNA, p = 0.40). Scale bar = 10 uM. Data shown in (c) and (e) represent mean data from 3 independent
experiments, > 100 cells per condition in each experiment. Error bars indicate SEM.
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Figure 4.5: Depletion of BOD1L in U-2-0S cells has no impact on IR-dependent recruitment of key resection antagonists.

U-2-0S cells were treated with the indicated siRNA, subjected to 3 Gy IR and harvested after 8 h for analysis. Whole-cells
extracts were analysed by SDS-PAGE and Western blotting to confirm protein depletion (a).
treated as above were pre-extracted and fixed for immunofluorescence microscopy before being labelled with antibodies
against 53BP1/RIF1 and CENPF. The proportion of CENPF-positive (G2) cells with > 10 53BP1 foci (b/c) in control and BOD1L-
depleted cells was enumerated (statistics: Student’s T-test for Control vs. BOD1L: p = 0.01). The proportion of G2 cells with
RIF1 foci (d/e) was also assessed in cells treated as described above (statistics: Student’s T-test for Control vs. BOD1L siRNA, p

=0.81). Scale bar =10 uM.

Data shown in (c) and (e): 3 independent experiments with > 100 cells per condition in each experiment. Error bars indicate

SEM.
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Having demonstrated the functionality of the REV7 antibody, | then assessed the recruitment
of REV7 to IR-induced DSBs in G2 cells. Negligible differences were observed in REV7 focus
formation (Figure 4.6b-c) between control and BOD1L-depleted cells. However, any change in
recruitment of REV7 in the absence of BOD1L may have gone undetected due to the high
fluorescent background signal produced by the antibody. The modulation of REV7 recruitment

by BOD1L during G2 cannot therefore be ruled out based on these experiments.

4.2.4: Chromatin recruitment of RIF1 in G1 cells is dependent on BOD1L

Multiple previous studies have demonstrated that the primary role of RIF1 as a suppressor of
resection occurs in G1, during which it functions as an effector of 53BP1-mediated DNA end
protection and promotes NHEJ (Feng et al., 2013, Chapman et al., 2013, Escribano-Diaz et al.,,
2013, di Virgilio et al., 2013). However, | had not yet investigated the impact of BOD1L on
resection, or on the localisation of RIF1 to IR-induced DSBs, during G1. Chromatin recruitment
of RIF1 in the absence of BOD1L was therefore examined in this phase of the cell cycle. Hela
cells were irradiated, harvested and stained as in section 4.3.3, but the quantification of nuclei
with RIF1 foci by immunofluorescence microscopy was restricted to CENPF-negative cells. In
contrast to the observations in G2 cells, depletion of BOD1L had a significant impact on the
recruitment of RIF1 during G1, reducing the proportion of RIF1-positive nuclei from 83.7% to
47.3% (figure 4.7). This suggests that BOD1L is required to recruit RIF1 to sites of IR-induced

DNA damage during G1.
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Figure 4.6: Depletion of BOD1L in Hela has no detectable impact on recruitment of REV7.

Hela cells were transfected with the indicated siRNAs, grown on coverslips and harvested for analysis 8 hours after a dose of
3 Gy IR. Coverslips were stained with the denoted antibodies (a). Representative images of REV7 foci in CENPF-positive (G2)
cells are shown (b), and the proportion of REV7-positive G2 nuclei in the presence/absence of BOD1L was calculated. Scale bar
=10 uM. Statistics: Student’s T-test for Control vs. BOD1L siRNA, p = 0.79) (c).

Data shown in (c) represent mean data from 3 independent experiments, n > 100 cells/condition in each experiment. Error
bars indicate SEM.
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Figure 4.7: G1 recruitment of RIF1 is reduced by depletion of BOD1L.

Hela cells were treated with siRNA against BOD1L or a non-targeting control sequence. Cells were grown on coverslips,
subjected to 3 Gy IR and harvested for immunofluorescence analysis. Representative images of cells stained for the denoted
antibodies are shown (a), and the proportion of G1 (CENPF-negative) nuclei with RIF1 foci was calculated (statistics: Student’s
T-test for Control vs. BOD1L siRNA, p = 0.0001) (b).

Data shown in (b): 3 independent experiments, n > 100 cells/experiment.
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4.2.5: Class-switch recombination is compromised in a Bod1L-deficient mouse model

It has been shown by multiple previous studies that RIF1 is a fundamental effector of 53BP1-
dependent class switch recombination (CSR), which involves NHEJ-mediated repair of
programmed DSBs to generate immunoglobulin diversity (Chapman et al., 2013, di Virgilio et
al., 2013). Having demonstrated in the previous section that BOD1L is required for the correct
localisation of RIF1 in the context of G1 DSB repair, | hypothesised that CSR may be impaired in

the absence of BOD1L.

However, one roadblock to examining the impact of BOD1L on CSR was the absence of an
appropriate animal model. To overcome this obstacle, our collaborators (Prof. Simon Boulton
and Valérie Borel, Francis Crick Institute, London) generated a conditional Bod1L knockout
mouse models (Bod1L"f) using CRISPR/Cas9-engineered embryonic stem cells. In these
animals, the deletion of exon 3 of Bod1L can be induced by the provision of Cre recombinase.
To examine CSR specifically, these animals, along with Bod1L-proficient controls (Bod1L**),
were crossed with Cd19*/¢¢ mice to induce a B-cell-specific knockout of Bod1L in the resultant
progeny. B-cells were then extracted from BodllL-deficient and control animals, and
differentiation was stimulated by culturing cells with lipopolysaccharide (LPS) in the presence
or absence of interleukin 4 (IL-4) for 96 h. Cell surface immunoglobulin expression was then

examined by flow cytometry (Prof. Simon Boulton and Valérie Borel).

In every case, there was a striking reduction in surface immunoglobulin expression in Bod1L-

deficient B-cells when compared to control cells (Figure 4.8). These data were consistent with
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the hypothesis that BOD1L was essential for functional class switch recombination, in
agreement with its role in recruiting RIF1 to DSBs. However, a mild but reproducible defect in
B-cell maturation in the absence of BodllL was also observed, suggesting that further

experiments in alternative systems would be worthwhile.

4.2.6: BODIL and RIF1 depletion alters recruitment of BRCA1 to DSBs in G1

Previous studies demonstrated significant crosstalk between the pro-resection BRCA1 pathway
and the 53BP1 pathway that antagonises resection (Chapman et al., 2012). In late S/G2 cells,
an undamaged sister chromatid is available as a template for DSB repair. During these phases,
BRCA1 antagonises RIF1 recruitment to damaged chromatin, thereby facilitating CtIP-mediated
resection of DSBs as a precursor to HR. Conversely, although there is no change in the
expression of BRCA1 between G1 and G2, recruitment of this protein to DSBs is inhibited by
53BP1 and its downstream effectors in G1. 53BP1 pathway components physically block DNA
end resection, preventing HR and driving repair by NHEJ (Escribano-Diaz et al., 2013, Chen et

al., 2008).

In this context, it was postulated that BOD1L, via its interaction with RIF1, may influence the
recruitment of BRCA1 to IR-induced DSBs in order to regulate resection. To investigate this, IR-
induced BRCA1 focus formation at DSBs was analysed in Hela cells depleted of BOD1L, RIF1, or
both factors in combination. Cells were irradiated and harvested as described in previous

sections, and then probed with antibodies against BRCA1 and CENPF. As previously,
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Figure 4.8: Class switch recombination is compromised in the absence of BOD1L.

B-cells extracted from control (Bod1L** Cd19+/cre) and BodllL-deficient (Bod1LFF Cd19+*/Cre) mice were cultured with
lipopolysaccharide (LPS) +/- interleukin 4 (IL-4) to stimulate differentiation. After 96 h, cell surface expression of 1gG1, IgG2b,
IgE and 1gG3 was assessed by flow cytometry (a-d). Data represent a single experiment. Surface expressions of IgGs are

summarised in (e).

lgG concentrations

in Bod1L-deficient mice were normalised to those from the corresponding controls,

with control mice being assigned concentrations of 100%. Data represent 2 mice per condition.
With thanks to Dr. Rachel Bayley, Prof. Simon Boulton and Valérie Borel.
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nuclei without CENPF expression were regarded as G1 cells. Immunofluorescence microscopy

was used to determine the number of nuclei with BRCA1 foci for each condition.

As expected, the proportion of irradiated cells with at least 10 BRCA1 foci was minimal in G1,
but this increased significantly upon depletion of BOD1L or RIF1. The depletion of both proteins
had no additive effect (figure 4.9b-c). These data suggest that BOD1L and RIF1 function within

the same pathway to antagonise BRCA1 recruitment to IR-induced DSBs during G1.

In contrast, the absence of these proteins had no detectable impact on the proportion of
BRCA1-positive nuclei during G2. As shown in figure 4.9d-e, 71.0% of control-depleted cells
were BRCA1 focus-positive, and no significant alteration was observed upon depletion of
BOD1L or RIF1 orin the absence of both proteins. As the chromatin recruitment of BRCA1 was
unaffected by the depletion of these proteins during G2, these data point towards a mechanism
for BOD1L’s control of DSB resection which is not underpinned by the modulation of G2 BRCA1

localisation.

4.2.7: Depletion of BOD1L or RIF1 leads to accumulation of IR-induced ssDNA
The data presented in the preceding sections of this chapter demonstrate that BOD1L depletion
results in reduced localisation of RIF1 to IR-induced DSBs and a subsequent increase in BRCA1

accumulation at these sites in G1. As BRCA1 recruitment is a pre-requisite for short-
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Figure 4.9: Depletion of BOD1L and RIF1 leads to increased prevalence of BRCA1-positive G1 nuclei after exposure to IR.

Hela cells were treated with BOD1L and RIF1 siRNA, individually and in combination. Transfected cells were grown on
coverslips, exposed to 3 Gy IR and harvested after 8 hr for Western blotting and immunofluorescence analyses. Successful
protein depletions were demonstrated by Western blotting (a). Coverslips were then stained with the indicated antibodies;
CENPF was included as a marker of cell cycle phase. The proportion of BRCA1-positive G1 nuclei (CENPF-negative with at least
10 BRCA1 foci) was quantified. Representative images are shown in (a) with quantifications in (b). Statistics: Student’s T-test
for Control vs. KD. BOD1L: p = 0.0002, RIF1: p = 0.002, BOD1L/RIF1: p = 0.003. Quantification of BRCA1 focus-positive cells
was also carried out in G2 nuclei; representative images are shown in (c) with quantifications in (d). Statistics: Student’s T-test
for Control vs. KD. BOD1L: p =0.78, RIF1: p =0.89, BOD1L/RIF1: p = 0.88.

Data shown in (b) and (d): 3 independent experiments, n > 100 cells/experiment.
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range nucleolytic resection of DSBs (Chen et al., 2008), it was therefore of interest to discover
whether this altered localisation was associated with an increase in resection of IR-induced
DSBs during G1. Therefore, control cells and those depleted of BOD1L or RIF1, singly and in
combination, were irradiated, harvested after 8 hr and stained for RPA2 and CENPF. The
proportion of RPA2-positive cells (those with a least 10 foci) was quantified by
immunofluorescence microscopy in both G1 and G2 phases of the cell cycle, using CENPF

staining to distinguish between phases.

In G1, the proportion of cells with RPA2 foci was 17.7%; this rose significantly in cells depleted
of BODI1L, RIF1, or both proteins. The increase in levels of RPA2 accumulation was strikingly
similar across all conditions (figure 4.10a-b). These results are consistent with the hypothesis
that BODI1L, along with RIF1, suppresses inappropriate resection of DSBs during GI1;
furthermore, they support the notion that BOD1L and RIF1 function within the same pathway

to regulate resection.

It is well established that DSB resection is more prevalent in late S/G2 phases of the cell cycle
(Heyer et al., 2010). As would therefore be expected, the base level of RPA2-positive cells was
higherin G2 cells, with control cells being 31.0% focus-positive. Once again, depletion of BOD1L
and RIF1 had significant and comparable impacts on the prevalence of RPA2 foci; there was no
additive effect of depleting both proteins (figure 4.10c-d). It can be concluded from these

observations that BOD1L and RIF1 co-operate to influence resection of DSBs during G2. These

177



results shed further light on the observations presented in Chapter 3, during which it was first

demonstrated that BOD1L acts as a suppressor of DSB resection during G2.

4.2.8: Increased DSB resection during G1 is counteracted by depletion of CtIP and MRE11

As BRCA1 is required to stimulate short-range resection by CtIP and MRE11 (Chen et al., 2008),
| hypothesised that the depletion of these nucleases would rescue the observed increase in
resection during G1. CtIP and MRE11 were therefore depleted in isolation or in combination
with BOD1L in Hela cells. Whole-cell extracts were analysed by SDS-PAGE and immunoblotting
using antibodies against BOD1L, CtIP, MRE11 and RPA2-P (S4/S8), confirming that BOD1L and
both nucleases had been successfully depleted. In addition, in BOD1L-depleted cells, there was
a considerable increase in the level of phosphorylated RPA2 compared to that of control cells.
Upon depletion of CtIP or MRE11 — either individually or alongside BOD1L depletion — RPA2
phosphorylation returned to control levels (figure 4.11a). This suggests that aberrant resection

in the absence of BOD1L is attributable to CtIP and MRE11.

As an alternative approach, siRNA-transfected cells were exposed to a dose of 3 Gy of IR and
harvested for immunofluorescence analyses after 8 hours. RPA2 focus formation was assessed
in these cells as described above. These immunofluorescence analyses showed that the
depletion of BOD1L resulted in a significant increase in the recruitment of RPA2 in G1 (CENPF-

negative) cells. In agreement with the immunoblotting data presented above, the
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Figure 4.10: Accumulation of RPA2 at IR-induced DSBs is elevated in the absence of BOD1L and RIF1.

Hela cells were transfected with BOD1L and RIF1 siRNA, individually and in combination. Transfected cells were grown on
coverslips, exposed to 3 Gy IR and harvested after 8 hr for immunofluorescence analyses. Coverslips were stained with the
indicated antibodies; CENPF was included as a marker of cell cycle phase. The proportion of G1 nuclei (those with no detectable
CENPF) with at least 10 RPA2 foci was quantified. Representative images are shown in (a) with quantifications in (b). Statistics:
Student’s T-test for Control vs. KD. BOD1L: p = 0.04, RIF1: p = 0.006, BOD1L/RIF1: p = 0.006. Quantification of RPA2 focus-
positive cells was also carried out for a sample of G2 nuclei; representative images are shown in (c) with quantifications in (d).
Statistics: Student’s T-test for Control vs. KD. BOD1L: p = 0.02, RIF1: p = 0.0005, BOD1L/RIF1: p = 0.008.

Data shown in (b) and (d): 3 independent experiments, n > 100 cells/experiment. Error bars indicate SEM.
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proportion of RPA2-positive cells was markedly reduced in the absence of CtIP or MRE11; in

fact, CtIP depletion resulted in RPA2 levels significantly lower than those of control cells.

When CtIP or MRE11 were co-depleted with BOD1L, the elevated RPA2 chromatin localisation
that was observed in the absence of BOD1L was completely abrogated (figure 4.11b-c). Taken
together, these observations confirmed that CtIP and MRE11 are responsible for the elevated

resection observed in BOD1L-depleted cells during G1.

4.2.9: Increased genome instability in the absence of BOD1L or RIF1

The sections above demonstrate that BOD1L and RIF1 interact and function within the same
pathway to regulate nucleolytic resection in both G1 and G2. It was therefore important to
discover whether the impairment of this interaction through the depletion of either protein
had consequences at the cellular level. As nucleolytic resection is a vital aspect of the regulation
of DSB repair (Symington & Gautier, 2011), it was postulated that the aberrant resection
observed in the absence of BOD1L or RIF1 would lead to genome instability due to an inability
to repair DSBs appropriately (Chapman et al., 2013, Naim and Rosselli, 2009). To investigate
this, Hela cells were treated with siRNA against BOD1L, RIF1, or a non-targeting control. These
cells were seeded onto coverslips, irradiated as described previously, and harvested for
analyses after 24 h. Coverslips were mounted in medium containing DAPI, and micronuclei

were enumerated by immunofluorescence microscopy.
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Figure 4.11: Increased G1 resection in the absence of BOD1L is counteracted by the depletion of CtIP or MRE11.

