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Abstract

DNA replication must be carried out with high fidelity to ensure accurate transfer of
genetic information upon cell division. The mechanisms by which damage upon DNA is
repaired are extensive and are increasingly well characterised; in contrast, the
mechanisms that maintain DNA replication the face of these challenges, known as the
replication stress response (RSR), are less well understood. Cancer cells often harbour
mutations in these pathways to enable carcinogenesis; conversely, a reliance on
remaining pathways provides opportunity for their selective targeting to elicit genomic
instability and cancer cell death. Therefore, the identification of novel factors of the RSR
will provide new opportunities for drug development. Through the use of isolation of
proteins on nascent DNA (iPOND), E3 ubiquitin ligase DTX3L has been identified as a
novel factor present at the progressing replisome. DNA fibre analysis has suggested
DTX3L to be an important factor in maintaining replication fork dynamics to both
endogenous and amplified replication stress, with evidence of defective replication fork
regression and resection. Quantification of DNA damage response (DDR) markers
suggests that altered replication dynamics as a result of DTX3L depletion are
consequential, resulting in increased genomic instability. Furthermore, an enhanced
sensitivity to clastogen treatment in DTX3L deficient cells is observed, demonstrating
clinical relevance. Mechanistically, through abrogation of ubiquitin ligase domain
functionality, DTX3L ubiquitination is essential for its replication stress associated role.
Evidence presented here suggests DTX3L depletion may result in defective ATR
activation and this may be mediated through DTX3L association with TOPBP1.
Furthermore, ubiquitome enrichment analysis reveals other potential targets of DTX3L
ubiquitination that may contribute to its role in maintenance of DNA replication.

Ultimately, the work here evidences DTX3L as a newly identified factor of the RSR.
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Chapter 1: Introduction
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Cellular propagation and the maintenance all life depends on the timely and
accurate replication of the complete genetic material contained within the
nucleus, so that it may be divided among two daughter cells and growth of the
organism can continue. Deoxyribose nucleic acid (DNA) synthesis, in concert with
DNA damage repair processes, are responsible for ensuring high fidelity of this
genomic transmission. Failures in these processes result in consequences of
varying severity based on the offending lesion produced, the spatiotemporal
context and the magnitude of resultant mutations. The field of DNA damage and
repair aims to identify both the source and remedy of these lesions, so that
advances may be made in the treatment of disease and aging that arise as a
result. It was over 60 years ago at the Institute of Cancer Research (ICR) that the
first conclusive evidence emerged that the fundamental cause of cancer is DNA
damage; today research is ongoing to expand our depth of knowledge ever

deeper, with the hope of identifying better treatments for cancer.
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1.1. Outline

Human cells, despite harbouring around three billion bases of genomic material
that must be replicated each cell division, reproduce with an estimated mutation
rate of less than 2 mutations per mitosis (Werner et al., 2020). To maintain such
high fidelity, cells have evolved numerous DNA damage response pathways, of
which defects can lead to deleterious DNA alterations and genomic instability
(Ciccia & Elledge, 2010). Replication of DNA is one of the most vulnerable cell
processes. At its initiation, replication machinery is assembled at discrete
replication origins to ensure duplication of the genome once per cell division. The
replication machinery permits unwinding of the DNA duplex and semi-
conservative synthesis by establishing a replication fork, elongating as the DNA
is traversed (Gaillard et al., 2015).

DNA replication must be carefully orchestrated to overcome replication
challenges that arise, a phenomenon termed ‘replication stress’. These
challenges manifest as DNA damage lesions, which in turn propagate further
replication stress and genomic instability, and ultimately, carcinogenesis (Gaillard
et al., 2015). Many of the components of the DNA damage response (DDR) are
also recruited by the DNA replication stress response (RSR) to facilitate strategic
DNA restructuring at the fork or for removal of the offending lesion. While the
DNA damage response has been extensively characterised in terms of the
various lesions recognised and their repair sub-pathways, the RSR remains
relatively uncharacterised.

This study aims to provide evidence that the deltex E3 ubiquitin ligase (3-like) 3L,
DTX3L (synonym: BBAP) is a novel factor involved in the RSR. Through the use
of isolation of proteins on nascent DNA (iPOND) coupled to mass spectrometry

(MS), DTX3L has been identified by this lab (unpublished data) to be recruited to
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the active replication fork in conditions of endogenous and induced replication
stress, suggesting that DTX3L plays a functional role in the maintenance of
replication. Additionally, DTX3L has previously been identified to play a role in
the DNA damage response (Wu et al., 2019; Yan et al., 2009). Furthermore,
DTX3L has been found to be overexpressed in cancers of the breast and
prostate, as well as chemotherapy-resistant lymphoma suggesting a role in
cancer biology. Elucidating the role of DTX3L in preventing replication stress may
explain its implication in cancer and will be the focus of this study. Ultimately,

DTX3L may provide a novel therapeutic targeting strategy.
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1.2. Cancer

The collection of diseases that is encapsulated by the term ‘cancer were
considered to share six hallmarks that influence tumour growth and metastasis,
as outlined in the eminent review by Hanahan and Weinburg in 2000 (Hanahan
& Weinberg, 2000). The most fundamental trait of cancer is the ability to maintain
constant proliferation, where non-cancer cells carefully regulate proliferative
homeostasis for sustaining organismal viability. Conversely, cancer cells must
evade the action of growth suppressors; prototypical examples being the
retinoblastoma (pRb) and p53 proteins. Additional hallmarks include the
resistance of apoptosis, induction of new blood vessel formation for sustained
energy supply, achieving replicative immortality and the acquisition of the ability
to metastasize (Hanahan & Weinberg, 2000). These hallmarks have since been
revisited and now include the ability for cancer cells to rewire their cellular
metabolism and avoid immune surveillance, as well as cancer-enabling
characteristics such as its emergence through inflammation and more pertinently,

genomic instability (Hanahan & Weinberg, 2011).

Cancer is the leading cause of death worldwide, resulting in almost ten million
deaths in 2020 (Sung et al., 2021). In 2020, the most common forms of cancer
diagnosed were those of the breast, lung, colon & rectum, prostate, skin (non-
melanoma) and stomach, ranging from 2.26 million cases to 1.09 million cases
respectively. Cancers that resulted in the highest mortality were those of the lung,
colon & rectum, liver, stomach and breast, with mortality ranging between 1.8
million deaths and 0.7 million deaths (Ferlay et al., 2020).

Cancer incidence is dependent on an individual’s genotype and its interplay with

environmental carcinogens, which can be physical, chemical or biological in
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nature. Examples of exogenous causes of cancer that directly lead to DNA
damage include tobacco smoke, ultraviolet (UV) and ionizing radiation (IR), as
well as pollutants such as asbestos and polycyclic aromatic hydrocarbons (PAHSs)

(Pfeifer et al., 2002; Rose Li et al., 2020; Soehnge et al., 1997; Stec et al., 2018).

As discovered by Philip Lawley and Peter Brookes at the ICR during the later 20t
century, carcinogens produce mutations to DNA and these mutations often hinder
DNA replication and cell division (Venitt & Phillips, 2012). It has since been
revealed that many genes mutated in cancer are involved in DNA repair. Non-
cancer cells will respond to DNA lesions through the activation of the DNA
damage checkpoint and DNA damage repair pathways. Unresolved DNA
damage will result in apoptosis or senescence of the non-cancer cell, however
mutations in the cancer cell permit cell survival and DNA damage tolerance. A
state of chronic genomic instability in cancer cells leads to a dependency on
remaining DNA damage repair pathways to permit sustained DNA replication and
cancer cell division; consequentially, cancer cells are inherently subject to a
higher degree of replication stress relative to the non-cancer cell (Gaillard et al.,

2015).
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1.3. DNA Replication & the S-phase Checkpoint

DNA replication is a process in cells that must be carried out with high fidelity in
order to maintain genomic stability. It is a process that is carefully orchestrated
and initiates once per cell cycle through the licensing and activation of replication
origins located throughout the DNA (Leonard & Grimwade, 2017; Masai et al.,
2010; Sclafani & Holzen, 2007).

Eukaryotic DNA synthesis begins with the formation of pre-replisome complexes
(pre-RC) at multiple replication origins during the G1 phase of the cell cycle. This
initiation stage of replication ensures that the genome duplicates only once per
cell division, as origins licensed in G1 can then initiate replication in the following
S-phase (Masai et al., 2010; Sclafani & Holzen, 2007). Initiation of pre-RC
formation begins with origin-association of the origin recognition complex (ORC),
facilitating the recruitment of cell division cycle 6 (Cdc6) protein. Cdc6, along with
chromatin licensing and DNA replication factor 1 (Cdt1), provide a recruitment
scaffold at these origins for loading of the minichromosome maintenance
complexes (MCM2-7), which will produce bidirectional replication forks (Gambus
et al., 2011). Once the pre-RC has permitted loading of MCM2-7 complexes onto
the origin, they are then able to act as platforms for replisome assembly. Upon
G1 to S-phase transition, pre-RCs form functional initiation complexes through
the action of cyclin-dependent kinase 2 (CDK2) and Dbf4-dependent kinase
(DDK), which permit further recruitment of replication factors that make up the
replisome and dissociation of Cdc6 (Petersen et al., 1999).

The main component of the replisome consists of Cdc45 and GINS which bind to
MCM2-7 to form the CMG helicase (llves et al., 2010). Origin firing during early
S-phase initiates the replication process, whereby the parental DNA duplex is

unwound by the CMG complex. At these origins, DNA polymerase a synthesises
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RNA primers upon the leading strand, and primers are formed on the lagging
strand for Okazaki fragment initiation (Foiani et al., 1997). Altogether, this results
in a Y-shaped structure known as the DNA replication fork (Figure 7). In phase
with this continuous helix unwinding, associated leading and lagging DNA
polymerases (¢ and d, respectively), clamped to chromatin by proliferating cell
nuclear antigen (PCNA), extend the nascent DNA strand producing the new DNA
duplexes in a semi-conservative fashion (Georgescu et al., 2017; Miyabe et al.,
2011). Importantly, coupling of the DNA helicase and DNA polymerases ensures
minimal exposure of single-stranded DNA (ssDNA).

Many of the replication origins that were licensed do not proceed with replication
but instead remain dormant, primed for replication later on upon replication fork

stalling or collapse (Blow, Jackson 2011).
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Figure 1. Mechanism and proteins involved in replication origin firing.

Replication origins are licensed in G1 phase through sequential loading of the ORC
and MCM complexes, forming a pre-replication complex. In S-phase, functional
initiation complexes are formed through recruitment of factors that form the CMG
helicase for DNA unwinding and subsequent synthesis by DNA polymerases.
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To ensure fork integrity during the DNA replication process, cells possess an S-
phase checkpoint that encapsulates the cellular responses of the regulatory
ataxia telangiectasia Rad3-related (ATR) and ataxia telangiectasia-mutated
(ATM) protein kinases (Cimprich & Cortez, 2008; Lopes et al., 2001; Masai et al.,
2010). These kinases act in response to replication fork stalling (through the
presence of ssDNA) and DNA damage (such as double strand breaks (DSBs))
through the phosphorylation of checkpoint kinase 1 (CHK1) and checkpoint
kinase 2 (CHK2) respectively, and those elicited by ATR are referred to as the
DNA replication stress response (RSR). The S-phase checkpoint pathways
ensure complete and accurate DNA replication through fork maintenance and
coordination of the DNA damage response, ultimately to prevent genomic

instability.
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1.4. Replication Stress & Cancer

The faithful duplication of genetic material is challenged every time a cell,
cancerous or not, divides. A condition which hampers the progression of DNA
replication is commonly referred to as replication stress (Gaillard et al., 2015).
Common challenges to DNA replication include local limited substrate availability
for DNA synthesis, such as histone shortages and depletion of the
deoxyribonucleotide triphosphate (ANTP) pool (Groth et al., 2007; Técher et al.,
2017). Other sources of endogenous replication stress include
heterochromatinised regions of repetitive DNA sequences, secondary DNA
structures such as DNA hairpins, G4 quadruplexes and telomeric loops (Hickson
& Bhowmick, 2017; Vannier et al., 2012). Topological stress that arises infront of
and behind the replication fork through the process of DNA unwinding can also
produce fork stalling, when not resolved by DNA topoisomerases (Nedelcheva-
Veleva et al., 2006). Furthermore, replication stress is also a consequence of
replication-transcription machinery conflicts where replication forks will stall, and
even undergo fork reversal, upon approaching a region of active transcription
(Bermejo et al., 2012; Neelsen & Lopes, 2015). Accumulation of transcription-
associated R-loops (DNA:RNA hybrids) can also result in replication fork arrest
(Schwab et al., 2015). Endogenous aldehydes have also been identified as a
source of fork stalling DNA lesions, although the specific DNA lesion formed is
still disputed (Garaycoechea et al., 2018). Finally, replisome conflicts may also
arise when encountering DNA-protein crosslinks, an outcome of endogenous
reactive chemical species inducing the formation of covalent bonds between DNA
and proximal protein factors, or exogenously through the action of topoisomerase
poisons such as camptothecin and doxorubicin (Figure 2) (Berti & Vindigni, 2016;

Riccio et al., 2020; Stingele et al., 2017).
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Replication stress, through its propensity to generate genome instability, has
mutagenic potential if left unchecked by the ATR-activated S-phase checkpoint.
This is supported by the observation that in pre-cancerous lesions in patients,
DNA damage signalling is constitutively activated to induce apoptosis or
senescence and prevent malignant transformation (Bartkova et al., 2005;
Gorgoulis et al., 2005). ATR activation (as well as ATM) mediates this through
phosphorylation of downstream targets such as p53. However, DNA damage
checkpoint and repair pathway proteins are often mutated in cancer (Halazonetis
et al., 2008; Kandoth et al.,, 2013). Indeed, ATR haploinsufficiency leads to
carcinogenesis in mouse models, particularly when in combination with oncogene
expression or other DNA damage repair pathway mutations (Brown & Baltimore,
2000). The link between replication stress and cancer development is further
exemplified by observation of ATR somatic mutations in humans, found in
tumours with microsatellite instability caused by the loss of mismatch repair

(MMR) activity (Menoyo et al., 2001; Vassileva et al., 2002).
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Figure 2. Structures and lesions that hinder DNA replication and cellular outcomes.

Replication stress may be induced by a variety of lesions that occur upon DNA to
impede replication fork progression, or through local substrate shortages. Numerous
cellular pathways may be promoted through the RSR and DDR to respond to these
challenges.

Replication stress is a double-edged sword for the cancer cell. While a defective
S-phase checkpoint is advantageous for cancer development, persistent
replication stress can lead to a level of genomic instability that is incompatible for
cancer cell survival. Compared to non-cancerous dividing cells, cancer cells have
a higher burden of replication stress due to oncogene activation that drives cell
proliferation through deregulation of pathways that control cell cycle progression
(Macheret & Halazonetis, 2015). Deregulation of such pathways includes
inefficient origin licensing, through overexpression of cyclin-E for example, that
leads to under-replicated DNA (Jones et al., 2012). Unscheduled origin licensing

can also result in re-replication, such as through the oncogenic expression of

MYC (Curti & Campaner, 2021). Oncogenes can also directly impede fork

28



progression, such as BCL2 overexpression that reduces dNTP availability
through ribonucleotide reductase inhibition (Xie et al., 2014).

Consequential alterations in replication timing and progression lead to an
increased incidence of replication fork stalling (Gaillard et al., 2015). A higher
burden of replication stress in cancer cells produces greater dependence on the
RSR to maintain a level of genome stability and cell viability. Indeed, upregulation
of the main replication stress response ATR-CHK1 pathway is found in several
cancers, and the complete loss of ATR or CHK1 compromises cancer cell survival

(Abdel-Fatah et al., 2015; Lopez-Contreras et al., 2012).

29



1.5. DNA Damage and Repair

The cell has evolved numerous mechanisms to rectify the array of insults faced
by the genome and these have been described collectively as the DNA damage
response (DDR). A complex array of signalling networks exist to detect, signal
and mediate the repair of DNA lesions to maintain cellular physiology.