Hela cells depleted of the named proteins were subjected to 15 Gy IR and harvested after 8 hr for analyses. Successful
knockdowns of the proteins of interest was demonstrated by Western blot (a). The proportion of RPA2-positive G1 cells
(CENPF-negative cells with > 10 foci) was calculated. Representative images are shown in (b) with quantifications in (c).
(Statistics: Student’s T-test for Control vs. KD. BOD1L: p = 0.0009. CtIP: p =0.003. MRE11: p=0.11. BOD1L/CtIP: p = 0.32.
BOD1L/MRE11: p = 0.29. Data shown in (c): 3 independent experiments, n > 100 cells/experiment. Error bars represent SEM.
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In control-depleted cells, the proportion of cells with IR-induced micronuclei increased twofold
upon depletion of BOD1L. Knockdown of RIF1 or BOD1L and RIF1 in combination yielded
comparable results, with 27.5 % and 27.7 % of these cell populations having IR-induced
micronuclei, respectively (Figure 4.12). These results confirm that genome stability is
compromised in the absence of BOD1L or RIF1. Furthermore, the lack of any additive impact
on micronucleation upon co-depletion of BOD1L and RIF1 reinforces the notion that these

proteins function within the same pathway.
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Figure 4.12: Depletion of RIF1 or BOD1L have a comparable impact on genome instability.

Hela cells treated with the indicated siRNAs were subjected to a dose of 3 Gy IR and harvested after 24 hr for analysis. Mounted
cells were examined with the DAPI channel of the microscope to assess and quantify micronucleus formation. Representative
images are shown in (a) and quantifications in (b).

Data shown in (b): 3 independent experiments with > 100 nuclei analysed per condition in each experiment. Statistics:
Student’s T-test for Control vs. KD. BOD1L: p =0.07. RIF1: p=0.03. BOD1L/RIF1l: p =0.09. Error bars indicate SEM.
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4.3: Discussion

Alongside its published role during S-phase (Higgs et al., 2015), the data presented thus far
demonstrate that BOD1L also functions to prevent aberrant resection of IR-induced DSBs.
However, the mechanisms underlying this novel role had not been explored. The results
presented in this chapter revealed a previously unknown interaction between BOD1L and RIF1,
one of the principal effectors of the 53BP1-mediated network of resection antagonists that
suppress unscheduled resection and promote NHEJ. RIF1 was identified as a potential novel
interactor of BODI1L in a mass spectrometry screen (Prof. Simon Boulton & Valérie Borel,
unpublished). The validity of this screen was supported by the enrichment of known interactors
in murine BodlL-containing complexes, such as components of the COMPASS histone
methyltransferase complex (Couture and Skiniotis, 2013), lending credibility to the notion that
BOD1L interacts with RIF1. This interaction was confirmed by immunoprecipitation, suggesting

a means by which BOD1L may influence the resection of IR-induced DSBs.

Further characterisation of the BOD1L-RIF1 interaction by GST pull-down assays with BOD1L
fragments highlighted the importance of the N- and C-terminal regions of BOD1L in mediating
its interaction with RIF1. It was interesting to note that one of the implicated N-terminal
fragments contains the ShglH (Shgl homology) domain: a region with sequence homology to
Shgl, a component of the yeast methyltransferase COMPASS complex (Higgs et al., 2018,

PFAM: 05205, http://pfam.xfam.org/family/PF05205, Marchler-Bauer et al., 2011, Roguev et

al.,, 2001). This domain is already known to be necessary and sufficient to mediate the

interaction between BOD1L and the histone methyltransferase SETD1A (Higgs et al., 2018). The
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likely involvement of the Shg1H domain in the interaction between BOD1L and RIF1 suggests

that this region may function as a general mediator of BOD1L's interactions with other proteins.

In contrast, the BOD1L C-terminus contains no recognisable structural or functional domains
associated with mediating protein-protein interactions. The observation that this region is also
important in promoting the BOD1L-RIF1 interaction suggests that the BOD1L C-terminus may

harbour uncharacterised interaction domains.

Approaches based on the interaction behaviour of protein fragments are associated with
several key caveats. Firstly, the tertiary protein structures of truncated fragments may differ
from the in vivo conformation of the full-length protein. This is a particular risk when
knowledge of the protein’s domain structure is lacking (as is the case for BOD1L), and cannot
therefore be used to inform the ideal start and end points of the fragments in an attempt to
preserve key structural and functional domains. Furthermore, GST pull-down assays using
individual protein fragments are unable to provide insight into potential co-operation between
particular regions of BOD1L, which may be required to mediate its interaction with RIF1. Asthe
N-terminal fragments F1 and F2 and C-terminal fragment F6 were each found to be sufficient
to pull down endogenous RIF1, this suggests that full-length BOD1L may adopt a conformation

that brings these regions into proximity in order to promote interaction with RIF1.
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The discovery of the BOD1L-RIF1 interaction provided further insights into the regulation of
nucleolytic resection and the role of BOD1L during G1. Firstly, analysis of RIF1 focus formation
by immunofluorescence demonstrated that localisation of RIF1 to IR-induced DSBs during G1
is significantly impaired in the absence of BOD1L. RIF1’s role during G1 is to antagonise the
inappropriate accumulation of BRCA1 at damaged chromatin. In agreement, the significant and
similar increase in G1 accumulation of BRCA1 to IR-induced DSBs upon depletion of BODI1L,
RIF1 or both proteins supports the notion that these factors act in the same pathway to regulate
BRCA1 recruitment. Based on the results in this chapter, it can therefore be concluded that
BODI1L is recruited to IR-induced DSBs downstream of the apical resection antagonist 53BP1,
but upstream of its key effector RIF1. Given that there is some functional redundancy between
RIF1 and another 53BP1 effector, PTIP, it would also be of interest to determine whether BOD1L

alters the recruitment of this latter factor to IR-induced DSBs in G1 or G2.

RIF1 is a vital effector of 53BP1-dependent CSR; several previous studies have revealed a
significant impairment of this process in B-cells derived from Rif1-deficient mouse models
(Chapman et al., 2013, di Virgilio et al., 2013). Chapman and colleagues further supported their
observations by demonstrating that class switching in response to immunisation with a specific
antigen was severely reduced in Rif1-deficient mice (Chapman et al., 2013). Moreover, a study
by di Virgilio and colleagues showed a mild increase in CSR following shRNA-mediated depletion
of CtIP in RIF1-deficient B-cells (di Virgilio et al., 2013), suggesting that aberrant DSB end
resection plays a role in the CSR defects observed in the absence of RIF1. As BOD1L is recruited

to IR-induced DSBs upstream of RIF1 and is required for RIF1 localisation to damaged
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chromatin, it was conceivable that BOD1L depletion could have a comparable impact on CSR.
The data presented herein demonstrate that this is indeed the case; CSR is considerably
compromised in Bod1lL-deficient mouse B-cells. These findings are in line with the role of
BOD1L in modulating DSB resection through the recruitment of RIF1 to sites of DNA damage.
These observations also imply that, as for RIF1, the role for BOD1L extends beyond end
protection of DSBs induced by external sources — it also acts to restrict resection of

programmed DSBs generated in physiological processes.

It would be valuable to extend the data presented in this chapter using complementation-based
approaches. As a clear demonstration that the phenotypes observed upon knockdown of
BODI1L or RIF1 can be attributed to the absence of these proteins, knockdown-resistant
versions can be expressed in siRNA-treated cells with the intention of restoring the control
phenotype. It would be of particular interest to show that RIF1 recruitment to IR-induced DSBs
in G1 cells, which is impaired in the absence of BOD1L, could be rescued by the expression of
siRNA-refractory BOD1L. Furthermore, complementation of BOD1L-depleted cells could be
attempted using engineered BODI1L which lacks the N- and C-terminal regions (those
represented by fragments F1-F2 and F6). Having demonstrated in this chapter that these
regions interact with RIF1, | would hypothesise that a BOD1L fragment lacking these regions
would be unable to rescue the phenotypes observed in BOD1L-depleted cells. This experiment
would demonstrate the significance of the C- and N-termini of BODIL in facilitating its
interaction with RIF1 and would further support the importance of this interaction for DSB end

protection.
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During the G1 phase of the cell cycle, DNA replication has not taken place and resection as a
precursor to HR is therefore typically down-regulated by the 53BP1 pathway. As discussed
above, this DSB end protection pathway is compromised in the absence of BOD1L due to the
perturbation of RIF1 recruitment (Feng et al., 2013, Chapman et al., 2013, Escribano-Diaz et al.,
2013, di Virgilio et al., 2013).  As BOD1L- or RIF1-deficient cells are incapable of inhibiting
inappropriate BRCA1 accumulation at G1 DSBs, it follows that the level of short-range resection
(which requires the stimulation of CtIP activity by BRCA1) should be higher in these cells (Chen
et al., 2008). This was indeed shown to be the case. In the absence of BOD1L or RIF1, analyses
by immunoblotting showed elevated levels of RPA2 (S4/S8) phosphorylation. A G1-specific
increase in resection was supported by a significant increase in RPA2 focus formation in CENPF-
negative cells, as demonstrated by immunofluorescence microscopy. Consistent with the
knowledge that BRCA1 stimulates CtIP- and MRE11-dependent short-range resection (Chen et
al., 2008), the observed aberrant resection during G1 was restored to control levels by the

knockdown of these nucleases on a background of BOD1L depletion.

It is worthy of note that alternative resection-dependent DSB repair pathways exist alongside
HR. One such pathway is the RAD51-independent single-strand annealing (SSA) pathway.
Homologous repeat sequences either side of the DSB are annealed to repair the break. This
involves CtIP-mediated resection to expose 3’ ssDNA tails and requires further endonucleolytic
processing to remove any non-homologous sections prior to ligation. As for HR, it is inhibited

by 53BP1 and its downstream effectors, including RIF1 (Bhargava et al., 2016). In a similar
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manner, alternative end joining (alt-EJ) also involves short-range resection by CtIP, the
annealing of sites of microhomology either side of the DSB and the deletion of genetic material
across the break. As such, both pathways are associated with a high frequency of chromosomal
translocations and genome instability (Bhargava et al., 2016, Symington and Gautier, 2011). It
has also been shown recently that a resection-dependent form of canonical NHEJ (c-NHEJ)
takes place in G1 cells; importantly, the resection which primes this form of repair differs in
nature from that which takes place as a precursor to HR. Resection-dependent c-NHEJ requires
phosphorylation of CtIP by Polo-like kinase 3 (PIk3), which enables CtIP to interact with BRCA1
and initiate resection; this step is supported by the activity of MRE11, EXO1 and EXD2, and
Artemis is essential for the completion of repair. As for SSA and alt-EJ, resection-dependent c-
NHEJ results in genomic aberrations (Biehs et al., 2017). It is plausible that the increased DSB
resection observed in the absence of BOD1L may lead to an up-regulation of these mutagenic
alternative pathways; a thorough examination of repair dynamics in BOD1L-depleted cells will

be a valuable next step.

The results described here are in line with those of chapter 3 with respect to the role of BOD1L
as a regulator of G2 DSB resection, but there may be distinct mechanisms in play during
different cell cycle phases. It was shown that the depletion of BOD1L or RIF1 (individually and
in combination) led to a significant increase in the recruitment of RPA2 to ssDNA in CENPF-
positive irradiated cells. However, it must be pointed out that impairment of RIF1 recruitment
in the absence of BOD1L, as observed in G1, may be too simplistic an explanation for increased

resection in G2. Focus formation of 53BP1, RIF1 and REV7 at DSBs in CENPF-positive cells was
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unaltered in the absence of BOD1L. In line with this observation, the depletion of BOD1L or
RIF1 had no impact on IR-induced recruitment of BRCA1 to G2 DSBs. Taken together, this may
suggest that BOD1L suppresses aberrant resection of G2 DSBs independently of RIF1 and
BRCA1. However, this is somewhat at odds with the data presented in chapter 3, which suggest
a prominent role for CtIP and MRE11 in the aberrant resection of DSBs in G2 cells; BRCA1 is a
pre-requisite for the activity of these nucleases. One possible explanation for these
discontinuities lies in the shortcomings of the immunofluorescence techniques used. Whilst
the examination of focus formation at sites of DNA damage provides a useful visual indication
of protein recruitment, it cannot be used to assess protein functionality. It may therefore be
that BOD1L's control of resection depends on antagonising BRCA1 recruitment to DSBs via RIF1

in G1, and on influencing the activity of these proteins in G2.

Since the results from chapters 3 and 4 collectively demonstrated that BOD1L functioned in the
suppression of resection both in G1 and G2 cells, it was intriguing to note that analyses of yH2AX
foci suggested that a DSB repair defect was only present in G2 cells. This observation implied
that despite the alterations to G1 repair dynamics in the absence of BOD1L, IR-induced DSBs
occurring in this phase may still be repaired. NHEJ would not be a viable repair pathway for
DSBs subjected to extensive processing. As discussed above, the down-regulation of this
pathway may result in a shift towards non-canonical pathways, such as single-strand annealing,
which are resection-dependent but require no homologous template. Whilst DSBs may be

repaired in this manner, leading to a resolution of yH2AX foci, the use of these mutagenic

191



pathways may result in aberrations at the chromosomal level. This possibility warrants further

investigation.

The downstream consequence of BOD1L or RIF1 depletion on cells was subsequently analysed
by assessing micronucleation, which occurs through a failure to resolve DNA damage and
complete DNA replication in an appropriate and timely manner (Naim and Rosselli, 2009).
Upon depletion of BOD1L and/or RIF1, there was an increase in the prevalence of micronuclei
in irradiated cells. Based on this observation, it can be concluded that BOD1L and RIF1 are
required for the completion of DSB repair. Furthermore, the increase in micronuclei formation
is strikingly similar for BOD1L- and RIF1-depleted cells, with no additive impact of depleting
both proteins; this further reinforces the fact that the interaction between these proteins is

required to preserve the stability of the genome.

In summary, this chapter demonstrates that BOD1L interacts with RIF1, a key player in 53BP1-
mediated DSB end protection. BOD1L is required for the recruitment of RIF1 to DSBs; together,
these proteins suppress the inappropriate accumulation of BRCA1 to DSBs during G1. As BRCA1
is required to stimulate the short-range nucleases, CtIP and MRE11, the activities of BOD1L and
RIF1 suppress undesirable DSB resection during G1, thereby maintaining genome stability. Itis
evident that the interaction between BOD1L and RIF1 is fundamental to BOD1L’s role as a
modulator of DSB resection during G1. However, how this protein regulates resection during
G2 remains to be discovered. Itis likely that BOD1L operates via distinct mechanisms in G1 and

G2 to suppress inappropriate DSB resection.
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Having shed light on the mechanism by which BOD1L regulates nuclease activity to control the
resection of IR-induced DSBs, the next chapter aims to characterise the effects of BOD1L

depletion upon key DSB repair pathways.
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Chapter 5: The impact of BOD1L on DSB repair

5.1: Introduction

In chapter 4, | demonstrated that BOD1L interacts with RIF1, a key downstream effector of
53BP1, and that together, BOD1L and RIF1 suppress the resection of IR-induced DSBs. In G1
cells, this was dependent on BOD1Ls recruitment of RIF1 to damaged chromatin, thereby
preventing the accumulation of BRCA1. It was apparent that BOD1L suppressed aberrant
resection in G2 cells via a distinct mechanism, although the involvement of RIF1 could not be
ruled out. Since BRCA1l-mediated nucleolytic resection is a fundamental driver of repair
pathway choice (Chen et al., 2008), it logically followed that the dysregulation of this process in
cells lacking BOD1L would disrupt the balance of these DSB repair pathways. Indeed, this is
known to be the case for 53BP1 and its downstream effectors, including RIF1. During G1, RIF1
inhibits the recruitment of BRCA1 to damaged chromatin, allowing cells to suppress resection
in G1 (Isono et al., 2017, Feng et al., 2013, Chapman et al., 2013, Escribano-Diaz et al., 2013)).
Attempting repair by HR would clearly be unfavourable during this phase due to the absence of
an undamaged sister chromatid to use as a repair template (Heyer et al., 2010). Alongside the
suppression of potentially deleterious resection during G1, RIF1 also promotes NHEJ of DSBs
and de-protected telomeres (Chapman et al.,, 2013). Conversely, BRCA1 antagonises RIF1
activity during G2, when HR is a viable repair pathway; this is achieved in part through BRCA1-
mediated dephosphorylation of 53BP1 in G2 cells, which inhibits its interaction with RIF1 (Isono

et al,, 2017). Furthermore, CDK-dependent phosphorylation at T847 is a pre-requisite for CtIP
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activity, which ensures that this nuclease only functions in late S/G2 phases of the cell cycle

(Huertas and Jackson, 2009, Huertas et al., 2008).