Recruitment of DDR factors is a coordinated and spatiotemporally regulated
process (Ciccia & Elledge, 2010). Pertinently, various elements of DNA damage
response mechanisms are employed by the cell to specifically handle lesions
faced by the replisome on actively replicating DNA, and this encapsulates the
replication stress response. The RSR engages upon replication fork stalling in
attempt to stabilise the fork, and to excise the offending lesion for maintenance

of replication.

1.5.1. DNA Damage Signalling

Apical kinases ATR and ATM respond to DNA damage lesions at the replication
fork to initiate the most appropriate DNA damage response based on the type of
damage, cellular context, cell cycle stage and genetic background (Liang et al.,
2008; O’Connor, 2015). In S-phase, ATR initiates the replication stress response
for fork stabilisation and to respond to minor lesions such as SSBs and replication
errors through processes such as base excision repair (BER), nucleotide excision
repair (NER) and mismatch repair (MMR) (Cimprich & Cortez, 2008; Saldivar et
al., 2017). Additionally, ATR can respond to other fork stalling lesions such as
interstrand crosslinks (ICLs) through the promotion of repair pathways such as
the Fanconi Anaemia (FA) pathway (Andreassen et al., 2004; Jing Huang et al.,

2019; Schwab et al., 2010). Furthermore, ATR has also been found to play a role

30



in mitosis, ensuring chromosome alignment and segregation, as well as

regulating the spindle assembly checkpoint (Kabeche et al., 2018).

Failure to repair these lesions or stabilise forks can result in persistent replication
fork stalling, leading to fork collapse and the generation of DSBs. These DSBs
then require the action of ATM to initiate HR and NHEJ pathways for double
strand break repair (DSBR). ATM phosphorylation of histone variant 2AX
(yH2AX) permits further DDR factor recruitment (Goodarzi & Jeggo, 2013).
Recruitment of mediator of DNA damage checkpoint 1 protein (MDC1) leads to
ring finger protein 8 (RNF8) and 168 (RNF168) recruitment for H2A ubiquitination,
leading to downstream DDR factor recruitment including p53 binding protein 1

(53BP1) and BRCA1 (Doil et al., 2009; Stewart et al., 2003, 2009).

1.5.2. MMR, BER & NER

The replication stress response can respond to small lesions that do not
significantly distort the DNA helix through MMR & BER processes (Jiricny, 2006;
Krokan & Bjgras, 2013). Incision/excision, end processing, repair synthesis and
ligation are common steps in these pathways however the factors involved vary
depending on the lesion involved. MMR recognises and resolves misincorporated
nucleotides through action of mismatch repair proteins MutS, MutH and MutL
(Jiricny, 2006). BER utilises DNA glycosylases to recognise and remove
damaged or inappropriate bases (Krokan & Bjgras, 2013). A third excision
pathway, the NER pathway responds to UV-induced lesions and other bulky
adducts (Marteijn et al., 2014). The FA pathway handles ICLs and contributes to

HR, and also has a role in preventing R-loop accumulation (Schwab et al., 2015).
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ATR acts to promote FANCD2 mono-ubiquitination, where it is then localised to
DNA damage foci (Andreassen et al., 2004). Subsequent orchestration of DNA
incision, lesion unhooking, translesion synthesis and break repair is coordinated

(L. C. Wang & Gautier, 2010).

1.5.3. Double Strand Break Repair

The most deleterious lesions formed upon DNA are double-strand breaks (DSBs)
which are repaired by two distinct pathways in mammalian cells: non-homologous
end joining (NHEJ), active during all stages of the cell cycle, and S/G2-phase
specific homologous recombination (HR) (Figure 3). Pathway choice between
NHEJ and HR is influenced by cell cycle stage, availability of a homologous repair
template and the regulation of DSB resection through recruitment of DDR factors
such as 53BP1 and BRCA1 (Symington & Gautier, 2011). These pathways can
be further sub-divided into non-canonical ‘alternative’ (alt-) pathways,
characterised by the key effector proteins involved. In eukaryotes, HR is usually
relied upon for the repair of replication-associated damage, however it has been
reported that NHEJ is also active during DNA replication in prokaryotes and

metazoans (Audoynaud et al., 2021).

1.5.3.1.Non-Homologous End Joining (NHEJ)

NHEJ is initiated through DSB recognition by the Ku70-80 (Ku) heterodimer,
permitting the recruitment and retention of other repair proteins that can facilitate
joining of the separated DNA ends (Weterings & Chen, 2008). Ku heterodimers,
being highly abundant and having high affinity for broken DNA ends, often bind
to DSBs making NHEJ the predominant repair pathway in cells throughout the

cell cycle (Chang et al., 2017). In the context of the replication stress response
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during mid-to-late S-phase and G2 phase, where a sister chromatid template is
available, HR is preferentially engaged for error-free repair. However, when an
intact repair template is unavailable, NHEJ may be relied upon to sustain cell

proliferation through non-canonical engagement (Langerak & Russell, 2011).

DNA-dependent protein kinase catalytic subunit (DNA-PKcs), with its high affinity
for Ku-bound DNA ends forms the DNA-PK complex (Chang et al., 2017).

X-ray repair cross-complementing protein 4 (XRCC4) and DNA ligase IV are the
most central eukaryotic components of NHEJ, recruited by Ku and capable of
facilitating direct ligation of DSB ends (Chang et al., 2017). DNA Polymerase (Pol)
u, DNA Pol A, Artemis and non-homologous end joining factor 1 (XLF) may also
be recruited by the NHEJ pathway to facilitate end-processing, removing
overhangs and creating regions of non-templated microhomology for ligating
DNA ends (Davis & Chen, 2013; Weterings & van Gent, 2004).

Other NHEJ components such as 53BP1, RIF1 and the shieldin complex are
recruited to DSBs to inhibit end resection of the break and promote NHEJ in G1
(Chapman et al., 2013; Setiaputra & Durocher, 2019). These factors also serve
to protect and repair DSBs at the stalled fork and can work in concert with HR to
repair damage (Garzon et al., 2019; W. Liu et al., 2020; Mukherjee et al., 2019).
53BP1 in particular plays a crucial role in promoting NHEJ pathway choice at
DSBs; indeed loss of 53BP1 in BRCA1 deficient backgrounds has been found to
restore homologous recombination repair (HRR) (Bouwman et al., 2010; Bunting
et al., 2010).

Interestingly, it has recently been observed that RNAs, acting as DDR factor
scaffolds, may contribute to NHEJ activity at the replication fork to assist in

avoidance of mutagenic repair (Audoynaud et al., 2021).
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1.5.3.2.Homologous Recombination (HR)

HR repair requires the presence of a homologous sequence, usually in the form
of a sister chromatid, to serve as a template for DNA synthesis. This requirement
restricts the action of HR repair to cells in the mid S-phase to G2 phases of the
cell cycle (Heyer et al., 2010).

Stalled and collapsed forks depend on homologous recombination for their error-
free repair and sometimes, in conditions of heightened replication stress,
eukaryotic cells will engage fork restart through a HR-mediated process known

as break induced replication (BIR) (Kramara et al., 2018).

HR will respond to one-ended DSB like structures formed through reannealing of
nascent DNA during fork reversal, or through DSBs formed through fork collapse.
DSBs are recognised by the MRE11/RAD50/NBS1 (MRN) complex, leading to
recruitment of CTBP-interacting protein (CtIP) and initiation of 5’ strand
endonucleolytic resection. Short range 3’-5’ resection is performed by MRE11
exonuclease activity in combination with EXD2 exonuclease activity (Broderick et
al.,, 2016). Extensive 5-3’ exonucleolytic resection is then performed by
exonuclease 1 (EXO1) and the BLM-DNAZ2 helicase-endonuclease complex
(Symington, 2014).

BRCA proteins, while also being vital for fork protection upon fork stalling and
reversal, are also key factors in mediating HR over error-prone NHEJ repair.
BRCA1 functions to remove 53BP1 from DSBs and promotes DNA resection
(Bouwman et al., 2010; Bunting et al., 2010). 5’-3’ resection of the DSB allows for
the generation of RPA coated 3’-ssDNA. BRCA2 acts to replace this RPA with
RAD51 to form stable nucleofilaments that are required for homology search with

the repair template (Ait Saada et al., 2018; Ochs et al., 2016). PALB2 binding
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with BRCA1 assists with BRCA2 recruitment to sites of DNA damage. Indeed,
the importance of these proteins in promoting error-free repair to maintain
genomic stability is exemplified by their frequent defective status producing
breast and ovarian cancer predisposition (Ait Saada et al., 2018; Connor et al.,
1997; Ludwig et al., 2001). RAD51 nucleofilaments carry out homology search
for a sister chromatid to invade, displace and anneal to, forming a D-loop
structure with the displaced, RPA coated non-complimentary strand. The D-loop
permits the invading strand to provide the stalled fork with an undamaged
template for repriming DNA synthesis and continuing DNA replication by DNA
polymerase & (Petermann et al., 2010; Wright et al., 2018). The D-loop is often
resolved by synthesis-dependent strand annealing (SDSA), resulting in non-

crossover and maintenance of heterozygosity (Wright et al., 2018).
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Figure 3. Mechanisms of HR, NHEJ and Alt-EJ in DSBR.

Upon formation of a double strand break, repair pathway choice is influenced by cell
cycle stage, availability of a repair template substrate and repair factor recruitment
regulation.

Alternative end joining (Alt-EJ) components are relied upon in the absence of a
functional HR pathway; alt-EJ, also referred to as microhomology (MMEJ) or Pol
0-mediated end joining (TMEJ), requires minimal homology (<25bp) for repair of
DNA ends (Ceccaldi et al.,, 2015; Chang et al., 2017). Alt-EJ requires Pol 6,
PARP1, CtIP and MRN components. It is an error-prone pathway that can result
in chromosomal end-to-end fusions, but in the context of BRCA deficiency can

promote cell survival (Mateos-Gomez et al., 2015).
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Recently, functional analyses have provided evidence to suggest that alt-EJ
protects cells in a variety of background deficiencies not limited to
BRCA1/BRCAZ2 deficiency, but the DDR more widely (such as BER, NER, TLS,
MMR, DNA metabolism and the FA pathway) (W. Feng et al., 2019). A common
feature of these gene mutations was postulated to be an increase in endogenous
replication associated DSBs. Indeed, cells defective for alt-EJ were associated
with increased fork instability (W. Feng et al., 2019). This work indicates the
contribution of the alt-EJ to maintenance of genome stability derived from

replication stress when preferential repair pathways may be unavailable.

The crucial role of these collective DNA damage repair pathways for cell viability
is most evident in the context of their deficiency (Table 7). Many cancers, immune
defects and neurodegenerative diseases originate from inherited DDR pathway
defects. In cancer, these defects may promote tumour cell survival and
proliferation, despite an increased mutational burden and genome instability.
Where ongoing formation of DNA damage leads to activation of DDR signallers
ATR/ATM, inactivation of such components permits avoidance of senescence &
apoptosis and malignant progression. Severe developmental conditions such as
Seckel Syndrome (SS) and Ataxia Telangiectasia (AT) arise without the
functional contributions of ATR and ATM, respectively (Alderton et al., 2004; X.
L. Liu et al., 2016; McKinnon, 2012; O’Driscoll & Jeggo, 2003). SS results in
intellectual disability, microcephaly and dwarfism whereas AT symptoms exhibit
neurodegeneration, immune dysfunction and cancer predisposition (McKinnon,
2012; O’Driscoll & Jeggo, 2003). These clinical phenotypes are often common to
many DNA repair deficiency syndromes (Knijnenburg et al., 2018; McKinnon,

2009; O’Driscoll & Jeggo, 2002). Mutations in many of the identified FA proteins
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result in bone marrow failure, genomic instability and cancer pre-disposition

phenotypes in those with the condition (Duxin & Walter, 2015). Mutations in key

promoters of the HR pathway such as BRCA1 and BRCA2 are now widely known

to contribute to the elevated risk of breast and ovarian cancer development and

are established targets for selective therapy (C.-C. Chen et al., 2018).

Syndrome

Clinical Phenotypes

Mutated Gene(s)

Lig4 / Human
Immunodeficiency with
microcephaly

Microcephaly,
developmental defects,
immunodeficiency, leukemia

DNA Ligase IV, XLF

pancreatic, prostate, gastric
and melanoma
predisposition

Radio-sensitive Severe IR hypersensitivity, Artemis
Combined immunodeficiency,

Immunodeficiency lymphomas

Breast cancer 1, early onset | Breast and ovarian cancer BRCA1
Breast cancer 2, early onset | Breast and ovarian cancer, BRCA2

Fanconi Anaemia

Bone marrow failure,
congenital abnormalities,
cancer predisposition

FANCA-FANCL, BRCA2

radiosensitivity, dysmorphic
features, learning difficulties

Ataxia telangiectasia Cerebellar ataxia, ATM
telangiectases, immune
defects, cancer
predisposition
Ataxia telangiectasia-like Similar yet mild to A-T, MRE11
disorder potential cancer
predisposition
Nijmegen breakage Immunodeficiency, cancer NBS1
syndrome predisposition, growth &
mental retardation,
microcephaly
RIDDLE syndrome Immunodeficiency, RNF168

Seckel syndrome

Primordial dwarfism,
dysmorphic features, mental
retardation, microcephaly,
possible leukemia risk

ATR, SCKL2, SCKL3

Li-Fraumeni syndrome

Breast cancer, brain
tumours, soft tissue
sarcomas

p53

Bloom syndrome

Dysmorphic features,
mental retardation, cancer
predisposition, microcephaly

BLM

Werner’s syndrome

Cancer predisposition,
premature aging

WRN

Meier-Gorlin syndrome

Primordial dwarfism, growth
retardation, microcephaly

ORC1, ORC4, ORCE6,
CDT1, CDC6

Table 1. Human syndromes associated with DDR and RSR genetic mutations.
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1.6. The Replication Stress Response

Stalling of the DNA replication fork produces an uncoupling of the DNA helicase
and DNA polymerase components of the replisome (Byun et al., 2005). This
phenomenon is a precise molecular definition for the term ‘replication stress’ and
is characterised by the accumulation of replication protein A (RPA) coated-single
stranded DNA (ssDNA) that forms at the fork after helicase unwinding, but before
complimentary strand synthesis by the polymerase (Lecona & Fernandez-
Capetillo, 2014). Formation of this ssDNA is suppressed by several factors
including the claspin-timeless-tipin axis, which act to restrain helicase movement

(Forment & O’Connor, 2018).

ATR is essential in proliferating cells and is activated every S-phase for the
regulation of origin firing & fork stabilisation, and for the repair and restart of forks
after DNA damage (Cimprich & Cortez, 2008; de Klein et al., 2000). However, the
replication stress response arises through the accumulation of ssDNA-RPA at the
stalled fork (Figure 4). The ssDNA-RPA signal leads to recruitment of the apical
replication checkpoint kinase ATR and its constitutive binding partner ATRIP
(Lépez-Contreras & Fernandez-Capetillo, 2010), as well as recruitment of fork
remodeller SWI/SNF-related matrix-associated actin-dependent regulator of
chromatin subfamily A-like protein 1 (SMARCAL1) (Bansbach et al., 2009; Ciccia
et al., 2009). ATRIP mediates association of DNA topoisomerase Il binding
protein 1 (TOPBP1), recruited by the Rad9-Hus1-Rad1 (9-1-1) clamp, with ATR
for its activation (Kumagai et al., 2006; Mordes & Cortez, 2008). ATR is also
activated by Ewing tumour-associated antigen 1 (ETAA1) and it has recently
been suggested that TOPBP1 and ETAA1 dimerization is important for optimal

ATR signalling (Thada & Cortez, 2021).
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Persistent ssDNA-RPA leads to subsequent phosphorylation of downstream

kinase CHK1 by ATR, and this leads to cell cycle checkpoint activation and

growth arrest (by phosphorylation of WEE1 and CDC25A) (Furnari et al., 1997;

O’Connell et al., 1997). The S-phase checkpoint activation results in recruitment

of replication stress response proteins that can elicit stabilisation of the stalled

fork and facilitate DNA damage repair or tolerance (Osborn et al., 2002).
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Figure 4. RSR factor recruitment at the stalled replication fork promotes fork

reversal.

During fork stalling, RPA bound ssDNA leads to ATR-ATRIP recruitment. TOPBP1,
recruited by the 9-1-1 complex, and ETAA1 activate ATR for activation of the
replication stress response. ATR will phosphorylate CHK1 and additional factors for
regulation of origin firing, cell cycle progression and apoptosis. Fork reversal is
mediated by translocases SMARCAL1, ZRANB3 and HLTF. RAD51, loaded by the
actions of BRCA1/2 protects the reversed fork from nuclease-mediated degradation.
PARP1 counteracts RECQ1 to maintain fork regression. Once the replication challenge
has been overcome, forks may undergo restart through various pathways.
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ATR stabilises the stalled replication fork through multiple approaches. Firstly,
new origin firing is prevented (via CHK1) to limit RPA pool depletion (Ge & Blow,
2010). RPA is required to protect single stranded DNA at stalled forks, thereby
preventing ssDNA cleavage, consequential DSB formation and replication
catastrophe (Fanning et al., 2006; Toledo et al., 2013). Secondly, ATR regulates
fork repair protein activity to prevent collapse of existing forks, such as that
mediated by fork remodeller SMARCAL1. Without ATR regulation of SMARCAL1
during replication, inappropriate formation of DNA structures through excessive
fork reversal can lead to DSB formation and nascent DNA degradation (Bétous
etal., 2013; Couch et al., 2013; Ragland et al., 2013). Interestingly, it has recently
been revealed that replisome stabilisation itself is not a major function of the ATR
replication checkpoint (Dungrawala et al., 2015).

In cases where replication stress cannot be overcome to restore replication, ATR
phosphorylation of CHK1 may induce downstream phosphorylation of p53,
inducing cell cycle arrest or apoptosis (Lopez-Contreras & Fernandez-Capetillo,
2010). This is a key step to be overcome in many cases of tumorigenesis and for
survival of the genomically-unstable cancer cell. Indeed, p53 mutations have
been reported to occur in almost every type of cancer, at rates varying between
10% (i.e. for haematopoietic cancers) to almost 100% (high-grade serous ovarian
carcinoma) (Peller & Rotter, 2003; Petitiean, Achatz, et al., 2007; Petitjean,

Mathe, et al., 2007).

To overcome replication fork stalling in the face of DNA lesions and resume DNA

synthesis, the S-phase checkpoint can stimulate various responses. Eukaryotic

cells can stimulate dormant origins to re-initiate replication and complete DNA

41



synthesis, stimulated by factors such as Fanconi Anaemia complementation
group | protein (FANCI) during mild replication stress (Y. H. Chen et al., 2015).

As well as this, a two-step fork reversal and fork restart programme may also be
instigated. Failure to initiate this response results in fork collapse, potential

formation of DSBs and genomic instability.

1.6.1. Replication Fork Reversal

Replication fork reversal (also termed fork regression) is a process whereby
stalling of the replisome leads to backtracking of the DNA through the formation
of a four-stranded ‘chicken-foot’ structure, through the action of translocases
such as SMARCALA1, zinc finger RANBP2-type containing 3 (ZRANB3) and
helicase like transcription factor (HLTF) (Berti & Vindigni, 2016; Mouli Kolinjivadi
et al., 2017; Taglialatela et al., 2017a; Vujanovic et al., 2017). The two nascent
DNA strands are released from template DNA at the fork, and subsequently the
parental strands and nascent strands re-ligate forming a Holliday junction (HJ)-
like structure (Figure 5). This structure provides stability to the fork by permitting
repair processes to remedy the lesion on the parental template or, in the case of
continued lagging strand synthesis, by providing a substrate for template
switching for lesion bypass (Osborn et al., 2002). These translocases have been
proposed to respond to stalled forks formed from specific contexts, such as
blockage of the leading strand polymerase and presence of persistent RPA-
ssDNA gaps in the case of SMARCAL1 (Bétous et al., 2013). ZRANB3 requires
polyubiquitinated PCNA, which is also dependent on RPA-ssDNA at the stalled
fork for PCNA ubiquitination (Vujanovic et al., 2017). HLTF reverses forks either
lacking ssDNA, or those with a leading strand gap, however studies with other

substrates have not been reported (Poole & Cortez, 2017).
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RAD51 is a crucial factor in promoting fork reversal, as well as in homologous
recombination repair. The absence of RAD51 leads to extensive fork degradation
by MRE11, and this is seen in BRCA1/BRCAZ2 deficient backgrounds due to their
function stabilising RADS1 filaments of regressed arms on reversed forks
(Schlacher et al., 2011). RAD51 also interacts with DNA polymerase a to facilitate
DNA synthesis and prevent single stranded gap formation. These ssDNA gaps

are remodelled by SMARCALA1 to reverse the fork (Mouli Kolinjivadi et al., 2017).
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Figure 5. Schematic depicting the process of replication fork reversal.
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Newly synthesized DNA strands (purple) unwind to permit backtracking of the fork
through reannealing of the parental DNA strands (black). Nascent strands anneal to
form a four way ‘chicken-foot’, structurally resembling a Holliday junction.

Specific fork reversal and repair processes may be elicited in response to lesions
such as ICLs, which act as a physical impediment to the progression of the
replisome and extensive DNA unwinding. Fork reversal can provide opportunity
for a second converging replication fork to encounter the offending lesion (J.
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Zhang et al., 2015). This second fork may then permit replication-coupled ICL
repair by the FA pathway (Knipscheer et al., 2009; L. C. Wang & Gautier, 2010).
The importance of fork reversal in maintaining complete and accurate DNA
replication is evidenced by the existence of severe conditions where these
translocases are mutated. Inherited mutations leading to defective SMARCALA1
activity result in the developmental disorder Schimke Immuno-osseous Dysplasia
(SIOD), characterised by immune deficiencies, microcephaly and growth defects
(Boerkoel et al., 2002). Mutations in ZRANB3 and HLTF have also been linked to

cancer (Poole & Cortez, 2017).

1.6.2. Replication Fork Restart

Replication fork regression must be resolved through replication restart or
through fork rescue by a converging fork from a nearby origin. Stabilisation and

restart of the regressed fork is mediated through the action of RecQ like helicase

(RECQ1) and poly(ADP-ribose) polymerase-1 (PARP1) and can also be restored
by SMARCAL1 and ZRANB3 remodellers (Poole & Cortez, 2017).

RECQ1 is a specialised ATP-dependent helicase that primes reversed forks for
their restart through branch migration. RECQ1 is inhibited by PARP1, but
becomes activated through replication stress mediated inhibition of PARP1 (Berti
et al.,, 2013). RECQ1 also acts to inhibit an alternative fork restart pathway
mediated by DNA unwinding and nucleolytic degradation, through the action of
DNA replication helicase/nuclease 2 (DNA2) assisted by Werner syndrome RecQ
like helicase (WRN) (Berti 2013, Thangavel 2015). Here, controlled resection of
the regressed fork may permit the recruitment of alternative branch migration
factors or promote HRR and restart of the reversed fork. RAD51 filament

formation at the resected nascent ssDNA promotes strand invasion of the
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upstream parental dsDNA duplex, forming a D-loop intermediate for repriming of
DNA synthesis. The lagging strand may also be resected and fork backtracking
produces an extruded leading strand for RAD51 loading and invasion (Ait Saada

etal., 2018).

1.6.3. Fork Reversal is a Double-edged Sword

Fork reversal provides opportunity for the proliferating cell to repair DNA lesions
and restart replication. However, excessive fork reversal can be
pathophysiological and become a source of genomic instability. One way this
instability can occur physiologically is when frequent fork reversal occurs upon
repetitive sequences, potentially leading to repeat expansion through
misalignment of DNA strands (Fouché et al.,, 2006). Indeed, excessive fork
reversal through overexpression of SMARCAL1 has also been shown to interfere

with DNA replication, leading to fork breakage (Bansbach et al., 2009).

More generally, reannealed nascent arms of the reversed replication fork
resemble a one-ended DSB, which if unprotected, can be targeted by nucleases.
To mitigate this, fork protection factors such as BRCA1 and BRCAZ2, in concert
with RAD51 prevent extensive fork degradation, such as that induced upon
hydroxyurea (HU) treatment by MRE11, CtIP and EXO1 dependent resection, a
process also requiring pax transactivation domain-interacting protein (PTIP) and
PARP1 (Schlacher et al., 2011; Ying et al., 2012). Protection of the fork also
prevents its degradation by MUS81, a nuclease that targets Holliday junctions
formed during HR and HJ-like structures, and SLX4, a scaffold for assembly of
the SLX1-SLX4-MUS81-EME1-XPF-ERCC1 (SMX) complex that aids HJ

resolution (Couch et al., 2013; Dehé & Gaillard, 2017; Malacaria et al., 2017;
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Wyatt et al., 2013). Holliday junctions are four-stranded DNA structures of which
the regressed replication fork is structurally similar.

In BRCA-deficient tumours, extensive fork degradation is responsible for
sensitivity to DNA damaging chemotherapies, highlighting the consequential
magnitude of this phenomenon to the cell (Chaudhuri et al., 2016).

Conversely, MUS81 can also elicit fork rescue through cleavage of ssDNA
regressed fork tails and promotion of POLD3-dependent DNA synthesis (required
for BIR, a specialised HR pathway for DSBR at stalled forks and fork restart)
demonstrating the careful orchestration of nuclease activity within the stalled fork

context (Lemacon et al., 2017).

1.6.4. Post Replication Repair

In some cases, repair of a fork-stalling lesion is not always possible and
replication through bulky lesions would result in a high frequency of fork stalling
and fork collapse. To avoid this, the cell can instead tolerate these lesions by
engaging post replicative repair (PRR) pathways (Petermann et al., 2010). PRR
can reconfigure the replisome to perform translesion synthesis (TLS) and strand
invasion (Neelsen & Lopes, 2015; Vaisman & Woodgate, 2017). Low fidelity ‘Y-
family’ DNA polymerases (such as DNA polymerases n,(, 1 and «) utilise
damaged DNA templates to maintain replication of the genome. These
polymerases are downregulated in some types of cancer, suggesting a tumour
suppressive role despite their low fidelity (Lange et al., 2011; Pan et al., 2005).
Alternatively, PRR can induce a more error-free, HR-mediated template switching
(TS) pathway where the nascent DNA strand of the sister DNA duplex may be

used as a primer to continue DNA synthesis, if available (Gao et al., 2017).
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Failure in these pathways can lead to chromosomal rearrangements through
faulty repair by the non-homologous end joining (NHEJ) pathway (Audoynaud et
al., 2021). While these processes reduce the possibility of more deleterious
outcomes of perturbed replication such as the formation of DSBs, excessive
accumulation of ssDNA or incomplete replication of DNA, they have

recombinogenic potential.

1.6.5. Exploiting Cancer’s Replication Stress Burden

The persistence of replication stress and a reliance on the RSR in cancer cells
provides opportunity for targeted therapy. While non-cancerous cells possess
alternative DNA damage response and repair pathways to overcome exogenous
insults, the reliance of cancer cells on remaining functional pathways, such as the
ATR-CHK1 axis, may be exploited. This is a concept referred to as synthetic
lethality and has the potential to spare non-cancerous cells while inducing cancer
cell death (O’Neil et al., 2017) (Figure 6). UCN-01 is a well-known inhibitor of
CHK1 that has been observed to enhance the sensitivity of p53-deficient cancer
cells to genotoxic treatment (Ma et al.,, 2013). ATR inhibitors (ATRi) such as
AZD6738 and VX-970 are currently in clinical trials (Lee et al., 2020; Shapiro et

al., 2021).
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Figure 6. Enhancement of replication stress can lead to specific targeting of
cancer cells.

Non-cancerous cells (round, blue) and cancer cells (irregular, green) are subject to
different levels of endogenous replication stress. Cancer cells have higher levels of
replication stress due to oncogenic signalling and defective DNA repair pathways and
checkpoints, which will typically induce apoptosis or senescence in non-cancer cells.
Enhancing replication stress through replication-perturbing and DNA-damaging drug
treatments, and abolishing remaining RSR pathways through drug targeting can
promote genomic instability and selective death of the cancer cell.

Targeted inhibition of other tumour-reliant DNA damage repair pathways has also
shown promise. PARP inhibitors (PARPI) are a class of drug that have shown
particular efficacy and tumour selectivity for tumours with defects in homologous
recombination repair, BRCA-deficient tumours being a common example (Audeh
et al., 2010; Fong et al., 2009; Tutt et al., 2010). PARP is required for the repair
of single stranded breaks (SSBs), however through its inhibition, PARP-DNA
complexes unable to dissociate lead to the formation of double strand breaks
(DSBs) through DNA replication fork stalling at these lesions (Helleday, 2011).
HRR is required for the repair of these replication stress associated DSBs,
therefore cancers with HR deficiency are subject to greater genomic instability
and eventual cell death (Mccabe et al., 2006). Combining targeting approaches
of cancer dependencies also provides an opportunity to overcome drug
resistance, such as through ATRI treatment of PARPI resistant BRCA-deficient

tumours (Yazinski et al., 2017). Expanding our knowledge of cancer reliant
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pathways and their molecular characterisation will provide greater opportunities

to overcome chemotherapy resistance.
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1.7. Ubiquitin Signalling in the DDR & RSR

The protein kinase network is one of the most studied and significant post-
translational modification signalling systems in the cell and is encoded by over
500 genes (Madhani, 2006). In relation to this, the significance of the ubiquitin
signalling system can be emphasised by the fact there are >600 genes coding
E3 ubiquitin ligases alone (George et al.,, 2018). In addition, E1 ubiquitin
activating enzymes and E2 ubiquitin conjugating enzymes are also required of
which they are encoded by 2 and >35 genes, respectively (George et al., 2018).
Ubiquitination is the process of conjugating a 76aa moiety known as ubiquitin to
specific protein substrates, via the C-terminal glycine residue of ubiquitin. E3
ubiquitin ligases dictate target specificity for ligation of the ubiquitin moiety
(Hershko & Ciechanover, 1998). Targets for ubiquitination can be subject to
mono-ubiquitination on a substrate lysine or poly-ubiquitination on lysine residues
of a sequence of ubiquitin entities (Komander & Rape, 2012). This can produce
varied outcomes for the target protein, from proteasome mediated degradation,
to modulation of protein-protein interactions (PPIs), protein localisation and
modulation of function (Z. J. Chen & Sun, 2009). Chains formed via Lys48, Lys29
and Lys11 generally target proteins for proteasomal degradation whereas Lys63
chains regulate PPls. Ubiquitination of proteins is a reversible process with more
than 100 de-ubiquitinating enzymes (DUBs) that catalyse the removal of the

ubiquitin peptide (Wilkinson, 2000).