Although the importance of RIF1 for NHEJ is widely acknowledged, the consequence of RIF1
deficiency on HR remains a point of contention, with some studies showing a negligible impact
on HR (Isobe et al., 2017), and others suggesting an increase in usage of this pathway in RIF1-

depleted cells (Escribano-Diaz et al, 2013).

Due to the interaction between BODI1L and RIF1, | postulated that BOD1L may also act to
promote NHEJ alongside its role in suppressing resection. The experiments presented in this
chapter therefore sought to discover the impact of BOD1L and RIF1 depletion on DSB repair by

HR, NHEJ and resection-dependent alternative pathways.

5.2: BOD1L regulates DSB repair as well as resection

BODI1L interacts with RIF1 to regulate nucleolytic resection of DSBs, and genome instability
arises in the absence of BOD1L. However, whether BOD1L influenced DSB repair in cells was
unclear. To investigate this, the impact of BOD1L and RIF1 depletion on HR-mediated repair was
initially probed using an [-Scel-based reporter assay. Further investigations with
immunofluorescence microscopy in specific phases of the cell cycle revealed a G1-specific
increase in RAD51 focus formation. These observations suggested an increase in recruitment

of RAD51 to IR-induced DSBs during this phase. Next, the impact of BOD1L and RIF1 depletion
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on NHEJ was analysed using a telomere fusion assay, which demonstrated that BOD1L, like RIF1,
was required for end-joining. Finally, the use of error-prone resection-dependent repair
pathways was also investigated with an I-Scel-based reporter assay. Together, these data
illustrated that BOD1L is required to promote NHEJ and suppress G1-specific localisation of

RAD51 to DSBs, thereby preventing inappropriate HR.

5.2.1: Depletion of BOD1L has no impact on HR proficiency

Data presented in the preceding chapters have repeatedly demonstrated an increase in
nucleolytic resection, a pre-requisite for HR, in the absence of BOD1L. It was therefore of
particular importance to investigate the impact of BOD1L depletion on downstream levels of
HR. To assess levels of HR, the well-characterised DR-GFP reporter cell line was used (Gunn and
Stark, 2012). This cell line harbours a reporter cassette containing truncated N- and C-terminal
GFP fragments interspersed with a recognition site for the rare-cutting I-Scel endonuclease
(SceGFP). Downstream of SceGFP is a fragment encompassing the central region of the GFP
coding sequence with no N- or C-terminal regions (iGFP). Transient expression of |-Scel induces
a DSB in SceGFP, which is then repaired by HR using iGFP as a homologous template. This
generates a functional GFP coding sequence, and consequent expression of GFP, in HR-

proficient cells.

The workflow for the assay is summarised in figure 5.1a. DR-GFP cells were transfected with
siRNA against BOD1L, RIF1 and a non-targeting control. BRCA1 siRNA was included as a positive
control, since depletion of this key factor should impair HR. Forty-eight hours post-siRNA

transfection, cells were transfected with an |-Scel expression plasmid and a plasmid encoding
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RFP as an internal control for transfection efficiency. Repair of the I-Scel-induced DSB by HR
was subsequently examined by measuring the proportion of GFP-positive cells by flow
cytometry (figure 5.1a). Proportions were adjusted according to the transfection efficiency of
PRFP, as determined by flow cytometry, and relative HR levels were normalised to control cells

(figure 5.1b).

As expected, the proportion of HR-profient cells was significantly reduced in the absence of
BRCA1 compared to control cells. In accordance with previous literature, there was no
detectable impact of depleting RIF1 (Isobe et al., 2017), suggesting that this factor did not
influence HR-mediated DSB repair. The depletion of BOD1L, or of both factors in combination,
resulted in relative HR efficiencies that were comparable to those of RIF1-depleted cells. These

data implied that, as for RIF1, BOD1L did not affect the usage of HR.

5.2.2: Chromatin recruitment of RAD51 increases upon BOD1L depletion in G1 cells

As an alternative means of monitoring HR, IR-induced RAD51 accumulation at DSBs was
examined by immunofluorescence microscopy. The loading of RAD51 onto ssDNA after
nucleolytic resection to form RAD51 nucleofilaments is a key step in HR-mediated DSB repair
(West, 2003); as such, RAD51 focus formation represents a robust proxy for HR. Hela cells were
treated with siRNA against BOD1L or a non-targeting control sequence, grown on coverslips,
irradiated with a dose of 5 Gy IR, and harvested at multiple time points over a period of 24 h.
Whole-cell extracts from siRNA-treated cells were harvested and immunoblotted against BOD1L

to confirm depletion. In parallel, coverslips were pre-extracted, fixed and stained with
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antibodies against RAD51, and the proportion of RAD51-positive nuclei was quantified at each

time point.
(a) I-Scel site
siRNA transfections ] Y [
of DR-GFP cells. Madified GFP GFP repair template
48 hr
4 I-Scel cleavage (DSB)
I-Scel plasmid transfection ] 7
_‘_‘_:e:‘___ —
72 hr f ; Complete GFP
v Repair by HR
Harvest; fixcellsin 1.8 %
PFA.
Flow cytometry to detect
GFP-positive cells (HR-
proficient).
(b) . 0.5 .
n.s
Nn.s.
140 + U ke '
% | —— |
£ 120 -
(@]
U l’
£ 100 -
s
a
T 80 - l
-
2 60
£ 60 - T
< 1
= 40 -
g
o 20 -
=
O =1 T T T T
s s S s s
_\% _8\% _8\% '\Q"\; 8\%
\O S S 5 S
o My ;\'\« <<'\r (<'\'
$ & N S Q
o & P O
C Q\’
Q)‘C)

Figure 5.1: BOD1L and RIF1 depletion has no detectable impact on HR proficiency in asynchronous cells.

The DR-GFP cell line, harbouring a GFP reporter cassette, was transfected with siRNA against BRCA1, BOD1L, RIF1 and a non-
targeting control. These cells were then transfected with an I-Scel expression vector. Upon expression, the rare-cutting
endonuclease induced a DSB in the GFP reporter cassette. HR-proficient cells were able to repair the resultant DSB using a
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downstream GFP repair fragment as a template, producing a complete GFP sequence. Three days after transfection with the
I-Scel expression plasmid, cells were harvested and fixed in PFA. The proportion of GFP-positive cells was then analysed by
flow cytometry. The workflow for the assay, including the status of the GFP reporter cassette at each step, is shown in (a). The
proportion of HR-proficient cells (GFP-positive) is shown in (b). Data shown: >3 independent experiments. Statistics: Student’s
T-test for Control vs. KD. BRCA1: p <0.0001. BOD1L: p=0.69. RIF1: p=0.96. BOD1L/RIF1: p = 0.69.

siRNA-mediated knockdown of BOD1L was first verified by Western blotting (figure 5.2a). Very
few untreated control cells were RAD51-positive; this rose dramatically at 8 h after 5 Gy IR and
had decreased again by 24 h post-treatment. Interestingly, the proportion of BOD1L-depleted
cells with RAD51 foci was almost identical to that of the control cells at every time point (figure
5.2b-c), providing further evidence that BOD1L does not negatively influence DSB repair by HR,

despite its demonstrated function as a suppressor of DSB resection.

The experiments described in chapter 4 demonstrated that the depletion of BOD1L or RIF1
results in the inappropriate accumulation of BRCA1 in G1 cells only. Since BRCA1l-mediated
stimulation of CtIP and MRE11 is a crucial prerequisite for HR, | hypothesised that this could
lead to a G1-specific increase in RAD51 accumulation at DSBs. The formation of RAD51 foci was
therefore quantified by immunofluorescence microscopy in G1 (CENPF-negative) cells. Control
cells were largely negative for IR-induced RAD51 foci, with only 15.7% of G1 cells exhibiting foci.
Interestingly, this rose two-fold in BOD1L-depleted cells. These data imply that, in agreement
with the above predictions, BOD1L functioned to suppress inappropriate recruitment of RAD51
to resected DSBs during G1. Moreover, similar observations were made for cells depleted of
RIF1 (figure 5.3). This further supported the notion that BOD1L and RIF1 function together to

prevent inappropriate RAD51 recruitment.
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Next, the proportion of CENPF-positive (G2) cells with RAD51 foci was enumerated on the same
coverslips. While the vast majority of these cells exhibited RAD51 foci, there was a modest

reduction in chromatin recruitment of RAD51 in the absence of BOD1L (Control 94.1%, siBOD1L
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Figure 5.2: BOD1L depletion has no detectable impact on IR-induced RAD51 foci formation in an asynchronous pool of cells.
Hela cells were transfected with control and BOD1L siRNA. Depletions were confirmed by Western blotting (a). Cells were
exposed to 5 Gy IR, harvested, pre-extracted, fixed in PFA and stained for RAD51. Representative images are shown in (b). The
proportion of RAD51-positive cells was determined at the indicated time points after irradiation (c).

Data in (c): 2 independent experiments with >100 nuclei analysed per condition in each experiment. Statistics: Student’s T-
test for Control vs. BOD1L. O (untreated): p=0.60. 4 hr: p=0.90. 8 hr: p=0.93. 24 hr: p =0.99.
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Figure 5.3: G1 recruitment of RAD51 increases in the absence of BOD1L or RIF1.

Hela cells treated with the named siRNA were exposed to 3 Gy IR and harvested after 8 hr for analysis by immunofluorescence.
After pre-extraction and fixation in PFA, cells were stained with antibodies against RAD51 and the S/G2 marker CENPF. The
proportion of CENPF-negative (G1) cells with RAD51 foci was calculated for each condition. Representative images are shown
in (a) with quantifications in (b).

Data shown in (b): 3 independent experiments with 2100 cells analysed per condition in each experiment. Statistics: Student’s
T-test for Control vs. KD. BOD1L: p = 0.0008. RIF1: p =0.02.
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73.7%) (figure 5.4). However, this represented only a small reduction; the majority of G2 cells
were still able to form RAD51 foci. It was therefore concluded that whilst BOD1L suppressed

unscheduled HR in G1, it did not dramatically influence levels of HR in G2 cells.

5.2.3: BODILis required for NHEJ

53BP1, RIF1 and SHLD1-3 are required to promote non-homologous end-joining (Chapman et
al., 2013, Dev et al., 2018, Gupta et al., 2018, Noordermeer et al., 2018, Findlay et al., 2018).
In telomere fusion assays, in which telomeres are artificially de-protected and exposed to NHEJ
machinery within the nucleus, RIF1 loss reduced the proportion of chromosome end-to-end

fusions (Chapman et al., 2013), illustrating its role in promoting NHEJ in a physiological context.

In light of its interaction with RIF1, it was postulated that BOD1L may also influence NHEJ. To
investigate this, Hela cells were transfected with siRNA against BOD1L, RIF1, or a non-targeting
control sequence. Twenty-four hours later, cells were transfected with a plasmid encoding
TRF2482M- this dominant negative mutant (Smogorzewska et al., 2002) results in the collapse of
the Shelterin complex, exposing telomeres to end-joining machinery. After 2 days, cells were
then treated with Colcemid, which results in the de-polymerisation of the mitotic spindle and
limits the formation of new microtubules, leading to cell cycle arrest at metaphase. The
workflow is summarised in figure 5.5a. Cells were harvested, metaphase spreads prepared, and
chromosomes visualised with DAPI. The proportion of chromosomes with end-to-end fusions

was then quantified by immunofluorescence microscopy.
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Figure 5.4: Depletion of BOD1L does not increase RAD51 recruitment to IR-induced DSBs in G2 cells.

Hela cells were transfected with the named siRNA, treated with 3 UM Aphidicolin, subjected to 3 Gy IR and harvested for
immunofluorescence after 8 hr. Following pre-extraction and PFA fixation, cells were stained for RAD51 and the S/G2 marker
CENPF. Representative images are shown in (a). The proportion of CENPF-positive cells with RAD51 foci was calculated in
control and BOD1L-depleted cells (b).

Data shownin (b): 3 independent experiments with 2100 nuclei analysed per condition in each experiment. Statistics: Student’s
T-test for Control vs. BOD1L, p = 0.03.
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Upon expression of TRF2282M in control cells, 20.3% of chromosomes ends were fused;
suggesting that unprotected telomeres were joined by the cellular NHEJ machinery. As
expected, this fell sharply to 6.0% in cells depleted of RIF1. Moreover, loss of BOD1L
phenocopied depletion of RIF1, with 5.6% of cells undergoing NHEJ-mediated telomere fusion
(figure 5.5b-c). Taken together, these data support the hypothesis that BOD1L and RIF1 co-

operate to drive NHEJ.

5.2.4: The impact of BOD1L on SSA, a non-canonical resection-dependent repair pathway

When the cellular capacity for NHEJ is reduced, alternative repair pathways compensate for this
impairment to ensure that DNA damage is resolved (Mansour et al., 2008). Furthermore, it was
considered that there could be greater utilisation of non-canonical pathways in the event that
the increased short-range resection in the absence of BOD1L or RIF1 was insufficient to prime
HR (Bakr et al., 2016, Ciccia and Elledge, 2010, Escribano-Diaz et al., 2013). To investigate these
scenarios, a non-canonical resection-dependent pathway, single-strand annealing (SSA), was
investigated using an I-Scel-based reporter assay. This assay was performed in the SA-GFP cell
line. The repair cassette in this cell line consists of a 5" section of the GFP coding sequence
(5'GFP) with a downstream 3’ section that contains the I-Scel recognition site (Sce3'GFP). The
fragments share a short (~260nt) region of homology. Following expression of I-Scel, this
homologous section is sufficient to act as a bridge across the resultant DSB; this facilitates repair

by SSA, which generates a functional GFP sequence (Gunn and Stark, 2012).
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Figure 5.5: Non-homologous end joining of de-protected telomeres is suppressed by depletion of BOD1L or RIF1.

Hela cells treated with the named siRNA were transfected with a mutant TRF2 expression plasmid (TRF2282M). this variant has
a dominant-negative effect on the telomere protection complex, causing the collapse of the complex and exposing
chromosome ends to NHEJ proteins. Three hours prior to harvesting, cells were treated with Colcemid to induce metaphase
arrest. Cell samples were dropped from a height onto slides to spread chromosomes and the metaphase spreads were stained
with mountant containing DAPI. The full workflow is summarised in (a). Representative images are shown in (b). The
proportion of fused chromosomes was scored for each condition by immunofluorescence microscopy (c).

Datashownin (b): 3 independent experiments with 2100 nuclei analysed per condition in each experiment. Statistics: Student’s
T-test for Control vs. KD. BOD1L: p =0.009. RIF1: p = 0.007.
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The workflow for the assay is summarised in figure 5.6a. Cells were transfected as described in
section 5.3.1. For this assay, RAD52, a fundamental component of the SSA pathway (Symington,
2002) was depleted with siRNA as a positive control; the loss of this factor would be expected
to reduce SSA proficiency. However, RAD52 depletion did not result in the anticipated reduction
in GFP-positive cells, suggesting that there was no detectable impact on SSA in the absence of

RADS52 in this assay. The results of this investigation were therefore inconclusive.
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Figure 5.6: Single-strand annealing assay optimisation attempts.

The SA-GFP cell line, harbouring a GFP reporter cassette, was transfected with siRNA against RAD52, BOD1L, RIF1 and a non-
targeting control. After 48 h, these cells were then transfected with an I-Scel expression vector. Upon expression, I-Scel
induced a DSB in the GFP reporter cassette. SSA-proficient cells were able to repair the resultant DSB using a downstream 3’
GFP repair fragment as a template, producing a complete GFP sequence. Seventy-two hours after transfection with the I-Scel
expression vector, cells were harvested and fixed in preparation for flow cytometry. The proportion of GFP-positive cells was
then analysed. The workflow is shown in (a), with a graphical representation of the state of the reporter cassette at each stage.
Figures shown in (b) and (c) each represent a single independent experiment.
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5.3: Discussion

Data from the preceding chapters demonstrated that BODI1L suppressed DSB resection
following exposure of cells to IR. This modulation was likely to occur through its interaction
with RIF1, one of the key downstream effectors of 53BP1-dependent DSB end protection.
Whilst it is well established that RIF1 antagonises unscheduled BRCA1 recruitment to DSBs in

G1 cells and promotes NHEJ, the influence of BOD1L on these processes had not been explored.

| hypothesised that the elevated resection observed in the absence of BOD1L may lead to a
greater utilisation of HR-mediated repair. This was first investigated using an I-Scel-based GFP
reporter assay. The results of this assay imply that, despite its down-regulation of resection,
BOD1L has no impact on HR proficiency. This could be explained by the fact that a proportion
of the unscheduled resection in the absence of BOD1L takes place in G1 cells, in which HR is not
viable. Additionally, if the increase in CtIP-mediated short-range resection observed in BOD1L-
deficient cells is not accompanied by long-range resection, this may be insufficient for the
continuation of HR. This latter scenario was supported by the results of the native DNA fibre
and foci analyses discussed in chapter 3, which pointed towards an increase in the number of
DSBs resected in the absence of BOD1L, but no change in the extent of resection at individual

breaks.

The data from the HR assay also confirmed that HR is unaffected in RIF1-depleted cells. These

results agree with an earlier study by Isobe and colleagues which used the same |-Scel-based
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assay to investigate the influence of RIF1 on HR-mediated DSB repair (Isobe et al., 2017). This

therefore supports the validity of my observations.

Given that HR is a cell cycle-controlled process which is restricted to late S and G2 phases, it
would clearly be advantageous to monitor HR proficiency in specific phases upon depletion of
BODI1L or RIF1. A standard technique for distinguishing between cell cycle phases in flow
cytometry-based assays is co-staining fixed cells with propidium iodide (PI), an intercalating dye.
Pl fluorescence intensity is dependent on the DNA content in the cell; accordingly, G2 cells
would be expected to produce a fluorescence intensity approximately twice that of G1 cells
(Pozarowski and Darzynkiewicz, 2004). However, the inclusion of a separate transfection control
in the assay setup described here rendered the use of Pl co-staining impractical. Therefore, in
order to investigate the impact of BOD1L and RIF1 depletion in a cell cycle-specific assay, RAD51
chromatin recruitment was examined in CENPF-negative and CENPF-positive cells, as well as in
an asynchronous pool of cells. Notably, depletion of BOD1L or RIF1 had no detectable impact
on IR-induced recruitment of RAD51 to DSBs when analyses were carried out in asynchronous
cells; together with the results of the aforementioned reporter-based HR assay, these data

suggest that HR is unaffected by the depletion of these proteins.

In contrast, the increase in RAD51 focal accumulation observed in BOD1L- and RIF1-depleted
CENPF-negative cells implied a G1-specific increase in the recruitment of RAD51 to IR-induced
DSBs. This is in line with the results of a previous study, which showed a slight increase in

RAD51-positive nuclei upon depletion of RIF1 (Escribano-Diaz et al., 2013). My observation of
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comparable results for BOD1L-depleted cells reinforced the notion that BOD1L and RIF1
function together to suppress recruitment of RAD51 during G1. One possibility to consider is
that the inappropriate recruitment of RAD51 to G1 lesions in the absence of BOD1L or RIF1 is
not simply a downstream consequence of aberrant resection, but is reflective of two distinct
functions of BOD1L and RIF1: the suppression of RAD51 recruitment and the modulation of DSB
resection. It may be that the former is specific to G1, whereas the latter can take place in G1
and G2; this would explain why there is no alteration in the recruitment of RAD51 to DSBs during

G2 phase in BOD1L- or RIF1-depleted cells, despite increased resection in this context.

It is widely acknowledged that HR is normally restricted to late S/G2 cells that have completed
DNA replication, ensuring a repair template is available. It therefore logically followed that
altered levels of HR would be expected in G2 cells in the absence of BOD1L. This would manifest
itself in greater recruitment of RAD51 to IR-induced DSBs in BOD1L-depleted cells. In contrast,
however, a mild reduction in RAD51 recruitment was observed in G2 cells depleted of BOD1L,
suggesting no increase in the utilisation of HR during this cell cycle phase in the absence of
BOD1L. These results illustrate that whilst BOD1L suppressed unscheduled HR during G1, it did
not actively promote this process during G2. This may reflect the fact that HR is a slow and
complex process; even during G2, the majority of DSBs are repaired by other pathways
(Mansour et al., 2008, Karanam et al., 2012). Increased resection alone may be insufficient to
prompt a shift towards a greater use of HR. Instead, excess resected DSBs may be subjected to

error-prone resection-dependent pathways which do not require RAD51.
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Alongside its role in suppressing BRCA1 accumulation, RIF1 also actively promotes non-
homologous end joining; previous studies have shown that NHEJ is impaired in the absence of
RIF1 (Chapmanetal., 2013, Feng et al., 2013, Escribano-Diaz et al., 2013, di Virgilio et al., 2013).
As it has been demonstrated in chapter 4 that BOD1L and RIF1 interact and function within the
same pathway, these proteins were expected to have a comparable impact on NHEJ. This was
investigated with a telomere fusion assay, in which the expression of a dominant-negative
mutant version of TRF2, a member of the protective Shelterin complex (TRF2482M) promotes
de-protection of chromosome ends. This therefore provides an elegant and robust system for
the investigation of the cellular capacity to perform NHEJ (Smogorzewska et al.,, 2002). In
accordance with my predictions, depletion of BOD1L and RIF1 suppressed the formation of end-
to-end telomere fusions in the telomere de-protection assay. This illustrated that both of these
proteins function in NHEJ; this pathway for DSB repair is therefore likely to be impaired in cells

lacking either protein.

Previous studies have demonstrated that impairment of NHEJ results in greater utilisation of
alternative repair pathways, including the non-canonical resection-dependent pathway, SSA
(Mansour et al., 2008, Escribano-Diaz et al., 2013). Moreover, | considered the possibility that
the increased short-range nucleolytic resection observed in the absence of BOD1L or RIF1 may
not be coupled to elevated HR (Escribano-Diaz et al., 2013, Bakr et al., 2016, Cicca and Elledge,
2010). | therefore investigated the impact of BOD1L and RIF1 on SSA with a well-characterised
I-Scel-based reporter assay (Gunn and Stark, 2012). The positive control selected for this assay

was RAD52, a critical component of the SSA pathway. Following CtIP-mediated end resection
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to expose 3° homologous flanking sequences, RAD52 mediates the re-annealing of these
regions. This is followed by the removal of non-homologous sections and gap-filling by DNA
polymerases. As such, severe impairment of SSA would be expected in the absence of RAD52
(Bhargava et al., 2016, Symington, 2002). However, attempts to optimise this assay proved to
be unsuccessful. As shown in figure 5.6, depletion of RAD52 did not result in the predicted
suppression of the GFP signal. Based on the results from this chapter and published literature,
| would hypothesise that BOD1L-deficient cells would be forced to make greater usage of SSA
as a repair pathway than their control counterparts due to the impairment of NHEJ in the
absence of BOD1L. It would be worthwhile to make further attempts to optimise this assay in
order to obtain conclusive results. Alternative siRNAs against RAD52 could be trialled to rule

out inefficient protein depletion as a cause of the problems.

Collectively, these results demonstrate that BOD1L, along with RIF1, drives repair by NHEJ.
Furthermore, in the absence of either protein, RAD51 focus formation increases during G1,
suggesting that BOD1L and RIF1 co-operate to prevent inappropriate recruitment of RAD51 to
DSBs in this phase. The role of BOD1L as an indirect regulator of HR appears to be confined to

G1; my results suggest that it does not promote HR in G2 cells.

Previous investigations have sought to characterise the role of BOD1L during replication stress
(Higgs et al., 2015). The objectives of my thesis thus far have been to extend these
investigations to examine the importance of BODIL in the repair of IR-induced DSBs. The

Topoisomerase | inhibitor Camptothecin (CPT) induces single-ended DSBs, which can be
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regarded as a structural “intermediate” between a collapsed replication fork and a 2-ended DSB
induced by IR. With this in mind, the work in the following chapter aimed to determine whether
BOD1L was required for the resolution of CPT-induced lesions, and how other known DDR

factors co-operate with BOD1L to effect repair.
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Chapter 6: Role of BODIL in repair of Camptothecin-induced double-strand

breaks

6.1: Introduction

The earlier chapters of my thesis demonstrated that BOD1L acts as suppressor of DSB resection
in cells exposed to IR. BOD1L also co-operates with RIF1 in promoting NHEJ and suppressing
the inappropriate accumulation of RAD51 during G1, in which HR is inviable. However, BOD1L
does not actively promote HR during G2. Previous studies and my work thus far have
collectively investigated BOD1L's importance in the DDR in S-phase (during which collapsed
replication forks result in DSB-like structures) (Higgs et al., 2015) and G2 (in which double-
ended DSBs may be induced by IR). However, the potential role of BOD1L in the resection of
single-ended DSBs in S-phase cells, which can be regarded as an intermediate between

collapsed replication forks and G2 double-ended DSBs, remained unexplored.

Such breaks can be induced by the Topo-1 inhibitor Camptothecin (CPT). During DNA
replication or transcription, unwinding of double-stranded DNA leads to torsional stress. The
resultant supercoiling can be deleterious to cellular processes as it can impair the movement
of key enzymes; as such, DNA supercoiling must be regulated carefully. To this end, a family of
enzymes known as topoisomerases has evolved. Conserved across all kingdoms, these
enzymes control supercoiling during S-phase through programmed DNA cleavage and re-

ligation (Koster et al., 2010). CPT inhibits the activity of Topoisomerase-1 (Topo1l) by binding
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covalently to the Topol-DNA complex and preventing the re-ligation of programmed nicks in
the DNA. If this CPT-enzyme-DNA structure collides with an ongoing replication fork, a single-
ended DSB forms. As with other DSBs, cell death may follow if this DSB cannot be promptly

resolved (Liu et al., 2000).

Since CPT-induced DSBs occur during S-phase, they may be repaired by HR, provided that a
template is available for repair. In order to facilitate repair of the DSB, the CPT-Topo1 adduct
requires specialised processing in addition to nucleolytic resection. Multiple factors have been
implicated in these processes. The ERCC1-XPF complex, typically associated with DNA crosslink
resolution, has structure-specific nuclease activity and is thought to remove 3’ phosphotyrosyl
bonds in DNA-Topol complexes (Takahata et al., 2015). Additionally, based on studies of its
yeast homologue, Fun30, it has been proposed that the chromatin remodeller SMARCAD1 is
also crucial for the repair of CPT-induced DNA damage; depletion of this factor results in
heightened sensitivity to CPT, whereas over-expression leads to genome instability in CPT-
treated cells (Costelloe et al., 2012). Both CtIP and DNA2 are also involved in the resection of
CPT-induced DSBs as a precursor to HR-mediated repair (Liu et al., 2016, Hartsuiker et al., 2009,
Nakamura et al., 2010). Interestingly, my data, in combination with previous studies, attributed
aberrant resection in the absence of BOD1L to these nucleases. However, whether they played

an equivalent role in BOD1L-deficient cells exposed to CPT remained to be determined.

There had been no investigations of the potential role for BOD1L in the resection and resolution

of single-ended S-phase DSBs, or those known to require complex processing due to the
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presence of end adducts — both of which are characteristics of CPT-induced DNA damage.
Moreover, the relevance of the interaction between BOD1L and RIF1 in this context was
unexplored. This chapter therefore aimed to determine the importance of BOD1L and RIF1 in

DSB resection, repair and genome stability following CPT exposure.

6.2: BOD1Lis involved in the repair of CPT-induced DSBs

Since BOD1L modulates DSB resection and resection of replication forks in S-phase, |
hypothesised that it may also contribute to the resolution of one-ended S-phase DSBs induced
by CPT. To ascertain the importance of BOD1L in the repair of these lesions, the sensitivity of
BOD1L-and RIF1-depleted cells to CPT was first assessed by clonogenic survival assays. Markers
of CPT-induced genome instability and DNA damage signalling were subsequently quantified
by immunofluorescence microscopy in cells depleted of BOD1L and RIF1. These results
collectively suggested that BOD1L, along with RIF1, was involved in the maintenance of genome
stability and preservation of cell viability following exposure to CPT. To shed further light on
the role of BOD1L/RIF1 in this process, immunoblotting and immunofluorescence microscopy
were used to examine the recruitment of RPA2, phosphorylated RPA32, RIF1 and BRCA1 to sites
of DNA damage following CPT exposure in the absence of BOD1L. From these data, it was
concluded that BOD1L suppressed resection of CPT-induced DSBs but did not influence the
localisation of BRCA1. Finally, the role of BOD1L in HR-mediated repair after CPT was analysed

by assessing the recruitment of RAD51 to sites of CPT-induced DNA damage.
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6.2.1: BODI1L and RIF1 contribute to cell survival and genome stability after exposure to CPT
The potential role for BOD1L in the resolution of DSBs induced by CPT, which can be viewed as
a structural intermediate between IR-induced two-ended DSBs and single-ended DSBs arising
from replication fork collapse, had not been explored. Since BOD1L was shown to function in
multiple aspects of the DDR to repair a variety of DNA lesions, | proposed that it may also
participate in the resolution of CPT-induced DSBs, and that cell viability would be compromised
in its absence. Furthermore, having demonstrated in chapter 4 that BOD1L and the 53BP1
effector RIF1 functionally interact, | hypothesised that comparable results would be obtained

in RIF1-deficient cells.

To investigate cellular sensitivity to CPT in the absence of BODI1L or RIF1, | carried out
clonogenic survival assays as described in section 3.3.1. Hela cells depleted of BOD1L or RIF1
were subjected to doses of CPT ranging from 0.1 uM to 2.0 uM; the medium was washed out
and replaced after 1 h. After incubation for a further 10 days in standard conditions, surviving
colonies were stained with Crystal Violet solution, washed thoroughly and quantified manually.
Additionally, transfected cells were plated at normal density, cultured and harvested after 3

days for Western blot analysis.

Depletion of BOD1L and RIF1 was initially confirmed by Western blotting (figure 6.1a). In the
absence of either factor, there was a modest reduction in cell survival following treatment with
CPT; this was most apparent after high-dose CPT (figure 6.1b). These data suggested that

BOD1L and RIF1 contribute to the preservation of cell viability after exposure to CPT. However,
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the defect was relatively mild. This observation implies that BOD1L and RIF1 play a less
prominent role in the repair of CPT-induced lesions than a number of previously implicated
factors, such as XRCC1 (Horton et al., 2017), MutS homologue 5 (MSH5) (Xu et al., 2015b), the

structure-specific nuclease SLX4 (Kim et al., 2013), and TDP1 (Das et al., 2014).

Given that BOD1L functions in the repair of DNA damage and maintenance of genome stability
after IR or during replication stress (Higgs et al., 2015), it was plausible to speculate that this
factor also participated in the resolution of CPT-induced lesions, thereby maintaining genome
stability in this context. Additionally, due to its interactions with BOD1L, | hypothesised that

RIF1 would perform a parallel role.

To assess the importance of BOD1L and RIF1 in maintaining genome stability following
exposure of cells to CPT, | examined the formation of micronuclei by immunofluorescence
microscopy. Hela cells were transfected with siRNA to deplete BOD1L, RIF1, or both factors in
combination. Transfected cells were treated with 1 uM CPT for 1 h; following wash-out of CPT

and replacement of medium, cells were cultured for a further 24 h and harvested.
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Figure 6.1: Depletion of BOD1L or RIF1 results in higher sensitivity to CPT.