Although the canonical role for ubiquitin modification is targeted protein
degradation through the 26S proteosome (ubiquitin proteosome system, UPS),
the importance of the ubiquitin pathway in modulation of protein activity,

localisation and interaction is gaining further traction (Z. J. Chen & Sun, 2009;
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Wilkinson, 2000). Ubiquitination has been found to have a crucial role in the DNA
damage response, first identified in yeast through PCNA-K164 ubiquitination to
facilitate post-replicative repair and has since been observed in other DNA repair
pathways such as NER and DSBR (Al-Hakim et al.,, 2010; Bekker-Jensen &
Mailand, 2011; S. P. Jackson & Durocher, 2013; Schmid et al., 2018).
Ubiquitination of various components can exert control over DNA damage
pathway choices, as well as DNA damage signalling. A paradigmatic example of
ubiquitination involvement in the DNA damage response was discovered through
E3 RING-type ligases ring finger proteins RNF8 and RNF168 and their
involvement in the recruitment of 53BP1 and BRCA1 to modified chromatin at
DSB sites (Figure 7) (Kolas et al., 2007; Mailand et al., 2007; Mattiroli et al., 2012).
After the initial phosphorylation of H2AX and MDC1 by ATM at DSB sites,
subsequent phospho-site occupation by RNF8 results in RNF8-mediated
ubiquitination of multiple targets including H2A histones, resulting in RNF168
ubiquitin binding domain (UBD) recognition (Stewart, 2009). Ubiquitination by
RNF168 ultimately results in the amplified ubiquitination of H2A histones and the
recruitment and retention of DSB response factors at the site such as 53BP1 and

BRCA1 (Messick & Greenberg, 2009).
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Figure 7. The ubiquitin-dependent DNA damage response.

Chromatin proximal to DNA damage is enriched with K63 polyubiquitin chains,
produced through the action of phosphorylated RNF8, coordinated by phosphorylated
MDC1. A ubiquitylation cascade is induced through RNF168 recruitment. Ultimately,
through ubiquitin signalling at these sites, BRCA1 and 53BP1 are recruited to mediate
the DDR.

Specific examples of the role of ubiquitination in regulation of the RSR include
the mono-ubiquitination of PCNA at K164 for recruitment of TLS polymerases
during PRR (Kannouche et al., 2004; Watanabe et al., 2004). Polyubiquitin chains
linked by K63 may also form, instead shifting lesion tolerance to the template
switching (TS) pathway- demonstrating signal modulation for diverse responses
(Takahashi et al., 2020). Recently, it has been identified that PCNA requires
ubiquitination during unchallenged S-phase progression to promote cellular
proliferation and prevent genome instability. Loss of PCNA ubiquitination resulted
in DNA2-dependent degradation at stalled forks in response to endogenous
replication stress, as well as nucleosome deposition interference (Thakar et al.,
2020).

PCNA also has a role in stabilising the E3 RING type ubiquitin ligase RFWD3 at
the active replication fork, however this E3 ligase instead ubiquitinates RPA and

RADS51 for their timely removal to ensure replication and facilitation of HR (Inano

etal., 2017; Lin et al., 2018). RFWD3 is also recruited by RPA during fork stalling
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to induce RPA and RADS1 removal, promoting HR and ICL repair (Elia, Wang,

et al., 2015; Feeney et al., 2017).

From these examples, it is clear that ubiquitination is an important PTM for
dynamic regulation of both active and stalled replication fork functionality and
composition, however ubiquitin regulation and the factors involved are still not
well defined. Further elucidation of the numerous E3 ubiquitin ligases and their
roles in the regulation of DNA replication and the RSR will provide greater depth
on the mechanistic details of these responses, that may then be engineered for

a wider variety of targeted cancer treatments.

1.7.1. The DTX3L E3 Ubiquitin Ligase

Many factors of the ubiquitination system are identified in a substrate-first
manner. In some cases, involved E3 ubiquitin ligases may be identified from
exploratory (non-hypothesis driven) approaches such as large-scale screens to
identify a dataset of candidates whose involvement may then be validated in
follow-up studies (Bakos et al., 2018; Elia, Boardman, et al., 2015; Peng et al.,
2003; G. Xu & Jaffrey, 2013; P. Xu & Peng, 2006). In this study, iPOND (isolation
of nascent proteins on DNA) was previously utilised to identify E3 ubiquitin ligases
present at the actively replicating and challenged replication fork (Higgs et al.,
2015). Here, E3 ubiquitin ligase DTX3L has been identified and investigated as

a factor involved in the RSR.

The B-lymphoma and BAL-asssociated protein (BBAP, synonymous with DTX3L)

was discovered in yeast as a B-aggressive lymphoma 1 (BAL1) protein
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/ARTD9/PARP?9) interactor and novel member of the deltex (DTX) family of
proteins (Takeyama et al., 2003). These proteins have been discovered to be
modifiers of notch signalling, a highly conserved signalling pathway crucial for
development and implicated in malignant transformation, and they may also have
roles in regulation of transcription (Artavanis-Tsakonas et al., 1999). Additionally,
they have all been identified to be functional E3 ubiquitin ligases (Takeyama et
al., 2003) and evidence suggests that DTX3L in particular may have a role in the

DNA damage response (Yan et al., 2009).

Human DTX3L is an 84kDa protein consisting of 740 amino acids and possesses
a unique 560aa N-terminus (containing two potential nuclear localisation signals
and a nuclear export signal), differing it from other members of the deltex family
(Juszczynski et al., 2006; Takeyama et al., 2003). Indeed, DTX3L has been
evidenced to shuttle between the nucleus and cytoplasm, along with binding
partner PARP9 (Aguiar et al., 2005; Juszczynski et al., 2006).

Conversely, the C-terminus is common to all family members, and in DTX3L
contains specifically a RING-HC type domain (shared only by the DTX3 protein)
(Takeyama et al., 2003). The RING domain encompasses specific cysteine and
histidine topology for zinc ion coordination in a ‘cross-braced’ fashion (Saurin et
al., 1996). The RING-HC domain is distinguished from other configurations due
to histidine at the fourth position, compared to RING-H2 with an additional

histidine at the fifth position (Saurin et al., 1996).
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Figure 8. DTX3L domain structure.

DTX3L consists of a unique N-terminus (yellow) compared to other members of the
deltex family. This region is predicted to contain two nuclear localisation signals (NLS)
and a nuclear export signal (NES). DTX3L also has a functional E3 ubiquitin ligase RING-
HC domain (pink) in the C-terminus (blue).

E3 ligase enzymes classically possess either a RING domain or HECT domain,
essential for ubiquitin ligase activity (Uchida & Kitagawa, 2016). While HECT
domains transiently bind ubiquitin from the E2 conjugating enzyme, RING
domains bind to the E2-ubiquitin thioester for direct transfer of the ubiquitin moiety
by the E3 ligase (Metzger et al., 2012). Indeed, the importance of the DTX3L
RING domain for its ubiquitination activity (and self-ubiquitination) has been
demonstrated in in vitro ubiquitination assays, where a RING finger deletion

mutant was found to be inactive (Takeyama et al., 2003).

DTX3L has been reported to interact with a number of binding partners via its N-
terminus, such as PARPO9. Interestingly, PARP9 is found to be more highly
expressed in aggressive tumours (Takeyama et al., 2003). Heterodimerization of
DTX3L with PARP9 has been shown to restrain E3 ubiquitin ligase activity
through PARP9-mediated PARYylation of ubiquitin (Yang et al., 2017).

PARP9 is also important for localisation of the heterodimer to sites of DNA
damage, of which the PARP9 macrodomains recognise ADPr and PAR formed
upon histones by PARP1 (Yan et al., 2013). Nevertheless, the role of the DTX3L-

PARP9 heterodimer in the DDR is unknown.
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DTX3L, through its N-terminal domain has also been found to interact with other
members of the deltex family such as DTX1, modulating DTX3L ligase activity
(Takeyama et al.,, 2003). While this was found to enhance DTX3L self-
ubiquitination relative to the homodimer, it is not known whether ubiquitination is

enhanced on other substrates of DTX3L.

1.7.1.1.DTX3L & Cancer

As previously mentioned, DTX3L was originally identified as a binding partner of
PARP9, in turn identified as a risk-related gene in diffuse large B cell ymphoma
(DLBCL) (Yan et al., 2009, 2013). These two proteins are orientated head-to-
head and are regulated by the same interferon-y (IFN-y) responsive bidirectional
promoter.

Initial interest in these proteins was generated due to the observation that both
DTX3L and PARP9 are most abundant in an aggressive ‘host-response’ subtype
of chemotherapy-resistant DLBCLs, characterised by prominent inflammatory
infiltrate and increased IFN-y production, suggestive of a role for DTX3L/PARP9
in immune response modulation (Juszczynski et al., 2006; Monti et al., 2005).
DTX3L (and PARP9) has also been found to be overexpressed in a variety of
solid cancers such as Ewing tumour malignancy, cervical carcinomas and
metastatic prostate cancer (Grunewald et al., 2012; Qin et al., 2019; Wilting et
al., 2008). DTX3L has also been identified to be overexpressed in melanoma,
and glioma, where the level of expression was correlated with the grade of
malignancy (Thang et al., 2015; P. Xu et al., 2017).

Overexpression of DTX3L in multiple cancers suggests that DTX3L expression

is oncogenic, and that the function of DTX3L is advantageous for cancer cell
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growth, viability and/or metastasis. How the potential role of DTX3L at the
nascent replication fork, especially under conditions of enhanced replication
stress, facilitates this is yet to be identified. Recently, evidence has implicated
DTX3L in the DNA damage response, of which the RSR may share aspects (Yan

et al., 2009, 2013).

1.7.1.2.DTX3L & the DNA Damage Response

Histone 4 lysine 91 (H4K91) is a ubiquitination target of DTX3L, of which
mutations in H4K91 had originally been identified to lead to chemosensitivity in
yeast (Hyland et al., 2005). Later work demonstrated that DTX3L catalyzes
H4K91 mono-ubiquitination in vitro and in vivo, limiting the cell sensitivity to DNA
damaging agents (Yan et al., 2009). Of note, while depletion of DTX3L was found
to reduce proliferation in drug treated cells, it was also found to reduce cell
proliferation even in untreated cells, suggesting a growth advantage role of
DTX3L overexpression in cancer, possibly mediated by H4K91 mono-
ubiquitination.

Furthermore, following DNA damage, DTX3L depletion was found to alter the
DDR response concerning 53BP1 accumulation kinetics, where up to 4 hours
after doxorubicin treatment, significantly fewer 53BP1 foci positive cells were
identified compared to controls. A similar finding was also seen in response to
low dose (100cGy) ionising radiation (Yan et al., 2009). 53BP1 recruitment is
dependent on H4K20 mono and dimethylation (Hsiao & Mizzen, 2013). It was
also found that DTX3L depletion prior to doxorubicin treatment led to a significant
decrease in H4K20 methylation and a slight increase in H4K91 acetylation.
Chromatin-associated PR-SET7/SET8 (required for H4K20 monomethylation)

was also significantly decreased in DTX3L depleted cells (Yan et al., 2009).
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The above study was one of the first to associate DTX3L with the DDR. In support
of this, another study also demonstrated the role of DTX3L in the DNA damage
response in relation to H4K91 modification (Tessadori et al., 2017). Originally
identified in three patients, mono-allelic missense mutations in H4K91 produced
clinical phenotypes of intellectual disability, microcephaly and growth delay.
Recapitulating these mutations in zebrafish reproduced similar phenotypes.
Additionally, an increase in DNA damage through yH2AX foci accumulation was
observed which importantly was rescued by co-expression of DTX3L. Co-
expression of H4K91 acetyl transferase HAT4 did not rescue the damage
phenotype, suggesting that H4K91 mono-ubiquitination is important for DNA
damage repair and prevention of these clinical phenotypes. H4K91 mutations
also resulted in increased apoptosis and cell cycle defects (Tessadori et al.,
2017).

Furthermore, it has also been observed that ubiquitination of DTX3L is decreased
in response to UV treatment; given the canonical role of ubiquitination in the UPS,
this may suggest increased stability of DTX3L in response to DNA damage and
may further support a requirement of DTX3L in the DDR and RSR (Elia,

Boardman, et al., 2015).

Interestingly, DTX3L heterodimerisation partner PARP9 has also been shown to
play a role in enhancing the nuclear DNA damage response upon induced
mitochondrial DNA (mtDNA) damage and mtDNA release by genotoxic agents
such as doxorubicin. mtDNA stimulates an antiviral response through activation
of the cyclin GMP-AMP synthase (cGAS)- stimulator of interferon genes (STING)-

tank binding kinase 1 (TBK1) pathway, leading to signal transducer and activator
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of transcription 1 (STAT1)-dependent expression of interferon stimulated genes
(ISGs) which include PARP9. 53BP1 and yH2AX kinetics were blunted in PARP9
depleted cells, of which this was attributed to the previously described role of
DTX3L recruitment to histones at DNA damage sites by PARP9 (Wu et al., 2019;

Yan et al., 2009).

While the above work demonstrates a role of DTX3L in the DDR, it is yet to be
established whether DTX3L, identified as being present at the nascent replication
fork by iPOND, is specifically involved in the RSR. Additionally, given the
promiscuous nature of E3 ubiquitin ligases for target substrates, it is important to
identify potential novel targets of DTX3L as these may also contribute to the DNA
damage phenotypes described above.

Establishing a role for DTX3L in the RSR may provide future therapeutic
opportunities. Targeted inhibition of DTX3L, or DTX3L ubiquitinated targets, may
increase efficacy of DNA damaging chemotherapeutics or enhance sensitivity of
cancer cells further to replication stress. Additionally, understanding how DTX3L
elicits protection in the face of DNA damage and replication stress may contribute

to our understanding of, and strategies to overcome, chemotherapy resistance.

Ultimately, the following study sets out to characterise the role of DTX3L during
replication and establish the protein as a bona fide factor contributing to the RSR.
Additionally, this study attempts to mechanistically unpin DTX3L function in

context of the RSR.
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Chapter 2: Materials &
Methods
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2.1. Materials

2.1.1. siRNA

Custom siRNA oligonucleotides and ON-TARGETplus SMARTpool siRNAs
(Dharmacon), combining four gene-specific siRNAs into a single reagent pool to

ensure knockdown, were utilised.

siRNA Catalogue Number/Sequence (Manufacturer)
siDTX3L (SMARTpool) L-007143-00-0005 (Dharmacon)

siLuciferase (Custom) 5- CGTACGCGGAATACTTCGA -3’ (Dharmacon)
siPARP9 (SMARTpool) L-014734-00-0005 (Dharmacon)

siRFWD3 (SMARTpool) L-017095-00-0005 (Dharmacon)

siRNF169 (SMARTpool) L-032290-00-0005 (Dharmacon)

siSMARCAL1 (SMARTpool) L-013058-00-0005 (Dharmacon)
siTRIM25 (SMARTpool) L-006585-00-0005 (Dharmacon)

Table 2. siRNAs used in the present study.

2.1.2. Antibodies

Applications include Western Blotting (WB), Immunofluorescent Staining (IF),
Proximity Ligation Assay (PLA) and DNA Fibre (DF), with indicated application-

dependent dilutions.

Primary Antibody Target  Dilution (Application) Catalogue Number
(Manufacturer)
a-tubulin (Mouse) 1:10000 (WB) 66031-101G
(ThermoFisher)
yH2AX (Mouse) 1:500 (IF) JBW301 (Merck)
53BP1 (Mouse) 1:1000 (IF) MAB3802 (Sigma)
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Biotin (Mouse)

Biotin (Rabbit)
BRCA1 (Mouse)
BrdU (Mouse)

BrdU (Rat)

CHK1 (Mouse)
CHK1-pS345 (Rabbit)
Cyclin-A (Rabbit)
DTX3L (Rabbit)

GFP (Mouse)
MRE11 (Mouse)
RAD51 (Rabbit)
RAD51 (Rabbit)
RPA (Mouse)
SMARCAL1 (Mouse)
TOPBP1 (Mouse)

1:1000 (PLA)

1:3000 (PLA)
1:500 (PLA)
1:20 (DF)
1:400 (DF)
1:1000 (WB)
1:1000 (WB)
1:500 (IF)

1:500 (PLA)
1:1000 (WB)
1:500 (PLA)

1:200 (PLA)
1:1000 (PLA)
1:100 (IF)
1:200 (IF)
1:500 (WB)

1:500 (PLA)
(WB)

200-002-211 (Jackson

ImmunoResearch)

A150-109A (Bethyl)
sc6954 (Santa Cruz)
347580 (BD Biosciences)
ab6326 (Abcam)

sc-8408 (Santa Cruz)
133D3 (Cell Signaling)
ab181591 (Abcam)
D5F2J (Cell Signaling)

11814460001 (Roche)
ab214 (Abcam)

133534 (Abcam)

63801 (Abcam)

NA18 (Sigma)
sc-376377 (Santa Cruz)
sc-271043 (Santa Cruz)

Table 3. Primary antibodies used in the present study.
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2.2. Methods

2.2.1. Cell Culture

HelLa and U20S, RPE-1 and HEK293FT cells were a generous gift from Dr.
Fumiko Esashi, Dr. Andrew Blackford and Dr. Roger Grand, respectively. All cells
were maintained in Dulbecco’s Modified Eagle’s Medium supplemented with
streptomycin sulphate and benzylpenicillin antibiotics (DMEM w/ antibiotics, ICR
stores) and 10% fetal bovine serum (FBS). Cells were maintained at 37°C, 5%
CO:2 in a humidified atmosphere in vented T75 flasks with 10ml medium. Cells
were passaged upon 70-90% confluency. To passage cells, media was aspirated
and cells were washed in 5ml PBS, before the addition of 1ml 1X trypsin. Cells
were incubated for 3-5 mins to permit cell detachment. Media was replaced at a
volume appropriate for splitting to achieve 20% confluency for continued growth.
Cells would be passaged for a maximum of 4 weeks before disposal. Frozen cell
stocks were made, with cells stored at 30-40% confluency in 10% DMSO + FBS.
Cell vials were then frozen in an isopropanol box and stored at -80°C. Additional
vials were stored in liquid nitrogen.