Following siRNA-mediated depletion of BOD1L and RIF1 in Hela cells, whole-cells extracts (WCEs) were prepared and analysed
by Western blotting to confirm successful knockdowns of the named proteins (a). siRNA-treated cells were plated at low
density and subjected to the indicated doses of CPT for 1 hr before washing out. Cells were allowed to proliferate for 10 days.
At this time, the proportion of surviving colonies was calculated (b).

Data show in (b): 3 independent experiments with 3 dishes per condition for each experiment. Statistics: ANOVA. Con vs.
BOD1L: p =0.02. Convs. RIF1: p=0.02. BOD1L vs. RIF1: p = 0.99 (not significant).
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Coverslips were pre-extracted, fixed and mounted with DAPI prior to enumeration of

micronuclei by immunofluorescence microscopy.

In control cells, 7.4 % of nuclei exhibited CPT-induced micronucleation. This proportion
approximately doubled upon depletion of BOD1L, RIF1, or both factors (figure 6.2); however, it
was noted that the observed increase in micronucleation was not statistically significant when
BOD1L was depleted singly. Therefore, whilst these data supported the notion that RIF1
contributed to genome stability following CPT exposure, potentially in co-operation with

BOD1L, the importance of BOD1L to genome stability in this context could not be determined.

6.2.2: Resolution of CPT-induced DSBs is problematic in the absence of BOD1L or RIF1

Having demonstrated that cell survival after exposure to CPT is compromised in the absence of
BODI1L or RIF1, | set out to determine the underlying cause of this defect. To this end, Hela
cells were transfected with siRNA against BOD1L, RIF1, or both factors in combination. Cells
depleted of these proteins were treated with 1 uM CPT for 1 h before washing out. Following
treatment, coverslips were harvested at 1 h and 24 h time points, pre-extracted and fixed for
immunofluorescence microscopy. Cells were stained with antibodies against yH2AX to examine
the repair of CPT-induced DNA damage, and the proportion of nuclei with at least 10 yH2AX

foci was assessed.
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Figure 6.2: Cells depleted of BOD1L or RIF1 show more CPT-induced micronucleation.

Hela cells treated with siRNA against BOD1L and RIF1, singly and in combination, were subjected to 1 uM CPT for 1 hr before
washing out. Cells were harvested 24 hr after treatment and mounted in medium containing DAPI. The number of cells with
micronuclei was quantified by immunofluorescence microscopy. Representative images are shown in (a) and quantifications
in (b).

Data shown in (b): 23 independent experiments with >100 nuclei quantified per condition in each experiment. Statistics:
Student’s T-test for Control vs. KD. BOD1L: p =0.15. RIF1: p=0.02. BOD1L/RIF1: p =0.03. Error bars indicate SEM.
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In cells depleted of BOD1L, RIF1 or both proteins, there was a two-fold increase in CPT-induced

YH2AX focus formation at 1 h post-treatment relative to control cells. Moreover, in

the absence of these factors, the proportion of yH2AX-positive cells remained elevated at 24 h
after the induction of DNA damage. Interestingly, at both time points, the proportions of nuclei
with yH2AX foci were strikingly similar upon depletion of the above-named factors (figure 6.3).
Collectively, these data implied that DSBs generated by exposure to CPT could not be fully
resolved in BOD1L- or RIF1-deficient cells. Furthermore, the absence of any additive impact on
YH2AX recruitment to CPT-induced DSBs in cells depleted of both BOD1L and RIF1 suggested
that these proteins act within the same pathway to resolve DNA damage after exposure to this

genotoxin.

For further insight into the collective role of BOD1L and RIF1 in the repair of CPT-induced DSBs,
| depleted these factors in Hela cells using siRNA, treated cells with CPT and harvested
coverslips for immunofluorescence microscopy after 24 h as described above. Cells were
stained with antibodies against 53BP1, a well-established marker of DSBs (Symington & Gautier,
2011, Bothmer et al., 2010, Bunting et al., 2010). The proportion of cells with at least 10 53BP1

foci was examined by immunofluorescence microscopy.

Approximately 40 % of control cells contained 53BP1 foci 24 h after treatment with CPT; there

was negligible alteration to this proportion upon depletion of the proteins of interest (figure
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Figure 6.3: Resolution of CPT-induced DSBs is compromised in the absence of BOD1L or RIF1.

Hela cells were transfected with the named siRNA, exposed to 1 uM CPT for 1 h and harvested at the indicated time points
following exposure. Cells were pre-extracted, fixed and stained with antibodies against yH2AX, and the proportion of cells with
at least 10 foci was assessed by immunofluorescence microscopy. Representative images are shown in (a) with quantifications
in (b).

Data shown in (b): 3 independent experiments with at least 100 nuclei analysed per condition. Statistics: Student’s T-test for
Control vs. KD. 1h:BOD1L: p=0.02. RIF1: p=0.03. BOD1L/RIF1l: p=0.06. 24 h: BOD1L: p =0.06. RIF1: p=0.12. BOD1L/RIF1:
p = 0.08.
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6.4). These observations demonstrated that the recruitment of 53BP1 to sites of CPT-induced

damage was unaffected in the absence of these factors.

6.2.3: Resection of CPT-induced DSBs is increased in the absence of BOD1L or RIF1

The results of the previous section provided some evidence that BOD1L and RIF1 functioned
together in the resolution of CPT-induced DSBs. Previous literature, as well as the earlier
chapters of my thesis, illustrated that BOD1L and RIF1 suppressed inappropriate resection of
stalled replication forks and IR-induced DSBs in order to facilitate their repair (Higgs et al., 2015,
Garzon et al., 2019). | therefore proposed that these proteins also contributed to the repair of
CPT-induced DSBs by modulating nucleolytic resection of these lesions. In order to determine
whether BOD1L and RIF1 suppressed resection in this context, | analysed the recruitment of
RPA2 to CPT-induced DSBs. Hela cells were transfected with siRNA against BOD1L and RIF1,
both singly and in combination. Transfected cells were treated with 1 uM CPT and harvested
after 1 h. After being pre-extracted and fixed, coverslips were stained with antibodies against
RPA2 and co-stained with CENPF antibodies to permit the identification of late S-phase nuclei
which had sustained CPT-induced damage. The proportion of CENPF-positive cells with at least

10 RPA2 foci was enumerated by immunofluorescence microscopy.

In control cells, 16.8 % of CENPF-positive nuclei exhibited RPA2 foci following exposure to CPT.
This increased approximately two-fold in the absence of BODI1L, RIF1, or both factors in
combination (figure 6.5), suggesting that resection of CPT-induced DSBs was elevated in the

absence of these proteins.
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Figure 6.4: Recruitment of 53BP1 to sites of CPT-induced damage is unaffected in the absence of BOD1L or RIF1.

Hela cells treated with the named siRNA were subjected to 1 uM CPT for 1 h before washing out. Treated cells were harvested
after 24 hr, stained with antibodies against 53BP1 and mounted in medium containing DAPI. The number of cells with at least
10 53BP1 foci was quantified by immunofluorescence microscopy. Representative images are shown in (a) and quantifications
in (b).

Data shown in (b): >3 independent experiments with =100 cells quantified per condition in each experiment. Statistics:
Student’s T-test for Control vs. KD. BOD1L: p =0.25. RIF1: p=0.98. BOD1L/RIF1: p =0.62. Error bars indicate SEM.
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As a definitive indication of the impact of BOD1L and RIF1 depletion on resection of CPT-
induced lesions, | extended my studies further to examine RPA32 phosphorylation in the
absence of these factors after treatment with CPT. Hela cells were transfected, treated and
harvested as described above. In preparation for immunofluorescence microscopy, coverslips
were stained with antibodies against RPA32-P (S4/58) and CENPF, and the proportion of CENPF-
positive nuclei with at least 10 RPA32-P foci was assessed. In parallel, Hela cells treated with
SiRNA against BOD1L or a non-targeting control sequence were exposed to 1 uM CPT and
harvested 1 h and 4 h after treatment. Whole-cell extracts were prepared and analysed by
Western blotting; membranes were probed with antibodies against BOD1L, RPA32-P (S4/S8)

and as a subset of established targets of ATM, a master regulator of the DDR.

Western blotting confirmed the successful depletion of BOD1L. In the absence of this factor,
cells exposed to CPT exhibited slightly higher levels of RPA32 phosphorylation than control cells;
furthermore, there was a moderate increase in levels of CHK1-P (S345) and yH2AX (figure 6.6a).
Taken together, these results were suggestive of elevated resection of CPT-induced DSBs in
cells depleted of BOD1L. This may have been accompanied by an increase in DDR signalling

after CPT exposure in these cells.

Immunofluorescence microscopy analyses also revealed an increase in phosphorylated RPA32
after CPT exposure from 21.7% in control cells to 56.6% in cells depleted of BOD1L. Comparable

increases in RPA32-P were observed upon depletion of RIF1 or RIF1 in
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Figure 6.5: BOD1L- and RIF1-depleted cells exhibit increased accumulation of RPA2 at CPT-induced DSBs.

Hela cells treated with the indicated siRNA were subjected to 1 uM CPT for 1 h before washing out. Treated cells were
harvested after 24 hr, stained with antibodies against CENPF and RPA2 and mounted with DAPI. The proportion of cells with
at least 10 RPA2 foci was assessed by immunofluorescence microscopy. Representative images are shown in (a) and
quantifications in (b).

Data shown in (b): >3 independent experiments with =100 cells quantified per condition in each experiment. Statistics:
Student’s T-test for Control vs. KD. BOD1L: p =.0.03. RIF1: p =0.08. BOD1L/RIF1: p=0.004. Error bars indicate SEM.
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combination with BOD1L. These data provided further evidence of a co-operative role for

BOD1L and RIF1 in suppressing inappropriate resection of CPT-induced DSBs.

As for IR-induced DSBs, unscheduled resection of CPT-induced lesions in the absence of BOD1L
or RIF1 could have manifested itself as an increase in the extent of resection per individual
break, or a greater number of lesions resected per cell. To distinguish between these potential
scenarios, | transfected Hela cells with siRNA against BOD1L, RIF1 or a non-targeting control
sequence, cultured these cells for 24 h with 10 uM IdU and exposed them to 1 uM CPT for 1 h.
The following day, | harvested cells for native DNA fibre analysis (omitting the HCl denaturation
step) and immunofluorescence microscopy. After spreading, DNA fibres were stained with
antibodies against IdU, and tracts of resected ssDNA were measured using ImageJ. Coverslips
for immunofluorescence microscopy were pre-extracted twice, fixed and stained with

antibodies against IdU, and IdU foci were enumerated.

Native fibre analysis did not show any detectable difference in the length of ssDNA tracts
between control cells and those depleted of BOD1L. However, there was a modest increase in
tract length in RIF1-depleted cells (figure 6.7). The number of IdU foci per nucleus in CPT-
treated cells was unaffected by the absence of either factor (figure 6.8). These analyses implied
that RIF1 suppressed the extent of resection at individual CPT-induced DSBs, but BOD1L was
dispensable for this function. IdU focus quantification did not support a role for either protein

in curbing the number of lesions resected.
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Figure 6.6: Depletion of BOD1L or RIF1 results in greater RPA32 phosphorylation in cells exposed to CPT.

Hela cells treated with siRNA against BOD1L or a non-targeting control sequence were exposed to 1 uM CPT for 1 h prior to
washing out. Cells were harvested and whole-cell extracts prepared for Western blot analysis at the indicated time points after
treatment with CPT. Membranes were probed with the named primary antibodies, incubated with HRP-conjugated secondary
antibodies and visualised with chemiluminescence (a). In parallel, cells transfected and treated as in (a) were harvested 1 h
post-CPT. Coverslips were pre-extracted, fixed and stained with antibodies against RPA32-P (S4/S8) and CENPF, and the
proportion of CENPF-positive cells with at least 10 RPA32-P foci was assessed by immunofluorescence microscopy.
Representative images are shown in (b) with quantifications in (c).

Data shownin (c): 3 independent experiments with 2100 nuclei per condition analysed in each experiment. Statistics: Student’s
T-test for Control vs. KD. BOD1L: p=0.04. RIF1: p=0.02. BOD1L/RIF1: p =0.09.
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Figure 6.7: RIF1 depletion, but not BOD1L depletion, has a mild impact on the extent of resection of individual CPT-induced
DSBs.

Hela cells were transfected with siRNA against BOD1L, RIF1 or a non-targeting control sequence. The following day, the culture
medium was supplemented with IdU. After 24 h, cells were treated with 1 uM CPT; the medium was replaced after 1 h. Cells
were harvested, stained with antibodies against IdU and spread for DNA fibre analysis, omitting the HCI denaturation step.
Fluorescence microscopy images were acquired and native I|dU tract length was measured using Imagel software. The
workflow is summarised in (a); native IdU tract lengths are shown in (b).

Data shown in (b) acquired from a single experiment with >100 tracts measured per condition. Bars indicate the standard
deviation from the population mean.
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Figure 6.8: Depletion of BOD1L or RIF1 has no detectable impact on the number of CPT-induced DSBs resected.

Hela cells were transfected with Control, BOD1L or RIF1 siRNA and cultured with 10 uM IdU. After 24 h, cells were treated
with 1 uM CPT; this treatment was washed out after 1 h. Coverslips were harvested and stained with antibodies against IdU
and the S/G2 marker CENPF. The number of IdU foci per CENPF-positive cell was quantified by immunofluorescence
microscopy. The workflow is summarised in (a); the numbers of foci per cell are shown in (b).

Data shown in (b): 2 independent experiments with 2100 nuclei analysed per condition in each experiment. Bars indicate the
standard deviation from the population mean.
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6.2.4: BODI1L is required for the recruitment of RIF1 to CPT-induced DSBs but does not affect
BRCA1 localisation
The role of the 53BP1 effector RIF1 as a suppressor of DSB end resection has been researched
extensively. It is known that RIF1 antagonises the recruitment of BRCA1 to lesions that are
unsuitable for repair by resection-dependent pathways, thereby preventing short-range
resection by CtIP, which is dependent on BRCA1 (Feng et al., 2013, Chapman et al., 2013,
Escribano-Diaz et al., 2013, di Virgilio et al., 2013). Moreover, in chapter 4 of my thesis, |
demonstrated that BOD1L interacted with RIF1 and was required for its recruitment to IR-
induced DSBs, where both proteins play a role in modulating resection. | therefore proposed
that the mechanism for BOD1L’s suppression of DSB resection following exposure to CPT could

be based on its recruitment of RIF1 to these lesions.

To determine the importance of BOD1L in the localisation of RIF1 to CPT-induced DSBs, Hela
cells were depleted of BOD1L, RIF1, or both factors in combination using siRNA. Transfected
cells were exposed to 1 uM CPT and harvested for analysis by immunofluorescence microscopy
after 1 h. Coverslips were pre-extracted, fixed and stained with antibodies against RIF1. Cells
were co-stained with antibodies against CENPF to permit identification of late S-phase cells,

and the proportion of CENPF-positive nuclei with at least 10 RIF1 foci was enumerated.

Approximately 18.0% of CENPF-positive nuclei were positive for RIF1 foci. As would be
expected, RIF1 focus formation was almost entirely abrogated upon depletion of RIF1. There

was a three-fold reduction in this proportion in the absence of BODI1L (figure 6.9). This
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illustrates that the recruitment of RIF1 to CPT-induced DSBs is compromised in BOD1L-deficient

cells.

Having demonstrated that BOD1L was required for localisation of RIF1 to sites of DNA damage
in CPT-treated cells, it was important to determine whether impaired RIF1 recruitment resulted
in excessive recruitment of BRCA1 to these sites. Hela cells were transfected and treated with
CPT as described above. After harvesting, pre-extraction and fixation, coverslips were stained
with antibodies against BRCA1 and CENPF in preparation for immunofluorescence microscopy.

The proportion of CENPF-positive cells with at least 10 BRCA1 foci was then assessed.

In control cells, approximately half of CENPF-positive nuclei contained BRCA1 foci. This
proportion increased only slightly in cells deficient of BOD1L, RIF1 or both factors in
combination (figure 6.10). Based on these results, | concluded that BOD1L and RIF1 collectively

play a minimal role in antagonising recruitment of BRCA1 to CPT-induced DSBs.
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Figure 6.9: Recruitment of RIF1 to CPT-induced DSBs is impaired in the absence of BOD1L.

Hela cells treated with the named siRNA were exposed to 1 uM CPT for 1 h. Coverslips were then harvested, pre-extracted,
fixed and stained with antibodies against RIF1 and CENPF. Stained coverslips were mounted with DAPI and the proportion of
CENPF-positive cells with at least 10 RIF1 foci was quantified by immunofluorescence microscopy. Representative images are
shown in (a) with quantifications in (b).

Data shown in (b) are from 3 independent experiments with =100 nuclei analysed per condition in each experiment.
Statistics: Student’s T-test for Control vs. KD. BOD1L: p =0.04. RIF1: p =0.009. BOD1L/RIF1: p =0.01.
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Figure 6.10: Recruitment of BRCA1 to CPT-induced DSBs is unaffected by depletion of BOD1L or RIF1.

Hela cells were transfected with siRNA against BOD1L, RIF1 or a non-targeting control sequence. Transfected cells were
exposed to 1 uM CPT. After 1 h, cells were harvested, pre-extracted, fixed and stained with antibodies against BRCA1 and
CENPF. The proportion of CENPF-positive cells with at least 10 BRCA1 foci was quantified by immunofluorescence microscopy.
Representative images are shown in (a) with quantifications in (b).

Data shownin (b): 3 independent experiments with 2100 nuclei analysed per condition in each experiment. Statistics: Student’s
T-test for Control vs. KD. BOD1L: p=0.15. RIF1: p=0.13. BOD1L/RIF1: p =0.09.
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6.2.5: Repair of CPT-induced DSBs by HR is unaffected in the absence of BOD1L or RIF1

Having demonstrated that BOD1L and RIF1 suppress resection of CPT-induced DSBs, | was
interested to discover the impact of dysregulated resection in the absence of these proteins on
the repair of CPT-induced lesions by resection-dependent DDR pathways. The principal
resection-dependent mechanism for repair of late S- and G2-phase DSBs is HR; since CPT inflicts
DNA damage during S-phase through inhibition of Topol, the resultant lesions may be repaired
by this pathway (Adachi et al., 2004, Adachi et al., 2003). It was plausible to speculate that HR
utilisation could increase as a result of elevated resection in the absence of BOD1L or RIF1. To
investigate this hypothesis, | studied the recruitment of the key HR factor RAD51 to CPT-

induced DSBs.

Hela cells depleted of BOD1L, RIF1, or both factors with siRNA were exposed to 1 uM CPT for
1 h. These cells were harvested, pre-extracted, fixed and stained with antibodies against RAD51
and CENPF, and the percentage of cells with RAD51 foci was examined by immunofluorescence

microscopy.

Nearly 80.0% of CENPF-positive nuclei contained RAD51 foci, and there was negligible
fluctuation in this proportion in the absence of BOD1L or RIF1 (figure 6.11). It was therefore
concluded that HR-mediated repair of CPT-induced DSBs was unaffected by depletion of these

proteins.
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Figure 6.11: HR-mediated repair of CPT-induced DSBs is unaffected in the absence of BOD1L or RIF1.

Hela cells transfected with the named siRNA were treated with 1 uM CPT and harvested after 1 h. Coverslips were pre-
extracted, fixed and stained with antibodies against RAD51 and CENPF before being mounted with DAPI. The proportion of
CENPF-positive cells with RAD51 foci was examined by immunofluorescence microscopy. Representative images are shown in
(a) with quantifications in (b).

Data shownin (b): 3 independent experiments with 2100 nuclei per condition analysed in each experiment. Statistics: Student’s
T-test for Control vs. KD. BOD1L: p =0.49. RIF1: p=0.77. BOD1L/RIF1: p =0.25.
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6.3: Discussion

In the previous chapters of my thesis, | demonstrated that BOD1L suppresses unscheduled
resection of IR-induced DSBs through its interaction with the 53BP1 effector RIF1. Together,
these proteins antagonise the inappropriate recruitment of BRCA1 to DSBs during G1, thereby
preventing short-range resection by CtIP and MRE11. Down-regulation of resection is
advantageous during this phase as HR is not a viable repair pathway due to the absence of a

suitable repair template. Accordingly, BOD1L was also shown to promote NHEJ.

The Topol inhibitor CPT induces single-ended DSBs during S-phase. This type of lesion can be
regarded as a structural intermediate between single-ended DSBs that arise during S-phase
upon replication fork collapse and double-ended DSBs induced in G2 by IR. However, the
importance of BOD1L, as well as its interaction with RIF1, had not previously been investigated

in cells exposed to CPT.

| proposed initially that BOD1L and RIF1 may be required for the maintenance of genome
stability and overall cell viability following exposure to CPT; this was tested by the enumeration
of micronuclei with immunofluorescence microscopy, as well as clonogenic survival assays. In
line with its known functions during replication stress and in cells exposed to IR, BOD1L was
also found to play a role in ensuring cell survival after CPT. The knockdown of RIF1 had a
comparable impact to that of BOD1L depletion, and the depletion of both factors did not have

any additive impact, confirming that BOD1L and RIF1 function together to preserve cell viability
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after CPT-induced DNA damage. However, the mild increase in CPT-induced micronucleation
in the absence of BOD1L or RIF1 was insufficient to support a prominent role for either factor

in the maintenance of genome stability.

It is plausible that crosstalk between BOD1L, RIF1 and additional factors may be crucial for the
maintenance of genome stability and cell viability following exposure to CPT. One promising
candidate proteinis TDP1, which is known to play a vital role in the repair of CPT-induced lesions
by the removal of trapped Topol cleavage complexes; furthermore, it was demonstrated
recently that TDP1, as for BOD1L and RIF1, is required for NHEJ (Li et al., 2017). There is also
scope for interplay between BODI1L and the versatile nuclease/scaffold factor SLX4 -
alternatively designated FANCP, a bona fide FA pathway protein. SLX4 regulates a multitude of
DNA repair pathways, including the response to CPT via its interaction with the structure-
specific endonuclease MUS81 (Kim et al., 2013, Ceccaldi et al., 2016b). Through its recently-
demonstrated interaction with the FA pathway, it is plausible that BOD1L may co-operate with

SLX4 in the resolution of CPT-induced DSBs (Higgs et al., 2015).

Cell survival and genome stability are reliant on intact DDR pathways. | therefore hypothesised
that the repair of CPT-induced DSBs was compromised in the absence of BOD1L and RIF1. To
investigate this hypothesis, | depleted cells of BOD1L and RIF1 with siRNA and analysed the
recruitment of yH2AX and 53BP1 recruitment to sites of CPT-induced damage by
immunofluorescence microscopy and Western blotting — a well-established method for

monitoring the repair of DSBs. | observed an increase in yH2AX focus formation and protein
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levels at early time points after CPT exposure, as well as a failure to resolve foci after 24 h. This
implied that the repair of CPT-induced DSBs was problematic in the absence of these factors,
and further demonstrated the co-operation between BODI1L and RIF1 in this context.
Conversely, the depletion of either factor was inconsequential for the recruitment of 53BP1 to
CPT-induced DSBs. This could be explained by the fact that BOD1L and RIF1 are both recruited
downstream of 53BP1 (Chapter 4, Feng et al., 2013, Chapman et al., 2013, Escribano-Diaz et
al., 2013, di Virgilio et al., 2013); the absence of these factors would not therefore be expected

to compromise the recruitment of 53BP1.

The mechanism by which BOD1L and RIF1 influenced the repair of CPT-induced DSBs was then
considered. Due to the demonstrated roles of BOD1L in the inhibition of excessive resection
during replication stress and following exposure to IR (Higgs et al., 2015, chapters 3-4), |
speculated that it could perform a parallel role in CPT-treated cells. | set out to determine
whether this was the case by examining the recruitment of the ssDNA-binding protein RPA2
and phosphorylated RPA32 to CPT-induced DSBs by immunofluorescence microscopy. In
agreement with my predictions, there was an increase in CPT-induced focus formation of both
proteins upon depletion of BOD1L or RIF1, confirming that these factors suppressed resection
of lesions induced by this genotoxin. This was further supported by the increase in RPA32

(S4/S8) phosphorylation observed by Western blotting.

| extended my investigations using native fibre analysis and the quantification of IdU foci by

immunofluorescence microscopy in order to determine the nature of aberrant resection in the
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absence of BOD1L or RIF1. It was of interest to determine whether this defect manifested itself
in the resection of a greater number of CPT-induced DSBs, or a greater extent of resection at
individual lesions. Whilst neither factor appeared to influence the number of CPT-induced
lesions resected per cell, there was a slight increase in the length of resected ssDNA tracts in
the absence of RIF1. This observation suggested that RIF1 may function to suppress the extent
of resection at DSBs in cells exposed to CPT, although it will be critical to verify this finding with
additional experiments. Following exposure to IR, the results of the equivalent investigations
suggested that BOD1L limited the number of lesions resected, but did not have an impact on
resection tract length (chapter 3). Based on these contrasting results, | considered the
possibility that BOD1L and RIF1 may function by distinct mechanisms to enable cells to cope

with a variety of genotoxins.

My results suggested that BOD1L and RIF1 functioned within the same pathway to limit
resection of CPT-induced DSBs. Since my earlier work demonstrated that BOD1L is required for
the recruitment of RIF1 to IR-induced DSBs, | hypothesised that it may also be required for the
localisation of RIF1 to DSBs induced by CPT. | assessed RIF1 focus formation in CPT-treated cells
in the absence of BOD1L with immunofluorescence microscopy. As predicted, RIF1 recruitment
to CPT-induced DSBs was impaired in BOD1L-depleted cells, confirming that RIF1 localisation

was reliant upon BOD1L in the context of CPT treatment as well as IR exposure.

Without proper localisation of RIF1 to IR-induced DSBs, BRCA1 accumulated at these lesions in

G1 cells, resulting in inappropriate CtIP-mediated resection (chapter 4). It therefore logically

243



followed that BRCA1 recruitment to CPT-induced DSBs may be altered in the absence of BOD1L.
To this end, | next investigated BRCA1 focus formation by immunofluorescence microscopy in
BOD1L- and RIF1-deficient cells following treatment with CPT. However, BRCA1 localisation to
CPT-induced DSBs in the absence of either or both factors was unaffected. This result was in
line with my observations of BRCA1 recruitment to IR-induced DSBs in G2 cells; in this case, the
localisation of both BRCA1 and RIF1 was independent of BOD1L. A key consideration when
assessing DNA damage foci by immunofluorescence microscopy is that this methodology
cannot give any indication that a recruited protein is functioning appropriately. With this
caveat in mind, | consequently proposed a mechanism by which BOD1L may modulate the
function of BRCA1 at CPT-induced DSBs in order to influence resection without altering its

recruitment.

A key unanswered question is the identity of the DDR components involved in inappropriate
resection of CPT-induced DSBs in cells depleted of BOD1L or RIF1. During periods of replication
stress, BOD1L limits the access of DNA2 to stalled replication forks to prevent uncontrolled
resection, thereby preserving genome stability (Higgs et al., 2015). In contrast, CtIP was found
to be prominently involved in aberrant resection of IR-induced DSBs in the absence of BOD1L
or RIF1 (chapters 3-4). Both of these nucleases, along with BRCA1 and MRE11, are also known
to be involved in the resolution of CPT-induced DSBs (Hartsuiker et al., 2009, Nakamura et al.,
2010, Liu et al., 2016), and are therefore attractive candidate factors. As described in chapter
3, co-depletion of BOD1L and RIF1 along with a panel of candidates may serve to identify those

specifically associated with aberrant CPT-induced resection in the absence of BOD1L or RIF1.
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As well as CtIP, MRE11 and DNAZ2, it would also be worthwhile to include other factors known
to be involved in the repair of CPT-induced DNA damage, such as ERCC1-XPF (Takahata et al.,

2015) and SMARCAD1 (Costelloe et al., 2012).

Having demonstrated a role for BOD1L in suppressing resection of CPT-induced DSBs, which
appeared to be linked to its interaction with RIF1, | speculated that downstream repair
pathways in CPT-treated cells may be compromised in the absence of these proteins. Since
CPT inflicts DNA damage during S-phase, a proportion of these lesions may therefore be
suitable for repair by HR. It was possible that the elevated resection of CPT-induced DSBs
observed in the absence of BOD1L or RIF1 may result in greater utilisation of HR to repair these
lesions. To determine whether this was the case, | analysed the recruitment of RAD51 to CPT-
induced DSBs by immunofluorescence microscopy in cells depleted of BOD1L or RIF1, with the
expectation that RAD51 focus formation would increase if more HR-mediated repair were
taking place. However, no alteration in RAD51 recruitment was detected in the absence of
either protein. A similar result was observed for IR-induced DSBs in G2 cells (chapter 5),
suggesting that an increase in resection alone may be insufficient to drive greater use of this
complex and time-consuming repair pathway. It was also of note that this observation was at
odds with BOD1L’s role in stabilising RAD51 at stalled replication forks (Higgs et al., 2015),
suggesting that this particular function of BOD1L may be restricted to cells experiencing
replication stress. To confirm this, future experiments could involve co-depleting BOD1L with
BLM or FBH1, which are known to destabilise RAD51 in the absence of BOD1L during replication

stress (Higgs et al., 2015), before exposing cells to CPT and examining RAD51 focus formation
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by immunofluorescence microscopy. Time course analyses of RAD51 foci in these cells may

also provide valuable insights into the kinetics of RAD51 recruitment to CPT-induced DSBs.

To conclude, the data presented in this chapter demonstrated that BOD1L played a role in the
repair of CPT-induced DSBs and contributes to the maintenance of genome stability in this
context. However, the absence of BOD1L had a considerably milder impact in cells treated with
CPT than those exposed to IR or inducers of replication stress, suggesting that the repair of CPT-
induced DNA damage was more dependent on alternative factors. As has been shown for
stalled replication forks and IR-induced DSBs, BOD1L fulfilled its function by suppressing
resection of CPT-induced lesions. Co-operation with RIF1 appeared to be required; there was
no additive impact of depleting both proteins. The factors involved in aberrant resection in the
absence of either factor remains to be determined. Finally, the repair of DNA damage by HR
following exposure to CPT was unaffected in the absence of BOD1L or RIF1, and the function of

BODIL as a stabiliser of RAD51 appeared to be confined to states of replication stress.
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Chapter 7: Discussion

7.1:  Summary and Model

Robust mechanisms for the repair of damaged DNA are fundamental to the maintenance of
genome stability. Earlier published work by Higgs and colleagues identified BOD1L as a key
safeguard of genome stability. BOD1L was shown to be involved in the prevention of replication
stress-induced DNA damage by suppressing uncontrolled nucleolytic resection of stalled
replication forks (Higgs et al., 2015). However, the potential role of BODI1L in the cellular
response to other forms of DNA damage had not been investigated. This provided the rationale

for my thesis.

My data have illustrated that the importance of BOD1L as a genome stability factor was not
confined to cells experiencing replication stress; it also functioned in the modulation of
nucleolytic resection at IR- and CPT-induced DSBs. A key aspect of BOD1L-mediated
suppression of resection is its interaction with RIF1, a critical downstream effector of the repair
pathway regulator 53BP1. My results demonstrated that BOD1L was required to recruit RIF1
to IR-induced DSBs, thereby antagonising the localisation of BRCA1 to G1 DSBs and
consequently suppressing the number of sites targeted by CtIP-mediated resection. Although
BOD1L also appeared to suppress CtIP activity during G2, there was no apparent impact on the
localisation of RIF1 or BRCA1 to IR- or CPT-induced DSBs in the absence of BOD1L during this
phase. Itis possible that the functionality of these proteins is impaired in the absence of BOD1L
during G2, despite their successful recruitment. Alternatively, there may simply be a masking

of the focal defect in G2. The proposed mechanism is summarised in figure 7.1.
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Figure 7.1: BOD1L-mediated regulation of DSB repair.