For experiments, cells were trypsinised and media was added to neutralise the
trypsin. Cells were centrifuged at 300 x g for 3 mins, media was aspirated and
cells resuspended in the appropriate volume to acquire the required seeding
density. For harvesting of cells, cells were similarly collected, washed twice in

PBS and pellets were frozen on dry ice.

2.2.2. siRNA Gene Silencing

For the targeted knockdown of genes, small interfering ribonucleic acids (siRNA)

were chemically transfected into cells. Cells were seeded at a density of 0.5 x 10°
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in 6cm dishes, with 2.5ml media. Liposome-siRNA complexes were formed by
combining 90uL Opti-MEM (11058021, ThermoFisher), 3uL siRNA (at 20uM
stock) and 12uL HiPerfect (301704, Qiagen) per transfection reaction. After
seeding, cells were transfected in suspension. After 24h, media was refreshed
and adherent cells were transfected again. At 48h, cells were split for
experimental seeding. After 72h, cells were used in experiments. siRNA targeting

luciferase (siLuc) was used as a transfection control.

2.2.3. Plasmid Cloning & Transfection

Plasmid constructs for GFP-DTX3L and FLAG-DTX3L expression were
generated using Gateway LR clonase |l technology, as described in the
manufacturer’s protocol (11791043, ThermoFisher). pENTR223-DTX3L (DNASU
plasmid repository) was used as the gateway donor vector for recombination of
the DTX3L CDS into the pDEST-EGFP-C1 (for N-terminal GFP tag; a kind gift
from Prof. C. Green) and pHAGE-N-FLAG-HA (for N-terminal FLAG tag; a kind
gift from Dr. R. Chapman) gateway destination vectors. Successful cloning was
verified by Sanger sequencing. All plasmids were transfected, purified and
concentrated using standard molecular biology techniques.

For the GFP-DTX3L construct, plasmid DNA (pDNA) was chemically transfected
into HeLa DTX3L" clones using Lipofectamine 2000 (11668019, ThermoFisher).
Cells were left to recover for 48h before media was refreshed with media
supplemented with 1000ug ml-' G418 (11811031, ThermoFisher). Cell lines were
grown until parental cell death was observed, upon which transfected cell lines
were sorted for GFP-positive (GFP background determined using non-

transfected parental cells) cell pools and for single cell clones, using the BD
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FACSAria lll cell sorter. Cell lines were then maintained in 500ug ml' G418-
containing media.

For the FLAG-DTX3L construct, two eppendorfs containing 1.1ug pDNA
incubated with OptiMEM, and 10uL Lipofectamine 2000 incubated with OptiMEM
were mixed and incubated at RT for 10 mins. The transfection mix was added to
cells seeded 24h previously, at a density of 0.4 x 10° per well in 6-well plates.

Cells were then used for experiments 48h post-transfection.

2.2.3.1.Site Directed Mutagenesis of FLAG-DTX3L

For generation of FLAG-DTX3L-M2, FLAG-DTX3L-Y403X and FLAG-DTX3L-
A502V plasmid constructs, the FLAG-DTX3L plasmid was used as a template for
site directed mutagenesis (SDM). Primers were designed using the Agilent
QuikChange Primer Design tool
(https://www.agilent.com/store/primerDesignProgram.jsp).

Marathon Polymerase was used for SDM PCR and template plasmid was

digested by Dpn-l (R0176S, NEB) digestion for 1 hour at 37°C. SDM was verified

by Sanger Sequencing.
Construct SDM primers Tm (°C)
FLAG-DTX3L-M2 Forward: 59
(T1729A, C1735A, 5- ACATGGCTTTGTTGATACTAGGGGCGCTGA
A1736G, T1744A, ATTCACTCTTGCTCTTTGGTAGCACTTTTTT -3’
T1753A) Reverse:

5-
AAAAAAGTGCTACCAAAGAGCAAGAGTGAAT
TCAGCGCCCCTAGTATCAACAAA GCCATGT-3

FLAG-DTX3L-Y403X  Forward: 54
(T1209G) 5- GAAACCTTGCTGCAAATGTCCTACCTTTTT
TCGATCTCTGATATC -3
Reverse:

5'- GATATCAGAGATCGAAAAAAGGTAGGACAT
TTGCAGCAAGGTTTC -3
FLAG-DTX3L-A502V  Forward: 54
(C1505T) 5- CTTTTAGAACATACTGCTTCACCTTTGCAA
GGTGATTTGGC -3’

65



Reverse:
5- GCCAAATCACCTTGCAAAGGTGAAGCAGTA
TGTTCTAAAAG -3

Table 4. Site Directed Mutagenesis primers used for generation of FLAG-DTX3L-
M2/Y403X/A502V plasmid constructs.

2.2.4. CRISPR DTX3L" Cell Line Generation

HelLa and RPE-1 DTX3L™ cell lines were generated by CRISPR-SpCas9D10A
(Cas9 double nickase) mediated deletion using paired guide RNAs (gRNAs)
targeting exon 1 of DTX3L. gRNAs were designed using the Deskgen online
CRISPR gRNA design tool (www.deskgen.com). gRNA oligos were custom
ordered from IDT (adapter sequences underlined in red), annealed and cloned

into the pAlO-NK vector (a kind gift from Dr. A. Blackford):

gRNA Primer Sequence

gRNA DTX3L KO F Primer ‘A’ 5- ACCGCAGAGCTCTAAGTCCTCGGG -3
gRNA DTX3L KO F Primer ‘B* 5- AAACCCCGAGGACTTAGAGCTCTG -3
gRNA DTX3L KO R Primer ‘A’ 5- ACCGCCAGCTTCCTTCGTACTCGG -3’

gRNA DTX3L KO R Primer ‘B’ §'- AAACCCGAGTACGAAGGAAGCTGG -3’

Table 5. gRNA oligos cloned into the CRISPR pAIO-NK vector.

Successful generation of the pAIO-NK-DTX3L CRISPR plasmid was confirmed
by Sanger sequencing. The DTX3L knockout (KO) construct was transfected into
cells using Lipofectamine 3000 Transfection Reagent (L3000001, ThermoFisher)
and after 24 hours, cells were sorted (BD FACSAria Il cell sorter) for cells

expressing GFP-Cas9D10A-nickase from the pAIO-NK construct. Cells were
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sorted into GFP positive pools. After 7 days, non-GFP expressing single cells
were then sorted for into round bottom 96-well plates and colonies were allowed
to develop. Upon confluency, clonal pellets were harvested. Clones were
validated for absence of DTX3L expression by western blot and positive clones

were taken forward for downstream analysis.

2.2.5. Single Molecule DNA Fibre Immunofluorescence

Specific DNA fibre labelling was performed as indicated. Generally, cells were
seeded at 0.2 x 10° in 6cm dishes and allowed to adhere. After 24h, cells media
was refreshed with 3ml media containing 25uM iododeoxyuridine (ldU) and
incubated for the indicated period. For chlorodeoxyuridine (CldU) incubation,
media was refreshed with media containing 125uM CIldU and incubated as
indicated. After labelling, cells were washed in PBS, resuspended to 0.5 x 108
cells/ml in PBS and kept on ice.

Glass slides were spotted with 2uL of the cell suspension and allowed to dry for
1 minute. Cells were lysed through the addition of 7uL of DNA fibre lysis solution
(50mM EDTA and 0.5% SDS in 200mM Tris-HCI, pH 7.5), gently stirred by the
pipette tip.

Slides were tilted to approximately 15°, allowing spreading of DNA fibres along
the length of the glass slide. Slides were air-dried overnight. Slides were then
immersed in methanol/acetic acid (3:1) in a slide staining jar and incubated for 10
mins.

Slides were then washed in distiled H2O and immersed in 2.5M HCI for 80
minutes, followed by three PBS washes. Slides were then placed into a humidity

chamber and blocked for 30 mins with the addition of 150uL of 5% BSA-PBS per
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slide, covering each slide with a glass coverslip to ensure homogenous
distribution. Coverslips were then removed and excess blocking solution
removed from each slide by tissue dabbing. Slides were then replaced in the
humidity chamber and primary antibodies were added 60ulL/slide: 1:20 anti-
bromodeoxyuridine (BrdU) (mouse) and 1:400 anti-BrdU (rat) in 5% BSA-PBS,
incubating at RT (room temperature) for 2 hours. Slides were washed three times
in PBS before the addition of 60uL/slide secondary antibodies: 1:500 anti-mouse
Cy3 (sheep) and 1:400 anti-rat Alexa Fluor 488 (goat), incubated for 1 hour.
Slides were washed for a minimum of three times in PBS, immersed in 70%
ethanol (EtOH) and subsequently immersed in 100% EtOH. Slides were air dried
and mounted with Vectashield mounting medium (H-1000, Vectorlabs). Images
were acquired using a 60x oil-immersion lens on Zeiss 710 and Leica SP8 laser

confocal microscopes.

IdU label CldU label
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PBS wash Harvest =<
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DNA fibre ~)  On-slide spotting
spreadin cell lysis
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Figure 9. lllustration depicting DNA fibre labelling protocol.

Cells are labelled with IdU and CIdU, in which drug treatments may be included.
Various incubations may be performed to interrogate different replication scenarios.
Cells are then harvested and lysed on-slide. DNA fibres are spread, fixed and
denatured before blocking, primary and secondary antibody incubation. Images are
then acquired by confocal microscopy.
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2.2.6. Cell Proliferation Assays

Cells were seeded at 500 cells per well (in 100uL), 6 technical replicates per cell
type, into duplicate flat bottomed 96 well plates, one plate per each day of the
assay. Starting with Day 0, 10uL of alamarBlue (BUF012A, BioRad), a non-toxic
cell viability assay reagent containing resazurin, was added to each well and
incubated at 37°C for 6 hours. Quantification of cell proliferation through
alamarBlue redox reaction was measured by fluorescence (excitation 550nm /
emission 590nm). Background fluorescence was subtracted from each reading.
Cell proliferation derived from fluorescence (measured in arbitrary units (a.u.) was
normalised to a cell line’s respective day 0 within individual experiments, and then

normalised subsequently across three biological repeats for plotting.

2.2.7. Drug Sensitivity Assays

To all wells of a flat-bottomed 96 well plate (100uL in media only control column),
50uL of media was added. Drug concentrations were made to 4X the desired top
dose in media. Using a multichannel pipette, the drug-media solution was serially
diluted from right to left across the 96 well plate, diluting 50uL the drug 1:1 in
50uL media (1/2) subsequently across each column. Cells were seeded at 500
cells per well (in 50uL, for a final volume of 100uL per well), from left to right, with
6 technical repeats per drug dilution. Cells were incubated for 7 days, upon which
10uL AlamarBlue was added per well and incubated for 2 hours. Fluorescence
was measured as described for cell proliferation. Percentage survival was

calculated relative to untreated controls for each cell line.
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2.2.8. Western Blotting

Cell pellets collected for western blotting were harvested as previously described
and snap-frozen on dry ice before being stored at -80°C. Pellets were then
resuspended in urea lysis buffer (9M urea, 50mM Tris HCI, pH 7.3, with 150 mM
B-mercaptoethanol added before use) followed by sonication at 10mA for 10s.
Lysate protein concentration was determined by spectrophotometry using either
the NanoDrop 2000 (ThermoFisher) or DeNovix DS-11 (DeNovix). Western blot
samples were made to an equal protein concentration and SDS loading buffer
was added to 1X (2% SDS, 10% glycerol, 2% 2-Mercaptoethanol, 62.5 mM Tris-
HCI, pH 6.8, 0.01% bromophenol blue) followed by boiling at 95°C for 10 min.
Samples were resolved by SDS-PAGE on in-house prepared 10% Tris-Glycine
gels or commercially available 3-8% Tris-Acetate (EA0375BOX, Invitrogen) and
4-12% Bis-Tris (NP0321BOX, Invitrogen) gels, using the corresponding running
buffers; 1X Tris-glycine running buffer (prepared in-house), 1X MES Running
Buffer (prepared in-house), 1X NuPAGE Tris Acetate SDS Running Buffer
(LAOO41, ThermoFisher). Gels were transferred to 0.45um nitrocellulose
(GE10600016, Merck) or PVDF (GE10600023, Merck), at 90V for 90 mins on ice,
in Tris-glycine transfer buffer (prepared in-house) containing 20% methanol.
Membranes were blocked in 5% milk- Tris Buffered Saline and 0.01% Tween 20
(TBST). Immunoblotting was carried out using the indicated primary antibodies,
in 5% milk-TBST (5% BSA-TBST was used for CHK1-pS345) at 4°C overnight
on a rocking platform. Membranes were washed five times with 1X TBST.
Antigens were visualised using HRP-conjugated secondary antibodies (Dako) in
5% milk-TBST, for 1 hour at RT, and Immobilon Western chemiluminescent HRP
substrate (WBKLS0500, Merck). Chemiluminescence was detected using X-ray

film or digitally using the Azure C300 (Azure Biosystems).
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2.2.9. qPCR

Analysis of PARP9 silencing by gPCR was performed by Dr. Charlotte Smith
(ICR). In brief, RNA from cells was harvested using the RNeasy Mini Kit (74004,
QIAGEN) according to manufacturer protocol. cDNA was synthesized using the
Applied Biosystems High-Capacity cDNA Reverse Transcription Kit (4368814,
Applied Biosystems). qPCR using SYBR Green PCR Master Mix (4309155,
Applied Biosystems) was performed using the following primers for PARPO:
PARP9 qPCR Forward primer: 5- GGCAAAGAGGTCCAAGATGCTG -3’

PARP9 qPCR Reverse primer: 5- GCCTCACACATCTCTTCCACGT -3’

2.2.10.Flow Cytometry and Cell Sorting

For cell cycle analysis, cells were seeded in 10cm dishes for 70% confluency
upon treatment and harvesting. Cells were harvested, washed twice in PBS and
spun at 1000 x g for 3 mins. Pellets were then resuspended in 200uL PBS, on
ice. To fix the cells, 5mL of cold 70% EtOH was added drop-wise to resuspended
cells on vortex and incubated on ice for 30 mins. Cells were centrifuged at 1000
x g for 3 mins and the supernatant was aspirated. Pellets were loosened by
vortexing and 1mL 2M HCI/ 0.5% Triton-X100 was added to cells in a drop-wise
manner, on vortex. Cells were incubated at RT for 30 mins and centrifuged at
1000 x g for 3 mins. Supernatant was aspirated and 1mL PBS was added to
resuspend cells. Samples were centrifuged again, supernatant aspirated and
1mL 0.5% Tween/ 1% BSA-PBS used to resuspend pellets.