BOD1L functions differently in G1 and G2 to regulate resection and pathway choice during the repair of IR-induced DSBs.
During G1, BOD1L is recruited to DSBs downstream of 53BP1. It interacts with the effector RIF1, facilitating its localisation at
the site of damage. Collectively, BOD1L and RIF1 antagonise BRCA1 recruitment to DSBs, thereby suppressing CtIP/MRE11-
dependent resection. The complex may also prevent inappropriate recruitment of RAD51. Repair of DSBs by NHEJ follows. In
G2 cells, 53BP1 and its effectors are driven from DSBs by BRCA1, allowing for controlled CtIP/MRE11-mediated resection. HR
and NHEJ are both viable repair pathways during this phase. In the absence of BOD1L, G1 cells fail to prevent the localisation
of BRCA1 to DSBs, resulting in uncontrolled resection and greater accumulation of RPA and RAD51. Dysregulated resection is
also observed in G2 cells, as evidenced by an increase in RPA accumulation. In both phases, NHEJ-mediated repair is
compromised, potentially resulting in greater utilisation of mutagenic non-canonical repair pathways.
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7.2: BODIL and the 53BP1/RIF1-mediated DSB end protection pathway

Through a combination of affinity purification mass spectrometry and immunoprecipitations, |
demonstrated a previously unknown interaction between BOD1L and RIF1, key effector of
53BP1. Subsequent immunofluorescence analyses of IR-induced focus formation revealed that
BOD1L was recruited to DSBs downstream of 53BP1 but was required for the recruitment of

RIF1 to DSBs.

These observations support the notion that BOD1L is a novel member of the 53BP1-dependent
DNA end protection complex, alongside RIF1, REV7, PTIP and the Shieldin heterotrimer, which
functions in G1 and G2 phases to restrict nucleolytic resection. BOD1L was also shown to
promote 53BP1-dependent cellular functions, including NHEJ — both in the context of CSR to

resolve programmed DSBs, and to repair DNA damage inflicted by exogenous agents.

7.2.1: The interaction between BOD1L and RIF1

Further characterisation of the interaction between BOD1L and RIF1 revealed that the N- and
C-terminal regions of BOD1L were necessary and sufficient to mediate an association with
endogenous RIF1. Conversely, the intervening region of BOD1L was dispensable for the
interaction. This observation suggests that BOD1L may adopt a looped conformation, bringing
its N- and C-termini into proximity to promote its interaction with RIF1 with no involvement of

the central region (figure 7.2). Such a conformational change would be in line with BOD1L's
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Figure 7.2: The interaction between BOD1L and RIF1.
Simplified structures and key domains of BOD1L and RIF1 are shown in (a). BOD1L may adopt a looped conformation to allow
its N- and C-termini to interact with RIF1 (b).
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likely role as a DDR scaffold protein; this is consistent with the fact that no catalytic activity of
this protein has been identified to date, and that there are no sequence moieties that would
suggest a catalytic function. Moreover, the C-terminal oligomerisation domains of RIF1 are
known to mediate its interaction with other proteins, including BLM and PP1, whilst the N-
terminal HEAT repeats are required for its localisation to DSBs (Escribano-Diaz et al., 2013).
These observations are consistent with a model whereby RIF1 interacts with BOD1L via its

oligomerisation domain.

The drivers for the assembly of the BOD1L-RIF1 complex remain unexplored. It is not known
whether the assembly of the complex is constitutive, regulated by the cell cycle or enhanced
upon detection of DNA damage. Based on the presence of multiple confirmed and putative
S/TQ motifs in the sequence of BODIL, | would hypothesise that ATM/ATR-mediated
phosphorylation may enhance its interaction with RIF1. Furthermore, this post-translational
modification is known to be important for 53BP1-dependent end protection. Phosphorylation
of 53BP1 by ATM at 28 N-terminal motifs is essential for its interaction with RIF1 (Symington
and Gautier, 2011, Bunting et al., 2010, Bothmer et al., 2011). It therefore logically follows that
the interaction between BOD1L and RIF1 may be enhanced in the presence of DSBs in response

to phosphorylation of BOD1L by ATM or ATR.

The results presented in chapter 5 of my thesis demonstrated that BOD1L is dispensable for

successful HR, but is required for successful end joining. This observation is in keeping with its
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interaction with RIF1, which is known to promote NHEJ at the expense of HR, and further

highlights the importance of BOD1L in DSB repair pathway choice.

7.2.2: Suppression of nucleolytic resection

The initial characterisation of BOD1L highlighted the anti-resection role of this factor in cells
experiencing replication stress (Higgs et al., 2015). Since it is well established that there is
redundancy across different DDR pathways in terms of the proteins involved, it was
unsurprising to discover that BOD1L's role in suppressing nucleolytic resection was not
confined to stalled replication forks. Indeed, multiple proteins have been shown to function
during replication stress as well as in the resolution of DSBs. For example, BLM co-operates
with the FA pathway to suppress the formation of micronuclei during replication stress
alongside its key role in nucleolytic resection to prime DSBs for HR (Naim and Rosselli, 2009).
Furthermore, RAD51 contributes to the repair of ICLs, a key cause of replication stress,

independently of its function in HR-dependent DSB repair (Wang et al., 2015a).

In chapters 3 and 4 of my thesis, | demonstrated that BOD1L also negatively regulates resection
of double-ended DSBs induced by IR in G1 and G2 phases of the cell cycle via its interaction
with RIF1. Furthermore, as discussed in chapter 6, these factors also regulate resection of

single-ended DSBs induced in S-phase by CPT.
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The interplay between BRCA1-dependent promotion of DSB resection and end protection by
the 53BP1 pathway has been researched extensively. Whilst 53BP1, RIF1 and additional
downstream effectors impede resection, this block can be overcome by BRCA1 and CtIP when
resection and repair by HR are deemed favourable. The prominent role of CtIP and MRE11 in
DSB resection when BODI1L is depleted is in line with its demonstrated interaction with RIF1
and subsequent suppression of BRCAl-mediated nucleolytic activity. In G1 cells, RIF1
recruitment to DSBs was reduced in the absence of BOD1L, thereby impairing RIF1’s ability to
prevent the inappropriate localisation of BRCA1 to these sites. This underpinned the increase
in CtIP- and MRE11-dependent resection observed. Since extensively processed DSBs cannot
be repaired by NHEJ, this is likely to result in increased utilisation of error-prone resection-
dependent pathways, such as SSA. Ultimately, this scenario may lead to reduced genome

stability due to an overall reduction in DSB repair proficiency.

In G2 cells, however, a more complex mechanism appeared to be in play. During this phase,
the recruitment of RIF1 to DSBs was unperturbed in the absence of BOD1L; accordingly, the
localisation of BRCA1 was unchanged. Nevertheless, increased resection by CtIP and MRE11
was still observed in BOD1L-deficient cells. This pointed towards an undetectable defect in
BRCA1 recruitment, or perhaps a regulatory problem further downstream. It is perhaps
unsurprising that DSB end protection factors function via distinct mechanisms in different cell
cycle phases due to the key differences in context. During G1, extensive resection has the
potential to be highly deleterious to cells due to the absence of any template for HR-mediated

repair. As outlined above, this may lead to an increase in the use of mutagenic repair pathways.
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On the other hand, resection is not unfavourable during G2; indeed, for DSBs which require
processing to remove adducts in advance of repair (such as those induced by IR), HR may be an

advantageous pathway choice.

My research, in combination with recently-published literature, also sheds further light on the
role of BOD1L as a replication fork protection factor. Garzéon and colleagues highlighted a novel
role for RIF1 in the protection of stalled replication forks from nucleolytic degradation. The
mechanism proposed bore similarities to that of BOD1L-dependent fork protection. Most
notably, BOD1L and RIF1 both prevented DNA2-mediated degradation of stalled replication
forks (Higgs et al., 2015, Garzon et al., 2019). It is therefore logical to speculate that BOD1L
and RIF1 may co-operate to preserve the integrity of stalled forks, but further investigations
would be valuable to confirm this. In the absence of RIF1, WRN was shown to be the accessory
helicase required for DNA2-mediated fork resection. The potential importance of WRN in the

context of BOD1L-dependent fork protection has yet to be examined.

7.3: SETD1A: A novel fork protection factor that interactions with BOD1L

As discussed in previous sections, preventing uncontrolled nucleolytic processing of nascent
DNA at stalled replication forks is fundamental for the maintenance genome stability. It is
widely established that multiple members of the FA and HR pathways contribute to replication
fork protection, and there is emerging evidence demonstrating that dynamic chromatin

rearrangements and post-translational modifications are also vital to these processes. For
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example, lysine methyltransferases (KMTs) have been shown to play roles in modulating fork
resection through histone methylation. The yeast KMT Setl, a component of the conserved
COMPASS protein complex, regulates the replication stress response through methylation of
H3K4; loss of this protein impedes transition through S-phase during replication stress (Faucher
and Wellinger, 2010). Furthermore, the activities of EZH2 and MLL2/3 both promote fork

degradation (Rondinelli et al., 2017, Ray Chaudhuri et al., 2016).

Interestingly, SETD1A, a KMT recently identified as novel fork protection factor, interacts with
BOD1L and appears to act within the same fork protection pathway (Higgs et al., 2018). This
interaction was found to be dependent on the N-terminal Shgl homology (Shgl1H) domain of
BOD1L — a region bearing sequence similarity to a component of the yeast COMPASS complex,

Shgl (Higgs et al., 2018, PFAM: 05205, http://pfam.xfam.org/family/PF05205, Marchler-Bauer

et al., 2011, Roguev et al., 2001). SETD1A depletion was found to be epistatic with loss of

BOD1L in cells exposed to MMC, an inducer of replication stress.

In parallel with published literature on BOD1L-mediated fork protection, it was demonstrated
that SETD1A shields nascent DNA from excessive DNA2-mediated processing by suppressing

the anti-recombinase activity of BLM and FBH1, thereby stabilising RAD51 at stalled forks.

Former studies have not suggested that BOD1L has any catalytic activity; however, SETD1A

requires its methyltransferase activity for fork protection. Higgs and colleagues demonstrated
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that SETD1A methylates histone H3K4 at stalled replication forks to mark them for protection.
This modification limits access of the methyl ‘reader’ chromodomain helicase DNA-binding
protein 4 (CHD4). Furthermore, methylation of stalled forks was found to be essential to
facilitate histone chaperoning by FANCD2 in the vicinity of the stalled fork, ultimately leading
to its protection from DNA2-mediated degradation (Higgs et al., 2018). These observations are
consistent with the fact that BOD1L has also been shown to co-operate with the FA pathway
during replication stress. However, it should be noted that recruitment of FANCD?2 or its mono-
ubiquitination — a fundamental step within the FA pathway — was unaffected in the absence of
BODI1L. This suggests that BOD1L acts downstream of SETD1A-mediated histone methylation

and the recruitment of the FA core complex and FANCD2/I (Higgs et al., 2015).

7.3.1: Interplay between fork protection mechanisms

In the preceding two sections, | have compared the mechanism of BOD1L-dependent fork
protection with those of SETD1A- and RIF1-dependent protection. Below, | will discuss the
similarities and contrasts between the fork protection pathways which rely on SETD1A and RIF1

and highlight the scope for interplay between all three pathways.

A point of contrast between SETD1A- and RIF1-dependent fork protection is the difference in
regulatory post-translational modifications required in each case. Whilst RIF1-mediated fork
protection relies on its interaction with protein phosphatase 1 (PP1) and the regulation of WRN

phosphorylation, the SETD1A-dependent pathway is underpinned by histone methylation — a
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pre-requisite for the histone chaperone activity of FANCD2 and subsequent fork protection

(Garzén et al.,, 2019, Higgs et al., 2015, Higgs et al., 2018).

Nevertheless, the similarities between these mechanisms, as well as recent data from our lab
and others, highlight the potential for a common pathway which may involve SETD1A, BOD1L
and RIF1, or a series of closely linked pathways. Most notably, in each case, fork protection
ultimately depends on the suppression of DNA2-mediated fork degradation (Higgs et al., 2018,

Higgs et al., 2015, Garzén et al.,, 2019).

Furthermore, recent studies have highlighted that the conserved HEAT-like repeats in the N-
terminus of RIF1 may serve as a ‘reader’ of histone methylation (Masai et al., 2018, Kobayashi
et al,, 2019). In agreement with this hypothesis, it has been demonstrated that RIF1 is able to
bind in vitro to methylated H3K4; in fact, this methylation is a pre-requisite for the recruitment
of RIF1 to DSBs (Dr. Rachel Bayley, unpublished). Taken together, these observations implicate
RIF1 as an additional methylation ‘reader’, along with CHD4 (Higgs et al., 2018), which
participates in SETD1A-dependent fork protection. Importantly, RIF1 and CHD4 have opposing
roles. CHD4 is negatively regulated by histone methylation, and its recruitment to stalled forks
promotes their degradation in the absence of BRCA2-dependent fork protection (Higgs et al.,
2018). On the other hand, RIF1 is positively regulated by histone methylation and protects
forks from excessive nucleolytic processing. Overall, it is therefore conceivable that BOD1L and
SETD1A are both required to recruit RIF1 to stalled replication forks via direct interaction and

histone methylation activity, respectively (chapter 4, Higgs et al., 2018). These forks are then
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protected through a combination of the exclusion of CHD4 and the recruitment of RIF1. It

would be valuable the elucidate the interplay between these pathways fully.

7.3.2: Replication fork protection and the acquisition of PARPi resistance

It has consistently been demonstrated that BRCA1-deficient cancer cells can acquire resistance
to PARPi-based therapies with the concomitant loss of 53BP1 or its downstream effectors
(D’Andrea, 2018). In light of BOD1L's interaction with RIF1 and with SETD1A, this may prompt
the speculation that SETD1A depletion in cells deficient of BRCA1 may also result in resistance
to PARPi. Indeed, there is emerging evidence to suggest that the depletion of SETD1A on a
BRCA1-deficient background leads to PARPi resistance (Dr. Rachel Bayley and Rhiannon Moss,
unpublished). The up-regulation of alternative fork protection pathways, such as those
dependent on ATR and CHK1 (D’Andrea, 2018), has been established as a viable mechanism for
the acquisition of PARPi resistance. Nevertheless, if future investigations demonstrate that the
depletion of BOD1L also results in resistance to PARP inhibitors, | would speculate that this is
underpinned by the impairment of 53BP1-dependent DSB end protection and the consequent

restoration of HR, rather than the loss of BOD1L-mediated fork protection.

7.4: BODI1L and human disease

A robust DDR is fundamental to the maintenance of human health. As outlined in my
introduction, several human diseases have been attributed to mutations in DDR pathway

proteins; conversely, the inhibition of DDR proteins and pathways has attractive therapeutic
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potential. My thesis, along with previously published material, suggests that BOD1L may also

be a relevant factor in human disease.

7.4.1: Cancer therapeutics

PARP inhibitors (PARPi) remain a mainstay for the treatment of BRCA1- and BRCA2-deficient
malignancies, such as familial breast and ovarian cancers. However, the acquisition of
resistance to this therapy represents an ongoing clinical problem and has been the subject of
extensive study. As stated above, one mechanism underpinning the development of PARPi
resistance in BRCA1-deficient cancers is the impairment of 53BP1-depdenent DNA end
protection (D’Andrea, 2018). The loss of 53BP1 (Bouwman et al., 2010), RIF1 (Chapman et al,,
2013, Escribano-Diaz et al., 2013), REV7 (Xu et al., 2015a) or any single component of the
recently-identified trimeric Shieldin complex (Dev et al., 2018, Gupta et al., 2018b, Findlay et
al.,, 2018, Noordermeer et al., 2018) can lead to the re-establishment of CtIP-mediated DNA

end resection and consequent restoration of HR.

In chapters 4 and 5 of my thesis, | demonstrated that BOD1L and RIF1 interact, and that BOD1L
is required for the recruitment of RIF1 to DSBs induced by IR and CPT. Accordingly, in the
absence of BOD1L, DSB end protection is compromised, leading to an increase in CtIP/MRE11-
mediated resection. Since BODI1L functions upstream of RIF1, | would hypothesise that the
concomitant loss of BOD1L expression or function in BRCA1-deficient tumours may also confer
resistance to PARPi. This has clear implications for clinical management of these cancers and

is worthy of investigation.
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7.4.2: Likely phenotypes for individuals harbouring BOD1L mutations
At the time of writing, no patients carrying mutations in BOD1L had been identified. However,
in view of BOD1L's known associations with SETD1A, as well as the FA and 53BP1 pathways, it

is possible to speculate regarding the likely clinical manifestations of BOD1L mutations.