Cells were centrifuged and resuspended in 1TmL PBS containing 250ug RNase A

(10109142001, Merck) and 20ug propidium iodide (P4170-10MG, Merck).
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Samples were then analysed on the BD LSR Il flow cytometer, where a minimum

of 10,000 events were recorded per sample.

2.2.11.DDR Immunofluorescent Staining

Cells were seeded onto round glass coverslips (631-0150, VWR) in 6-well plates,
at a seeding density of 1.5 x 10° cells per well. After 24h, cells were treated as
indicated. Coverslips were washed twice in PBS before subsequent treatment.
Steps were carried out at RT unless stated otherwise. Microscopy was performed

as described previously:

2.2111. 53BP1/OPT/Micronuclei, RAD51 and
yH2AX IF Staining

Coverslips were fixed in 4% paraformaldehyde (PFA) in PBS for 10 mins, washed
twice in PBS and permeabilised with 0.1% Triton-X100 in PBS for 10 mins.
Coverslips were washed three times in PBS, transferred to a humidified chamber
covered in parafilm and blocked by the addition of 200uL of 10% fetal bovine
serum (FBS) in PBS to each coverslip for 30 mins. Blocking buffer was aspirated
and 40uL primary antibodies, diluted in 0.1% FBS-PBS, was immediately added
to each coverslip and incubated for 1 hour. Coverslips were washed three times
in PBS for 5 mins before the addition of 40uL secondary antibodies, diluted in
0.1% FBS-PBS, for 1 hour. Coverslips were washed four times in PBS before
mounting onto glass slides with Vectashield mounting medium containing DAPI

(H1200, Vectorlabs).

2.211.2. RPA IF Staining

Coverslips were pre-extracted on ice using freshly prepared CSK extraction
buffer (produced in-house; 10mM PIPES, pH 6.8, 300mM sucrose, 100mM NaCl,
1.5mM MgCl2 and 0.5% Triton-X100) for 2 mins. Coverslips were then fixed with

72



4% PFA-PBS for 10 mins and washed three times in PBS for 5 mins each.
Blocking, primary and secondary antibody addition and coverslip mounting were

performed as described in the previous section.

2.2.12.EdU Labelling and Proximity Ligation Assays (PLAS)

2.2121. EdU Labelling for PLA

Analysis of the association of proteins to nascent DNA through EdU labelling and
the PLA assay was performed as previously described (Nieminuszczy et al.,
2019; Taglialatela et al., 2017). Cells were seeded on coverslips as described in
the previous section. For cells requiring ethynyldeoxyuridine (EdU) labelling, cells
were pulse-labelled with 10uM EdU in 2ml media for 10 mins. Media was then
refreshed and for HU treated cells, 2ml media containing either 1TmM HU or 4mM
HU, still with EdU, was added to wells, for 1 hour or 3 hours respectively.
Treatment was staggered to enable simultaneous collection of coverslips. After
treatment, coverslips (in 6-well plates) were placed on ice, washed and then
permeabilised at 4°C with 0.5% Triton-X100 for 10 mins. Coverslips were washed
with PBS and fixed with 3%PFA/2% sucrose in PBS at RT for 10 mins. For GFP-
TOPBP1:DTX3L PLAs, cells were fixed in cold MetOH for 10 mins and washed
three times in PBS. Coverslips were washed three times in PBS and blocked in
200uL 3% bovine serum albumin (BSA) in PBS for 30 mins. Coverslips were
washed twice in PBS and transferred to a humidified chamber covered in
parafilm, with the immediate addition of PBS upon each coverslip to maintain
hydration.

For EdU labelling, components of the Click-iT EdU kit (C10337, ThermoFisher)
were combined (80% 5mM Copper Sulphate Solution, 10% Reaction Buffer, 10%

Buffer Additive) with the addition of 2% 1mM Biotin Azide in DMSO. To each
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coverslip, 40uL of the reaction mix was added. The humidified chamber was
incubated at RT for 30 mins. After labelling, coverslips were washed twice with

PBS for 5 mins.

2.2.12.2. PLA Assay

Primary antibodies were diluted in 0.1% saponin/ 1% BSA-PBS and 40uL was
added to each coverslip. The humidified chamber was sealed using parafilm and
incubated overnight at 4°C. Coverslips were washed twice in PBS for 5 mins
before the addition of PLA probes (Duolink In Situ PLA Probe; anti-mouse PLUS
(DUO92001-100RXN) and anti-rabbit MINUS (DUO92005-100RXN), Merck).
Mouse and rabbit PLA probes were diluted together 1 in 5 in provided antibody
diluent solution and 40uL was added per coverslip. Coverslips were incubated in
the sealed humidity chamber for 1 hour at 37°C. Coverslips were washed twice
with PLA Buffer A solution (DUO82049-4L, Merck), stored at 4°C but warmed to
RT prior to use.

For the PLA ligation and amplification reactions, the Duolink In Situ Detection
Reagents (Red) were used (DUO92008-100RXN, Merck). Ligation buffer was
diluted 1 in 5 in dH20, upon which ligase was diluted 1 in 40 in the ligation buffer.
To each coverslip, 40uL of reaction mix was added and coverslips were incubated
in the humidified chamber at 37°C for 30 mins. Coverslips were washed twice in
Buffer A for 2 mins. Similarly, amplification buffer was diluted 1 in 5 in dH20 and
polymerase was diluted 1 in 80 in amplification buffer. To each coverslip, 40uL of
reaction mix was added and coverslips were incubated in the humidified chamber
at 37°C for 100 mins.

Coverslips were washed twice in PLA Buffer B (DUO82049-4L, Merck) for 10

mins, stored at 4°C but warmed to RT prior to use. 0.01X PLA Buffer B was added
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to coverslips for 1 min prior to immediate mounting using Vectashield mounting

medium containing DAPI (Vectorlabs).

2.2.13. GFP Co-Immunoprecipitation (Co-IP) and Mass
Spectrometry (MS)

2.2.13.1. GFP-DTX3L Co-IP

HEK293FT cells were seeded into 15cm dishes and grown to 25% confluency for
transfection. The pDEST-GFP-DTX3L was chemically transfected; two
eppendorfs containing 5ug pDNA and 1.8ml OptiMEM and 45uL Lipofectamine
2000 with 1.8ml OptiMEM were combined and incubated for 10 mins. Cell media
was refreshed with OptiMEM for transfection, and regular media was replaced
after 6 hours. Cells were treated with drug as indicated 48 hours post transfection
and pellets were harvested at 1500rpm for 5 mins at 4°C. Pellets were washed
twice in PBS. For cell pellets of >80uL packed cell volume, pellets were divided
into multiple eppendorfs to avoid protein precipitation. Pellets were stored at -
80°C.

For immunoprecipitation, cell pellets were resuspended on ice in 1.2ml IP Buffer
| (in-house preparation; 100mM NaCl, 0.2% NP40, 1mM MgCl2, 10% glycerol,
5mM NaF, 50mM Tris-HCI, pH 7.5) supplemented with Halt Protease and
Phosphatase (PPase) Inhibitor Cocktail, EDTA-free (78443, ThermoFisher) and
25U/mL benzonase nuclease (E1014, Merck). Cell suspensions were incubated
for 90 mins at 4°C with rotation. Cell suspensions were adjusted to 200mM NaCl
with 2mM EDTA and incubated for 30 mins at 4°C with rotation. Cell suspensions
were then centrifuged at 16,000 x g for 25 mins at 4°C. Binding control agarose

beads (bab-20, ChromoTek), used for sample lysate preclearance, were
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prepared by washing three times in IP Buffer Il (in-house preparation; 200mM
NaCl, 0.1% NP40, 10% glycerol, 5mM NaF, 50mM Tris-HCI, pH 7.5, 2mM EDTA),
supplemented with PPase Inhibitor. Remaining buffer was removed from beads
and lysate supernatant was added, incubate the lysate-bead mixture for 1 hour
at 4°C with rotation. Protein concentration of lysates were quantified by DeNovix
Spectrophotometry. 5mg of lysate protein at Tmg/ml was taken forward for IP;
remaining lysate was stored at -20°C for the ‘Input’ samples. GFP Nano-Trap
Agarose beads (gta20, ChromoTek) were equilibrated by washing 25ulL of
packed bead volume three times in 500uL IP Buffer Il. Beads were then added to
5mL of lysate protein and incubated for 2 hours at 4°C with rotation. The bead-
lysate mix was pelleted at 2500 x g for 2 min at 4°C. Supernatant was stored as
‘Flowthrough’ at -20°C. Beads were washed three times with 500uL IP Buffer Il
supplemented with PPase Inhibitor and centrifuged again.

For analysis by western blot, proteins were eluted by resuspending beads in 50uL
of 2X SDS IP Buffer (in-house preparation; 120mM Tris-HCI, pH 6.8, 20%
glycerol, 4% SDS, 0.04% bromophenol blue, 10% p-mercaptoethanol). Input
samples were thawed and protein samples were made for western blotting,
adding SDS IP buffer to a final volume of 50uL. Input and lysate-bead mixtures
were boiled at 95°C for 10 mins. IP samples were centrifuged at 2500 x g for 2
mins to pellet beads and supernatant was collected. Samples were analysed by

western blotting as previously described, on 1.5mm gels.

2.2.13.2. FLAG-DTX3L Co-IP

The FLAG-DTX3L co-IP was performed similarly to that previously described but

with some differences. HEK293FT cells were seeded in 10cm dishes. The
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transfection mix consisted of two eppendorfs containing 2.2ug pDNA and 750uL
OptiMEM and 20uL Lipofectamine 2000 with 750uL OptiMEM, mixed and
incubated. For co-IP, lysis was performed as described above, but using Anti-
FLAG M2 Affinity Gel beads (A2220-1ML, Merck). To elute peptides, 40uL 3X
FLAG peptide was used (in-house preparation), diluted in IP buffer Il to
100pug/mL. Samples were incubated at 4°C for 30mins with gentle agitation.
Eluates were centrifuged as before, transferred to fresh tubes, 5X SDS IP buffer

added and boiled at 95°C for 10mins.

2.2.13.3. MS Sample Preparation

For analysis by mass spectrometry, on bead digestion was performed. Beads
were washed with 10 volumes of cold IP Buffer Il. Beads were then washed three
times with 10 volumes of cold 50mM triethylammonium bicarbonate buffer, pH
8.5 (TEAB; T7408-100ML, Merck). With the last wash, beads were transferred to
a new, cold, protein lo-bind tube (EP0030108116-100EA, Merck). Beads were
microfuged and residual liquid removed. 100uL of 100mM TEAB was added to
beads, ensuring bead coverage, and samples were placed into an ultrasonic bath
for 5s to aid resuspension.

To the beads, 1ug Pierce MS grade trypsin (90057, ThermoFisher) in 0.5% formic
acid (FA; 15667520, ThermoFisher) was added. Bead digests were incubated for
18 hours with Thermomixer shaking, at 1400rpm,at 37°C. Digest supernatant was
collected and reserved. 50uL 100mM TEAB was added to the remaining beads,
resuspended, supernatant removed and pooled with reserved. This step was
repeated once, and supernatant was then dried by SpeedVac (to almost dry).
Sample filtering was then performed to remove residual beads in the samples,

followed by desalting and hpH fractionation (these steps were performed by Lu
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Yu, ICR). Briefly, to filter the samples, 65% acetonitrile (ACN; 10193051,
ThermoFisher) / 0.5% FA was added to dried peptides and sonicated for
resolubilisation. Resolubilised peptides were filtered using Pierce Spin Columns
(69705, ThermoFisher) and redried by SpeedVac. Samples were then
resuspended in 100mM tris(2-carboxyethyl)phosphine hydrochloride solution, pH
8.5 (TCEP; 646547, Merck) and 0.5% FA was added. Desalting, fractionation and

LC-MS/MS analysis were then performed (Lu Yu, ICR).

2.2134. Desalting & Fractionation

Eluates were desalted in home-made C18 tips (ReproSil-Pur 120 ODS-3, 50 pm,
Dr. Maisch), and flow-through samples were further desalted by SDB-XC
(Empore™, 3M) tips to ensure antibody removal. Samples were dried by
SpeedVac. Peptides were resuspended in 20 ul H2O and peptide concentration
was measured by Nanodrop (DeNovix DS-11) at A280nm to estimate peptide
amount. Samples were then TMT labelled according to manufacturer’s
instructions: 21 ul of 0.2 M TEAB was added to each sample for a final
concentration at 0.1 M, and 0.5 mg TMT10plex reagents (ThermoFisher) in 20 pl
extra dry CH3CN (Fisher Scientific) was added and mixed immediately. The
mixture was incubated for 1 hour at RT with shaking at 650 rpm in a Thermomixer.
The reaction was quenched by adding 6 ul of 5% hydroxylamine and incubated
for another 15 min at RT, with shaking. The 10 labelled samples were combined,

then dried by SpeedVac.

The pooled sample was resuspended in 0.1% NH4OH/100% H20, and
fractionated on an XBridge BEH C18 column (2.1 mm i.d. x 150 mm, Waters) with

an initial 5 min loading with 5% ACN/0.1% NH4OH (pH 10), then linear gradient
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to 35% CH3CN /0.1% NH4OH in 35 min, then to 80% CH3CN /0.1% NHsOH in 5
min, incubated for another 5 min, then back to 5% ACN/0.1% NH4+OH in 5 min
and incubated for 5min, i.e. total 60 min. The flow rate was at 200 pl/min.
Fractions were collected every 42 seconds from retention time 8.5 min to 50 min
and then concatenated to 12 fractions at equal time intervals and dried by
SpeedVac. Each fraction was resuspended in 40 ul of 0.1% FA/ H20 before LC-

MS/MS analysis.

2.2.13.5. LC-MS/MS Analysis

LC-MS/MS Analysis was performed on the Orbitrap Fusion Lumos Tribrid mass
spectrometer coupled with U3000 RSLCnano UHPLC system. Both instrument
and columns used below are from ThermoFisher. The peptides were first loaded
to a PepMap C18 trap (100 uym i.d. x 20 mm, 100 A, 5 um) for 5 min at 10 pl/min
with solvent A, then separated on a PepMap C18 column (75 pym i.d. x 500 mm,
2 ym) over a linear gradient of 5 - 38% B in 120 min / cycle time at 150 min at a
flow rate at 300 nl/min, where A was 0.1% formic acid (FA)/ 100% H20, and B
was 80%CH3CN/0.1% FA. Gradient time was 90 min with total cycle time at 120
min, and 120 min gradient time /total cycle time 150min for ubiquitin fractions.
The MS acquisition used standard Data-Dependent Acquisition (DDA) method
with the Top Speed 3 sec cycle time. Briefly, the full MS survey scan in Orbitrap
was m/z 375 — 1500 with AGC (Automatic Gain Control) set at 400,000 and
maximum injection time at 50 msec. The resolution was set at 120,000 at m/z
200. For IP samples, multiply charged ions (2+ to 5+) with intensity threshold
above 7,000 were fragmented in HCD (higher energy collision-activated
dissociation) at 30% normalized collision energy (NCE) with isolation width at 1.6

Da in quadrupole, and detected in the ion trap with the AGC at 10,000 with
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maximum injection time at 50 msec. The dynamic range was 40 sec at £10 ppm

mass tolerance.

All LC-MS/MS data were processed in Proteome Discoverer (PD) software v.2.4
(ThermoFisher Scientific). For GFP-DTX3L IP samples, both Mascot (Matrix
Science) and Sequest HT search engines were used to search against the
reviewed UniprotKB protein database of Homo sapiens (Version February 2020)
plus the in-house contaminate database. The precursor mass tolerance was set
at 20 ppm and the fragment ion mass tolerance was set at 0.5 Da. Spectra were
searched for fully tryptic peptides with maximum 2 miss-cleavages with the
dynamic modifications included N-acetylation (Protein N-terminus), Deamidation
(N, Q), GlyGly (K), Oxidation (M), and Phosphorylation (S, T, Y). The search
result was validated by Percolator with q value setting, where the protein FDR
settings were 0.01 (strict) and 0.05 (relaxed). Only master proteins with at least
1 high confidence peptide were reported. The label-free protein quantification
used Precursor ion intensities by feature mapping. Only unique peptides were

considered for quantification.

2.2.14. Ubiquitome Enrichment Profiling

2214 1. Sample Preparation

For cell sample preparation, a minimum of six 15cm dishes per sample were
seeded at an appropriate density to account for proliferate rate differences and
ensure homogenous confluency (estimated 80%) upon treatment and harvesting.
Cell media was refreshed with media containing 5uM MG-132 (474787, Merck)

proteosome inhibitor and incubated for 30 min prior to drug treatment. For HU
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treated cells, 3mM HU was added to media and incubated for 4 hours. All
samples were then harvested after 4h and 30 mins. Cells were scraped and
collected into falcon tubes on ice, centrifuged at 2500 x g for 10 mins and pellets
were washed three times in PBS, centrifuging between for 3 mins. Pellets were
divided between two 2ml eppendorfs, then snap-frozen and stored at -80°C.

The following samples were collected; a ten sample maximum was necessitated

by the PTMScan Ubiquitin Remnant Motif (K-e-GG) IP kit (5562, Cell Signaling

Technology):
Biological Repeat n1 Biological Repeat n2
UT (untreated) WT (HeLa Wild-type) UT WT

UT DTX3L KO Clone 1 (HeLa DTX3L™" clone. 20) UT DTX3L KO Clone 2
UT DTX3L KO Clone 2 (HeLa DTX3L" clone. 24) HU WT

HU (3mM HU, 4h) WT HU DTX3L KO Clone 2
HU DTX3L KO Clone 1

HU DTX3L KO Clone 2

Table 6. Samples included in ubiquitin remnant peptide IP.

Ten samples were selected for immunoprecipitation using the PTMScan Ubiquitin
Remnant Motif (K-e-GG) Kit.

2.2.14 2. Ubiquitin Remnant Peptide
Immunoprecipitation

Cell pellets were briefly thawed on ice and 200mM 2-chloroacetamide (CAA;
C0267, Merck) was prepared in high-performance liquid chromatography (HPLC)
H20 just before use. CAA was added to lysis buffer (5% SDS/100mM TEAB) at
a final concentration of 5mM. 500uL of lysis buffer was used to resuspend cell
pellets before probe sonication at 40% power (1s On, 1s Off, fifteen repeats).

Samples were heated to 90°C for 10 mins, allowed to cool and microfuged, before
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being sonicated again. Lysate was cleared by centrifugation at 16000 x g for 15
mins and supernatant was moved to a new clean tube. Lysate protein
concentration was then measured by Pierce 660nm Protein Assay (22660,
ThermoFisher) using lonic Detergent Compatible Reagent (IDCR; 22663,
ThermoFisher).

To perform protein digest, 5mg protein was aliquoted to 15ml falcon tubes and
made up to 500uL with lysis buffer (without CAA), with two aliquots per condition
for a total protein amount of 10mg per IP. To each tube, 20uL of 500mM TCEP,
pH 7 was added, vortexed briefly and incubated at 56°C for 15 mins. Samples
were cooled to RT before adding 25uL of freshly prepared 200mM CAA. Samples
were protected from light, mixed and incubated at RT for 30 mins, with agitation.
Chloroform (CHsCl)/methanol protein precipitation was performed to remove
contaminates. To each sample, 2mL 100% HPLC MetOH, 0.5mL CHsCI and
1.5mL HPLC H>O was added, vortexed vigorously for 10s and centrifuged at
9000 x g for 5 mins. The top layer of liquid was carefully removed, avoiding
contact with the protein pellet. 4mL MetOH was added, samples were vortexed
for 10s and left in an ultrasonic bath until complete pellet dispersion. Samples
were centrifuged at 9000 x g for 5 mins and all liquid was removed. 1mL 100mM
TEAB was added and samples were replaced in the ultrasonic bath. To the
resuspended protein, 100ug Pierce Trypsin Protease MS grade (90059,
ThermoFisher) in 0.5% FA was added per sample and incubated at 37°C for 4
hours with shaking at 600rpm. Another 100ug trypsin was added to each sample
and incubated for a further 15 hours. Samples were then heated to 70°C for 10
mins and the two 5mg aliquots per condition were combined, then dried by

SpeedVac for several hours.
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For immunoprecipitation of ubiquitin remnant peptides, 1.5mL PTMScan IAP
Buffer (1X) was added to each sample and placed in an ultrasonic bath for 1 min
to dissolve peptides. Samples were centrifuged at 16,000 x g for 5 mins and
supernatant was transferred to a new clean 2mL protein LoBind tube. Vials of
PTMScan Ubiquitin Branch Motif (K-e-GG) Immmunoaffinity Beads were
centrifuged at 2000 x g for 30s and all buffer was removed. Beads were washed
four times with 1mL PBS and resuspended in 40uL PBS in the provided vial.
Peptide solution was incubated with the beads for 2 hours at RT with rotation.
One spin column per sample was prepared by adding 500uL 0.15% trifluoroacetic
acid (TFA; 302031-10X1ML, Merck), vortexing for 5s and microfuging briefly to
remove all liquid, repeated a further two times. Spin columns were then washed
three times with 500uLHPLC H20. Peptide-bead solution was centrifuged at 2000
x g for 30s, supernatant was removed and stored as ‘Flowthrough’. Beads were
washed twice with 1mL cold IAP Buffer, inverting the tube 5 times, centrifuging
and removing the liquid. Similarly, beads were washed with 1mL cold PBS. 500uL
cold PBS was added to the beads to transfer the bead slurry to the spin column.
Spin columns were microfuged for 10s and liquid removed. 500uL was added to
the original bead tube, and transferred again to ensure efficient bead transfer.
500uL cold HPLC H20 was added to the column, inverted 5 times, microfuged
and liquid removed. Similarly, 500uL H2O was added but this time columns were
centrifuged at 2000 x g for 30s. After removing liquid, spin columns were
transferred to a clean tube for peptide elution.

To elute ubiquitin remnant peptides, 100uL of 0.15% TFA was added to the beads
in the spin columns and incubated for 10 mins at RT with shaking at 650rpm.
Columns were centrifuged as before and eluate reserved. Elution was repeated
once again and eluates pooled. Samples were then frozen at -20°C for further
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processing by the proteomics core before LC-MS/MS acquisition, including
desalting, TMT labelling and hpH fractionation (performed by Lu Yu, ICR).
LC-MS/MS was performed as previously described, with adjustments:

Full MS survey scan range was at m/z 375 — 1800. The multiply charged ions
(3+ to 6+) with intensity threshold above 10,000 were fragmented in HCD with
NCE at 38% and isolation width at 0.7 Da in quadrupole, and detected in Orbitrap
in the scan mode of defined first m/z at 100. The resolution was set at 50,000 at
m/z 200, the AGC at 100,000 with maximum injection time at 100 msec. The

dynamic range was 40 sec at £7 ppm mass tolerance.

2.2.14 3. Ubiquitome Enrichment MS Acquisition

The Ubiquitome raw files were processed in Proteome Discoverer 2.4 (Thermo
Fisher) using the Sequest HT search engine to search against reviewed
UniprotKB database of Homo Sapiens (March 2021) and in-house contaminate
database. Search parameters were: trypsin with 2 maximum miss-cleavage sites,
mass tolerances at 20 ppm for the precursor, and 0.1 Da for the fragment ions.
Spectra were searched for fully tryptic peptides with maximum 2 miss-cleavages.
Carbamidomethyl (C) and TMT6plex (Peptide N-terminus) were set as static
modify cations, and N-acetylation (Protein N-terminus), Deamidation (N, Q),
Oxidation (M), TMT6plex (K) and GlyGlyTMT6plex (K) as dynamic modifications.
For reporter ion intensity detection, the integration window tolerance was set 15
ppm. Only unique peptides were considered for quantification. TMT Quan value
correction factor, provided by the manufacturer’'s certificate of analysis, was
applied. Co-isolation threshold was set at 100, and reporter ions average S/N

threshold at 3. Reporter ion intensities were normalized by total peptide amount,
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and then scaled on all average to correct the variation by different sample loading

in each channel.

2214 4. Ubiquitome Enrichment MS Result Analysis

MS result acquisition, processing and normalisation was carried out by Lu Yu
(ICR). Statistical analysis and pathway enrichment analysis was performed by
Theo Roumeliotis (ICR), using Perseus software (v. 1.6.2.2.). Data was
processed to include results with two maximum equal modification per peptides,
and peptide abundance normalised by GG-peptides. Samples were then log>
transformed. Pearson sample correlation analyses revealed a batch effect
(greater variation between biological repeats) therefore samples were rescaled
within each biological repeat to normalise for this, according to the respective
controls (e.g. log2(DTX3L KO clone 2 (n1) / WT (n1)) and log2(DTX3L KO clone
2 (n2) / WT (n2)). For statistical analysis, clone 2 samples were averaged to
enable two sample t-test and ANOVA comparisons between groups, i.e. WT vs
KO or UT vs HU. Samples were then filtered for significance (P < 0.05) and a
minimum of 30% fold change (>1.3 enrichment factor). Pathway enrichment was

performed using the Gene Ontology Biological Processes (GOBP) database.
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Chapter 3: Depletion of DTX3L
Affects DNA Replication
Dynamics
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3.1. Identification of E3 Ubiquitin Ligases
Present at the DNA Replication Fork by iPOND

In order to understand how cells reliably replicate their genomic material and
tolerate challenges to replication, it is important to identify the factors that facilitate
this process. Despite many of its components being shared with the DSBR, the

replication stress response is relatively poorly characterised.

3.1.1. Isolation of Proteins On Nascent DNA

Within the last decade, technology that permits the detection of proteins at active,
stalled and collapsed replication forks, as well as newly deposited chromatin, in
mammalian cells was developed by Cortez and colleagues, known as the
isolation of proteins on nascent DNA (iPOND) (Sirbu et al., 2011, 2012). The
importance of this technique lies in the fact that previously, site-specific analysis
of active and stalled mammalian replisomes had not been possible.

In short, the thymidine analogue 5-ethynyl-2’-deoxyuridine (EdU) is incorporated
into actively replicating DNA within the cell, followed by subsequent formaldehyde
treatment to cross-link proteins (Figure 70). The protein-DNA complexes are
washed and cells are permeabilised before subsequent biotin conjugation. DNA-
protein complexes are sheared and resulting fragments are isolated by
streptavidin purification. Eluted proteins may then be identified by western blot or

mass spectrometry (MS).
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Figure 10. Schematic of iPOND labelling protocol.

A) Short EdU labelling (in green) followed by immediate fixation for detection of
proteins that localise to the nascent replication fork. B) EdU labelling followed by
thymidine chase prior to fixation allows the detection of proteins deposited at mature
chromatin.

3.1.2. E3 ubiquitin ligases identified by iPOND-MS

An iPOND screen was previously undertaken to identify factors recruited to
stalled replication forks, in which factors such as EXD2 and BOD1L were
identified and established to be fork protection factors against uncontrolled fork
degradation (iPOND performed by Alicja Winczura (Higgs et al., 2015;
Nieminuszczy et al., 2019)). Other known fork associated factors were identified
such as replication machinery components MCM subunits, RPA and DNA
replication polymerases (Higgs et al., 2015). From this screen, a range of E3
ubiquitin ligases were also identified and found to be present at both
unchallenged and hydroxyurea treated (3mM for 4h) stressed forks. The
specificity of these factors to nascent DNA was established through confirming
their absence after thymidine-chase, differentiating actively progressing
replication forks from mature chromatin (Figure 70).

Secondary candidate stratification was carried out on a selection of the E3

ubiquitin ligases retrieved (see Table 7, highlighted in red); some of these proteins



were identified to be present at HU-treated replication forks as well as in
untreated conditions. Other proteins were only identified from the iPOND-MS
screen in untreated conditions but are known to have a role in the DDR-
suggesting they may have a potential role in the RSR but their recruitment may
be dependent on different types of lesion than that arising from 3mM HU
treatment for 4 hours. These E3 ubiquitin ligases have been indicated to have a
role in replication and/or DNA damage responses, providing precedent for their
investigation (J. Chen et al., 2012; Elia, Wang, et al., 2015; Inano et al., 2017;
Yan et al., 2009; P. Zhang et al., 2015). Candidates were considered in greater
detail with regards to their cellular localisation, and potential for their involvement
in DNA related processes through the presence of domains that allude to cellular
function (such as nuclear localisation sequence (NLS) domains, predicted (ST)Q

motifs, etc) to validate potentially relevant targets to take forward.

Here, initial phenotypic characterisation was carried out to establish a potential

functional role for these factors at the replication fork, where selected E3 ligases

were depleted and preliminary DNA fibre analysis was carried out.
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A EdU only:
E3 Ubiquitin Ligase |PROT SCORE [PROT MATCHES |PROT SEQUENCE
UBR5 293 33 11
RING1 111 6 3
PIAS2 103 6 1
E3A 58 10 4
ARIH2 55 4 3
MMS21 (NSE2) 54 3 2
HERC2 47 34 4
RNF 123 47 13 1
KCMF1 45 3 3
XIAP 45 1
RNF 14 45 1 1
ARIH1 42 6 2
LRSAM1 42 15 1
RNF169 41 14 2
RING2 39 8 1
RNF170 39 2 1
RAD18 35 5 1
UHRF2 31 6 1
CNOT4 31 6 1
PRAJA2 30 6 1
HERC6 28 6 1
RFWD3 27 3 2
MYCBP2 24 23 1

B  [EdU +3mM HU (4h) chase:
E3 Ubiquitin Ligase [PROT SCORE [PROT MATCHES [PROT SEQUENCE
HUWE1 1918 112 84
TRIM28 900 44 29
HECTD1 721 41 35
RANBP2 582 49 44
UBR4 575 72 59
RNF213 415 48 46
TRIM25 405 25 20
TRIP12 350 26 25
UHRF1 289 12 11
NEDD4 141 11 8
CHIP 134 9 9
TRIM33 132 14 11
UFM1 131 17 15
KCMF1 130 7 6
FIP-2 108 9 7
RNF160 106 17 17
UBR5 101 21 20
HERC4 97 10 8
BRE1A 96 15 15
TRIM56 90 8 7
DTX3L 87 11 10
TRIM24 79 5 5
RBBP6 75 13 11
LRSAM1 68 18 14
TRIM32 63 5 5
BRE1B 63 20 19

Table 7. E3 ubiquitin ligase iPOND hits.

A) HelLa S3 cells were pulsed with 10uM EdU, and in B) followed with a 3mM
hydroxyurea chase for 4h. E3 ligases shown in B were also identified in EJU only
samples. (Higgs et al., 2015) E3 ligases in red were characterised by DNA fibre.



3.2. DNA Fibre Analysis Upon Depletion of
Fork-Associated E3 Ubiquitin Ligases

To investigate the putative role of these E3 ubiquitin ligases at the replication fork,
DNA fibre analysis was utilised, a quantitative method for direct observation of
replication fork dynamics on single DNA molecules. This in vivo fluorescence
microscopy-based technique depends on the incorporation of two halogenated
nucleoside analogues into actively replicating DNA. The protocol may be
modified to investigate different replication contexts. In its simplest form,
unchallenged replication dynamics may be observed through a double,
sequential pulse of 5-iodo-2’-deoxyuridine (IdU) and 5-Chloro-2’-deoxyuridine
(CldU). These two labels are incorporated into the nascent DNA and the
progression of the replication fork can be monitored as a result. The labelling
protocol can be modified to experimentally interrogate various scenarios at the
replication fork; replication stress inducing agents such as HU can permit
investigation of fork stalling and fork collapse, as well as fork resection upon

persistent induction of replication stress (see Chapter 2.2.5, Figure 9).