Immunodeficiency. Several key studies have demonstrated the importance of RIF1 in 53BP1-
dependent cellular processes. This includes the NHEJ-mediated resolution of programmed
DSBs that occur during class switch recombination (CSR) (Chapman et al., 2013, di Virgilio et al.,
2013, Escribano-Diaz et al., 2013). This process is a fundamental aspect of generating a robust
immune system capable of responding to a diverse range of antigens. Through the induction
and repair of DSBs in the ‘switch’ region of the immunoglobulin heavy chain, new B cell isotypes
with altered effector properties are generated (Soulas-Sprauel et al., 2007, Khan and Ali, 2017).
In the absence of RIF1, CSR is severely compromised; di Virgilio and colleagues proposed that
in addition to defective NHEJ, aberrant DSB end resection contributes to this failure of CSR (di

Virgilio et al., 2013).

Given the interaction between BOD1L and RIF1 that | demonstrated in the course of my
research, along with BOD1L's role as a modulator of DSB resection, it logically followed that

BOD1L deficiency might also impede CSR. Indeed, my data (in collaboration with Prof. Simon
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Boulton) suggests this is the case, lending credibility to the notion that patients with mutations

in BOD1L would likely be affected by immunodeficiency.

Fanconi Anaemia. Previous work by Higgs and colleagues revealed that BOD1L depletion
phenocopies the loss of the FA core component FANCA, resulting in its designation as a FA-like
protein (Higgs et al.,, 2015). Moreover, the 53BP1 effector REV7, which is recruited
downstream of RIF1, was recently identified as a bona fide FA protein (Bluteau et al., 2016). As
discussed in chapter 4, my investigations of REV7 localisation to IR-induced DSBs in the absence
of BOD1L were inconclusive due to high antibody background signal. Nevertheless, it is not
inconceivable that mutations in BOD1L may result in clinical features typically associated with
FA due to its interactions with the FA and 53BP1 pathways, particularly given the fact that
BOD1L is likely to function upstream of REV7 due to its functional association with RIF1. Such
features may include congenital abnormalities of the thumb, café-au-lait spots, bone marrow
failure, a predisposition to haematological cancers and genome instability at the cellular level

(Ceccaldi et al., 2016b).

Haematological malignancies. A suite of mutations in BOD1L — predominantly in the ShglH
domain — is associated with chronic lymphocytic leukaemia (CLL) and myelodysplasia, a
precursor to leukaemia development (Dr. Martin Higgs and Prof. Tatjana Stankovic,
unpublished). Based on this observation, | would hypothesise that individuals harbouring such
mutations may be predisposed to haematological malignancies. Given that the ShglH domain

of BOD1L has been shown to mediate its interaction with SETD1A (Higgs et al., 2018), it is likely
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that these mutations may perturb the interaction between these proteins. Since this
interaction has been shown to be critical for the maintenance of genome stability in cells
experiencing replication stress (Higgs et al.,, 2018), its impairment may underpin the

development of cancer in individuals with BOD1L mutations.

Neuropsychiatric disorders. Within the last five years, multiple exome sequencing studies have
implicated rare loss-of-function mutations in SETDIA in the development of schizophrenia.
These studies have further suggested that there may be a general role for chromatin modifiers
in suppressing schizophrenia development (Takata et al., 2014, Singh et al., 2016). Two recent
studies have highlighted the fact that loss of SETD1A results in key transcriptional changes in
genes and pathways known to be relevant to neurodevelopment (Cameron et al., 2019, Mukai
et al., 2019). However, the mechanistic basis of disease development in individuals with
SETD1A mutations remains to be elucidated fully. There is the potential for BOD1L to play a

role in the pathology of neuropsychiatric disease through its interaction with SETD1A.

7.5: Extending the current study

A number of key questions which arose during the course of my studies could not be addressed
in full due to time constraints and lack of reagent availability. It would be valuable to extend

the current study with a focus on the following areas.
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7.5.1: Further insights into the role of BOD1L in 53BP1-dependent end protection
Having identified candidate regions in the N- and C-termini of BOD1L which appear to mediate
its interaction with RIF1, it would be valuable to locate specific residues which are required for

this interaction.

| would begin by extending the in vitro studies performed to date by generating shorter GST-
tagged fragments which span the regions of BOD1L originally encompassed by fragments 1, 2
and 6 (refer to figure 4.3). GST pull-down assays would be used to identify the minimal
fragments required for interaction; point mutations could be introduced into these fragments
in an attempt to abrogate the interaction. Fragment 1 of BOD1L includes the ShglH domain,
which shares regions of sequences homology with the yeast methyltransferase Shgl and is
thought to mediate BOD1L’s interaction with SETD1A (Higgs et al., 2018). Moreover, fragment
6 harbours an AT hook domain, which is known to facilitate DNA binding (Reeves and Nissen,
1990). The selection of residues to mutate can therefore be informed, at least in part, by a

bioinformatics-based approach.

Once the key residues have been identified, these could be validated in an in vivo context using
CRISPR-Cas9 to introduce the relevant substitutions into endogenous BOD1L. The resultant cell
lines would provide a valuable means to investigate the impact of an impaired BOD1L-RIF1
interaction on DSB end resection and genome stability. Since | have shown that BODIL is

required for the recruitment of RIF1 to sites of DNA damage and for RIF1-dependent cellular

263



functions, such as CSR, it is likely that cells harbouring mutations in BOD1L which impair its

interaction with RIF1 would phenocopy BOD1L- or RIF1-depleted cells.

Investigating the potential importance of ATM- and ATR-dependent phosphorylation for
BOD1L'’s interaction with RIF1 and the impact of these modifications on the DDR would be
valuable. To establish whether the BOD1L-RIF1 interaction is constitutive or enhanced by DNA
damage, pull-down experiments could be repeated in irradiated and non-irradiated cells to
detect any difference in the strength of the interaction. If more endogenous protein were
pulled down in cells subjected to DNA-damaging agents, this would be suggestive of a role for
DDR signalling in establishing the interaction. As a further control, such observations could be
verified by treating cells with chemical inhibitors of ATM or ATR; this would be expected to
lessen the BOD1L-RIF1 interaction if phosphorylation by these kinases were playing a
stimulating role. These investigations could be supported by the use of BOD1L phospho-
specific antibodies (Davies, 2015). In vitro approaches could subsequently be used to identify
specific S/TQ motifs within BOD1L which are required for its interaction with RIF1. It would be
worthwhile to focus future research on motifs located within the N- and C-terminal regions of

BOD1L, which are known to mediate the interaction.

It would also be of interest to investigate the importance of BOD1L to the chromatin localisation
of the 53BP1 effectors which are recruited downstream of RIF1 — particularly REV7 and the
Shieldin complex. My investigations into the localisation of REV7 to IR-induced DSBs in the

absence of BOD1L were hampered by non-specific antibody signal; however, during the course
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of my research, no alternative antibodies against REV7 became available. Ideally, the
experiments described in chapter 4 (figure 4.6) would be repeated with an alternative antibody
or cell line expressing tagged versions of these proteins. Given that BOD1L is required to recruit
RIF1 to damaged chromatin, and that the recruitment of REV7 is dependent on correctly-
localised 53BP1 and RIF1 ((Xu et al.,, 2015a, Boersma et al., 2015), | would expect REV7

recruitment to be compromised in the absence of BOD1L.

Finally, the impact of BOD1L depletion on the recruitment of the most distal 53BP1 effector,
the Shieldin complex (Dev et al., 2018, Gupta et al., 2018, Noordermeer et al., 2018, Findlay et
al., 2018), remains unexplored. Due to the lack of commercial antibodies against these
recently-characterised proteins at the time of writing, these investigations would have
necessitated the generation of stable cell lines expressing tagged Shieldin components. This
would have been impractical within the given time frame of my research. As for REV7, | would
hypothesise that the Shieldin complex components would be mis-localised in the absence of
BOD1L, which would be in line with my demonstration of increased DSB resection in BOD1L-

depleted cells.

7.5.2: Impact of BOD1L depletion on DSB repair pathways

Immunofluorescence microscopy provides a robust and relatively straightforward means of
gaining insights into DNA repair dynamics. Indeed, the analysis of DDR protein foci at sites of
damage has been a mainstay of DNA damage repair research for multiple decades. An

important consideration, however, is that the formation of foci demonstrates recruitment of
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the factors concerned, but not necessarily correct functionality. Furthermore, captured images
can, at best, represent only a snapshot of DNA repair activity. Given that the constituents of
the DNA repair machinery can change within a timeline of seconds or minutes, particularly
during the initiating stages of repair, it is entirely plausible that vital information may be missed
when images are acquired over a time scale of hours. Techniques such as live cell imaging (refer
to Karanam et al., 2012 for examples) or high-resolution microscopy to analyse DNA repair at
the single-molecule level (such as the studies described by Graham et al., 2018 and Graham et

al., 2016) may prove valuable to examine DSB repair in the absence of BOD1L in greater detail.

| experienced considerable technical difficulty whilst attempting to optimise the fluorescent
reporter cell line assays described in chapter 5 (Gunn and Stark, 2012); the assays for non-
canonical repair pathways proved particularly problematic. Alternative repair assays may
provide a more comprehensive impression of the impact of BOD1L on DSB repair, potentially
offering crucial insights into repair dynamics in the absence of this factor. For example, the
GC92 cell line generated from human fibroblasts allows for the distinction of canonical NHEJ-
versus alt-EJ-dependent repair outcomes, which result in the expression of CD4 or CDS,
respectively (Rass et al., 2009). Alternatively, the SeeSaw reporter cell line provides a system
for assessing the relative proportions of NHEJ and SSA; each outcome results in the expression
of a different fluorescent protein (Gomez-Cabello et al., 2013). | would hypothesise that in
absence of BOD1L, impairment of NHEJ-mediated repair would be accompanied by a greater
utilisation of non-canonical pathways. It may be that SSA is favoured due to the increased

resection of DSBs that occurs in cells lacking BOD1L.
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The results of the telomere fusion assay described in chapter 5 were in agreement with
published literature and my predictions based on the functional interaction between BOD1L
and RIF1. The end-to-end fusion of de-protected telomeres was markedly reduced upon
depletion of BOD1L or RIF1, demonstrating that both proteins were drivers of NHEJ. Whilst this
assay is an elegant tool for examining the functionality of the cellular end-joining machinery, |
was unable to optimise the detection of telomeres using fluorescence in situ hybridisation
(FISH) probes. Further investigations of NHEJ proficiency in the absence of BOD1L would
therefore be worthwhile to support the existing results. This could involve an |-Scel-based assay
in a suitable reporter cell line (Gunn and Stark, 2012) or a similar assay, or the optimisation of

the FISH approach.

7.5.3: Crosstalk between BOD1L and pro-/anti-recombinogenic pathways

The interplay between BOD1L and the pro- and anti-recombinogenic factors involved in DSB
repair clearly warrants further investigation. In particular, the importance of RAD51 and BLM
in the context of aberrant IR-induced DSB resection have yet to be fully elucidated in a BOD1L-

deficient setting.

The results presented in chapter 3 of my thesis suggested differences in the significance of BLM
at IR-induced DSBs and stalled replication forks in the absence of BOD1L. Whereas BLM activity

has been shown to displace RAD51 from stalled replication forks in the absence of BODI1L,
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leaving them exposed to uncontrolled resection (Higgs et al., 2015), BLM alone is insufficient
to promote elevated resection of DSBs in BOD1L-depleted cells. This may be in keeping with
the seemingly contradictory pro- and anti-resection roles of BLM demonstrated in earlier
studies (Bugreev et al., 2007). However, it is unclear which of these roles predominates in
BOD1L-depleted cells exposed to IR. In order to provide further insights into this unanswered
guestion, it would be interesting to analyse IR-induced RAD51 focal formation in cells depleted

of BOD1L and BLM, and to compare this between G1 and G2 cells.

It was intriguing to note that in BOD1L-deficient cells, elevated resection of DSBs was observed
in G1 and G2, but a corresponding increase in RAD51 recruitment to resected DSBs only
occurred in G1 cells. | cannot rule out the possibility that these observations are indicative of
two distinct, cell cycle-dependent functions of BOD1L. It may be that this factor specifically
acts to suppress the localisation of RAD51 to DSBs during G1, which would not be beneficial to
cells because HR is inviable in this phase. In contrast, the anti-resection activity of BOD1L is
functional in G1 and G2 phases. If this were the case, co-depletion of BOD1L with CtIP or MRE11
would not be expected to reduce RAD51 focal accumulation to control levels due to the
absence of RAD51 suppression by BOD1L. However, if the accumulation of RAD51 at DSBs in
the absence of BOD1L were merely a consequence of aberrant resection in G1, this would be

rescued by the depletion of these key nucleases.
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7.5.4: Potential interactions with RIF1- and CtIP-dependent fork protection pathways

BOD1L is known to operate within the same pathway as the KMT SETD1A to protect stalled
replication forks from excessive nucleolytic degradation (Higgs et al., 2018). The fork protection
functions of RIF1 and CtIP have also recently been described (Garzon et al., 2019, Przetocka et
al., 2017). However, whether BOD1L co-operates with these proteins to protect stalled forks
from degradation remains unknown. A straightforward way to determine this would be to co-
deplete BOD1L with RIF1 or CtIP and monitor the extent of fork resection using DNA fibre
analysis. If these co-depletions resulted in an additive impact on fork resection, this would
imply that distinct protective pathways are in play, with BOD1L and SETD1A functioning in one
pathway and RIF1 in another, potentially along with CtIP (Higgs et al., 2015, Higgs et al., 2018,

Garzon et al.,, 2019, Przetocka et al., 2017).

7.5.5: BODI1L and the repair of CPT-induced DSBs
Although the results presented in chapter 6 point towards a role for BOD1L and RIF1 in the
resolution of DSBs following exposure to CPT, the identity of the other factors involved remains

a key unanswered question.

Since it was apparent that BOD1L suppressed resection of CPT-induced DSBs, in line with its
function during replication stress and following exposure to IR, it would be worthwhile to
discover the nucleases which are regulated by BOD1L in this context. CtIP, MRE11 and DNA2
have been implicated in the processing of CPT-induced DSBs; furthermore, all have been shown

to be regulated by BOD1L in other DNA repair pathways. Co-depletion of BOD1L with these
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nucleases could be undertaken in order to identify those involved in aberrant resection of DSBs
induced by CPT; as described in chapter 3, depletion of the relevant nucleases would be

expected to suppress the elevated resection observed in the absence of BOD1L.

The depletion of BOD1L or RIF1 engendered only a mild increase in cellular sensitivity to CPT,
comparable to that of 53BP1 depletion (Yoo et al., 2005). It is therefore reasonable to assume
that these factors function as accessory proteins in repair pathways which combat CPT-induced
damage, rather than playing prominent roles. siRNA-mediated depletion of BOD1L or RIF1
along with factors such as ERCC1, XPF and SMARCAD1 — key exponents of the repair of CPT-
induced lesions (Takahata et al., 2015, Costelloe et al., 2012) — could be performed, and cell
viability, genome stability and the resolution of DSBs over time could be examined by
immunofluorescence microscopy. Owing to its common role in promoting NHEJ alongside its
functions following CPT exposure, TDP1 is also a strong candidate for co-operation with BOD1L
and RIF1 (Li et al., 2017). Furthermore, there is the potential for BOD1L to interact with SLX4,
a bona fide FA protein involved in the resolution of CPT-induced damage (Kim et al., 2013,
Ceccaldi et al., 2016b). This approach would facilitate the initial identification of factors with
which BOD1L and RIF1 may co-operate during the resolution of CPT-induced DNA damage; no

additive impact would be expected from the depletion of BOD1L/RIF1 and these proteins.
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7.6:  Concluding remarks

The studies presented herein represent a valuable extension to the existing characterisation of
BOD1L, furthering our understanding of the role that this recently-identified protein plays in
the DDR. Moreover, my thesis contributes to our knowledge of the regulation of DSB repair
through the modulation of nucleolytic resection at sites of DNA damage. This regulation has
key implications for DNA repair pathway choice. Finally, as has been discussed, my research

may also have wider-reaching implications into the field of cancer therapeutics.
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