3.2.1. Depletion of select E3 ubiquitin ligases leads to
altered replication dynamics

As the selected E3 ubiquitin ligases (RFWD3, TRIM25, RNF169 and DTX3L)
were identified in the iPOND screen to be present at unimpeded, nascent
replisomes, | sought to investigate whether their absence would affect
unchallenged fork progression. It should be noted that the following experiments
in this sub-chapter are single and preliminary; therefore without statistical

analysis, the results should be regarded with caution.
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Given that two forks emanating from the same replication origin (sister replication
forks) should theoretically progress at the same speed in unimpeded wild-type
cells (producing an average sister fork ratio (SFR) of 1), it may be assumed that
a difference in length of SFRs and resulting deviation from a ratio of 1 arises from
slowed or stalled replication forks. The four selected candidates were depleted
by siRNA in HelLa cells and for all four E3 ligases, the sister fork ratio (SFR) was
found to increase above 1 compared to cells treated with control siRNA targeting
Luciferase (siLuc), suggesting an increased frequency of fork stalling arising from
endogenous sources of replication stress in their absence (Figure 11).

E3 ligases TRIM25 and DTX3L were also identified in the iPOND screen as being
present at replication forks stalled through the addition of high-dose replication-
stress inducing agent hydroxyurea, suggesting a role in tolerance of exogenous

replication stress and fork stabilisation.

To validate this further, and investigate whether these candidate E3 ligases
contribute to the tolerance of HU-induced stress to aid fork progression, the fibre
protocol was modified to include a low dose of HU during incorporation of the
second CldU analogue. Again, a decrease was observed in the ratio between
CldU and IdU upon depletion of all four candidates compared to siLuc-treated
control, suggesting an increase in fork slowing and stalling (Figure 712). To see
whether this extended to a role in fork recovery, this time a low dose of HU was
used in-between DNA labelling. A decrease in the CldU and IdU ratio compared
to control treated cells suggests that in the absence of RFWD3 and DTXS3L,
replication forks had a reduced ability to restore replication upon removal of the

replication inhibitor. This did not seem to be the case for TRIM25 or RNF169,
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suggesting that fork stability in response to HU may not be dependent on the
action of these E3 ligases (Figure 13).

From this DNA fibre analysis, RFWD3 and DTX3L depletion demonstrated the
most severe phenotypes. Given that RFWD3 has a previously known role in ICL
repair at stalled replication forks, DTX3L was taken forward as a high-confidence
candidate, displaying similar DNA fibre replication phenotypes to RFWD3 (DNA
fibre analysis in this study and (Lin et al., 2018) but with an undocumented role
in the replication stress response. Although there has been some indication that
DTX3L is involved in the DDR, a replication stress specific role is yet to be

identified (Yan et al., 2009, 2013).
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Figure 11. DNA fibre analysis of unchallenged replication fork dynamics arising
from siRNA-mediated depletion of candidate E3 ubiquitin ligases.

A) Schematic of nucleoside analogue incubation protocol for unchallenged fibres. Black
arrows represent replication forks emanating from the same origin, termed ‘sister forks’.
B) & C) CldU ratios (long / short tract) of sister forks from Hela cells, treated with
control siRNA (siLuc) or siRNA targeting the indicated E3 ligase. (n > 20 sister fork
ratios from one experiment, 5-95" percentile boxplots). D) Representative images of
sister fork fibres; white scale bars are 5um in length.
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Figure 12. DNA fibre analysis of replication fork stalling dynamics arising from
siRNA-mediated depletion of candidate E3 ubiquitin ligases in HU challenged

cells.

A) Schematic of nucleoside analogue incubation protocol for fibres challenged with

1mM HU to induce fork stalling during the CldU pulse. B) & C) CIdU/IdU ratios of forks
from HelLa cells, treated with control siRNA (siLuc) or siRNA targeting the indicated E3
ligase. (n > 40 tracts from one independent experiment). D) Representative images of
HU challenged fibres.
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Figure 13. DNA fibre analysis of replicatio fork recovery arising from siRNA-
mediated depletion of candidate E3 ubiquitin ligases in HU challenged cells.

A) Schematic of nucleoside analogue incubation protocol for fibres challenged with
2mM HU to induce fork stalling, with replication recovery permitted during the CldU
pulse. B) & C) CldU/IdU ratios of forks from HelLa cells, treated with control siRNA
(siLuc) or siRNA targeting the indicated E3 ligase. (n > 40 tracts from one independent
experiment). D) Representative images of HU challenged fibres.
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The potential role for DTX3L was investigated more thoroughly through two
additional repeats, establishing a significant replication stress defect in DTX3L
depleted cells (Figure 714), as demonstrated initially (Figure 15, A-C).

Additionally, to investigate the role of DTX3L in protecting stalled forks from fork
resection, a high dose HU was added for a prolonged period after the second
CldU label. Fork resection is inferred upon a shortening of the second label in
relation to the first. A significant reduction in CldU/IdU ratio was again observed
upon DTX3L depletion, suggesting a role for this protein in fork protection against

extensive fork degradation by nucleases (Figure 15, D).
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Figure 14. Silencing of DTX3L in HeLa cells by siRNA treatment.

40ug of whole cell lysate was analysed by western blot. HeLa WT cells treated with
control siRNA (siLuc) was included as a negative control of endogenous DTX3L
expression. a-tubulin serves as loading control.
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Figure 15. Fork dynamics are impeded upon DTX3L silencing.

A) CldU ratios of sister forks from HeLa cells, treated with non-targeting luciferase
SiRNA or siRNA targeting DTX3L (n > 100 sister fork ratios, from three independent
experiments, *** = P = 0.0004). B) CldU/IdU ratios from Hela cells treated with 1TmM
HU during 60min CIdU pulse (n > 189 tracts from three independent experiments, **** =
P <0.0001). C) As before, but with 2mM HU for 120min followed by CldU 60min
incubation (n > 234 tracts from three independent experiments, *** = P = 0.0002). D)
As in A, followed by 4mM HU treatment for 240mins (n > 185 tracts from two
independent experiments, **** = P < 0.0001). (5-95" percentile boxplots, Mann-
Whitney). Representative images depict DNA fibre spreads. White scale bars are 5um
in length.
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3.3. HelLa Cells Depleted for DTX3L Have
Reduced Proliferation

As DTX3L appears to have a role in the replication stress response, and may
also play a more general role in replication, it was important to investigate the
proliferative capacity and cell cycle profile of DTX3L depleted cells.

It may be expected that cells with a reduced ability to tolerate replication stress
would have reduced rates of replication and hence reduced cellular proliferation.
To see if this was the case in cells depleted for DTX3L, cell proliferation was
investigated. Depletion of DTX3L was found to decrease cell proliferation by 10%

at day 5 and 20% at day 7 in siDTX3L treated cells (Figure 16).
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Figure 16. Cell proliferation is reduced in cells silenced for DTX3L.

Alamar blue assay measuring cell proliferation in HelLa cells treated with control siRNA
(siLuc) or siRNA targeting DTX3L (Mean + SEM from three independent experiments,
normalised to maximal metabolic rate per experiment).
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3.4. Depletion of DTX3L in HeLa Cells Leads to
Clastogen Sensitivity

Based on the above results, it would be expected that cells with a reduced ability
to tolerate replication stress would be more sensitive to agents that impede
replication. Agents that produce physical obstacles to the DNA replication
machinery such as ICLs, or dNTP synthesis inhibitors that deplete DNA
replication substrates will induce a replication stress response in treated cells
through impeded replisome progression. Cells with a reduced tolerance to this
replication stress will become more sensitive to these treatments.

To put these replication stress response phenotypes into clinical context, the
sensitivity of DTX3L-depleted cells to drugs that impede replication fork
progression was investigated. Cisplatin is a chemotherapeutic agent used in a
variety of cancers and induces DNA damage primarily through cross-linking of
purine bases on DNA, ultimately resulting in apoptosis of the cell. Replication
stress arises due to the inability of the replisome to proceed through the intra-
and interstrand crosslinks. The ATR-CHK1 pathway is engaged to enable cells
to survive cisplatin treatment (Wagner & Karnitz, 2009). Therefore, | wanted to
see whether cells deficient for DTX3L, and hence a fully functioning replication

stress response, would be sensitized to cisplatin.

Silencing of DTX3L in HelLa cells revealed an increased sensitivity to cisplatin
(Figure 17, A), with an ICsp of 0.243uM compared to HeLa WT at 0.404uM. This
suggests that cells deficient for DTX3L are less able to survive with damage
induced by cisplatin treatment, and this may be due to a reduced ability to
overcome challenges to DNA replication or through other pathways regulated by

the replication stress response.
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Next, | tested DTX3L deficient cell sensitivity to gemcitabine. Gemcitabine acts to
inhibit DNA synthesis by being incorporated into newly synthesized strands,
preventing ongoing replication and evading base excision repair. Resultant
inhibition of DNA synthesis leads to apoptosis of the cell. In cells silenced for
DTX3L, the ICso response to gemcitabine was 5.755nM compared to WT at

8.93nM (Figure 17, B).

| then investigated the sensitivity of DTX3L silenced cells to hydroxyurea.
Hydroxyurea is a potent inhibitor of ribonucleotide reductase and leads to the
depletion of the dNTP pools required for DNA synthesis. HelLa cells treated with
siDTX3L showed increased sensitivity to HU with an 1Csq of 40.82mM compared

to 57.31mM in Hela siLuc cells (Figure 17, C).

Given the previously documented role of DTX3L in the wider DDR, to investigate
if cells depleted for DTX3L were more sensitive to DSB-inducing drugs, zeocin
sensitivity was also investigated. Zeocin is a radiomimetic that directly causes
DNA damage through intercalation with DNA. Surprisingly, a similar degree of

sensitivity was seen between cells treated with siDTX3L and siLuc (Figure 17, D).
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Figure 17. DTX3L depletion enhances cell sensitivity to replication stress
inducing drug treatments.

HelL a cells treated with non-targeting luciferase siRNA or siRNA targeting DTX3L were
treated continuously with A) cisplatin B) gemcitabine C) hydroxyurea D) zeocin and left
to grow for one week. Proportion of surviving cells compared to untreated cells was

determined by Alamar blue cell proliferation assay (Mean + SEM from three
independent experiments).
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3.5. Conclusion

Overall, this data reveals a role for DTX3L in the replication of DNA and in the
tolerance of challenges to replication. Through the use of iPOND-MS and DNA
fibre techniques, DTX3L has been identified as an E3 ubiquitin ligase with a
potential role directly at the DNA replication fork.

Interrogating different replication scenarios suggests that in cells deficient for
DTX3L there is a decreased tolerance to endogenous replication challenges, as
inferred through a reduced SFR. Additionally, a decreased tolerance to
exogenous replication stress was observed, resulting in an increase in fork
stalling in the presence of 1mM HU treatment. Although cells will generally
possess mechanisms to overcome replication challenges, elicited through the
replication stress response, in cells deficient of DTX3L it appears that the ability
to overcome this challenge is decreased.

A decreased ability to restart replication forks after HU treatment was observed
in cells where DTX3L was depleted. Likewise, in cells treated with 4mM HU for
240mins after CldU pulse, a decrease in CldU tract length arises through fork
reversal and fork resection by endonucleases. While these responses are part of
a regulated replication stress response, upon deregulation, this can lead to
unscheduled fork reversal and resection, as seen here in the case of DTX3L

deficiency with decreased CldU/IdU ratio.

Furthermore, this work demonstrates that DTX3L deficiency leads to decreased
cell proliferation in untreated cells, in support of a previous study showing
proliferation reduction (Figure 4B, Yan et al., 2009). The work here also

demonstrates an increased sensitivity to clastogen treatment, similar to previous
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work where enhanced sensitivity was observed to DNA damage-inducing drug
doxorubicin (Figure 4B, Yan et al., 2009).

A variety of DNA damage inducing drugs were investigated and found to produce
enhanced sensitivity in a DTX3L deficient background. Sensitivity to cisplatin
could suggest a role for DTX3L in the ICL repair pathway, however it is also likely
that due to the sensitivity observed with hydroxyurea and gemcitabine DTX3L

may have a role in tolerance of replication stress more generally.

In summary, these data support a novel role for DTX3L in the maintenance of
replication and as part of the replication stress response. Loss of DTX3L leads to
decreased fork stability in the face of both endogenous and exogenous replication
stress, resulting in decreased cell proliferation and enhanced sensitivity to drugs

that impede replication.
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Chapter 4: DTX3L Prevents
Replication Stress-Associated
DNA Damage
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4.1. Exogenous Replication Stress Leads to
Increased DNA Damage in DTX3L Depleted
Cells

Given the putative role of DTX3L in the replication stress response, as evidenced
in the previous chapter, it was then important to establish the consequence of
DTX3L depletion and resultant alteration of DNA replication dynamics on DNA

damage and genome instability.

4.1.1. 53BP1 Foci, OPT Domains and Micronuclei
Formation in DTX3L Depleted HelLa Cells

53BP1 forms discrete foci as assayed by immunofluorescence staining and these
foci represent sites of DNA damage and break processing. Through the induction
of damage by agents that lead to increased fork stalling and DSBs, they may be
interpreted as an indicator of damage arising from collapsed forks due to
increased replication stress (Harrigan et al., 2011; Lukas et al., 2011).

Here, a significant increase in the incidence of 53BP1 foci was observed in
untreated DTX3L depleted cells compared to HeLa WT cells, suggesting
increased DSB arising from DTX3L depletion even in unchallenged conditions.
This was further exacerbated with low dose (1mM HU for 1h) and high dose (4mM
HU for 3h) HU treatment, of which high dose HU was found to induce the greatest
increase in 53BP1 foci in DTX3L deficient cells. This suggests prolonged fork
stalling leads to increased DNA damage and the capacity to overcome this
enhanced replication stress is reduced in cells depleted of DTX3L, potentially

resulting in greater fork collapse and break formation (Figure 18).
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Micronuclei are also a key indicator of reduced replicative ability and resultant
chromosomal instability due to under-replicated DNA. DTX3L depletion in HU-
treated cells was found to significantly increase the frequency of micronuclei
observed (Figure 19). Similarly, the number of G1 cells with OPT domains, foci
representing DNA damage arising from impaired replication from the previous S
phase, were found to significantly increase with treatment in DTX3L-depleted

cells (Figure 20).
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Figure 18. DTX3L depleted cells have increased 53BP1 focus formation.

A) Hel a cells were treated with siLuc or siDTX3L and treated as described. 53BP1 foci
counts per cell (mean, n > 270 nuclei, from three independent experiments. Analysed
by Mann-Whitney, * =P = 0.0158, **** = P < 0.0001). B) (Next page) Representative
images. White scale bar is 10um in length.
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Figure 19. DTX3L deficient cells have increased micronuclei formation.

A) Percentage of cells with associated micronuclei (mean + SEM, from three
independent experiments. Analysed by Chi-square, * = P = 0.0214). B) Representative
images. White scale bar is 10um in length. Micronuclei are indicated by white arrows,
with representative nuclei enlarged in white boxes.

110



40-

Tl

20

104

G1 cells with 53BP1-OPT domains (%)

4mM HU 3h

HelLa siLuc

HelLa siDTX3L

Figure 20. DTX3L depletion results in increased frequency of OPT domains.

A) Quantification of HeLa cells in G1, as indicated by an absence of cyclin-A, with
53BP1-OPT domains (mean + SEM, from three independent experiments. Analysed by
Chi-square, * = P = 0.0164). B) Representative images, where OPT domain containing
G1 cells are indicated by white arrows. White scale bars are 10um.
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4.1.2. RPA Foci Formation is Increased in HeLa and U20S
Cells Deficient for DTX3L

Prolonged replication fork stalling can lead to replication fork collapse and the
resultant formation of a one-ended DSB. Consequentially, forks that are not able
to stabilise and resume replication are prone to degradation, leading to the
formation of ssDNA that must then be protected through the binding of RPA. RPA
coated ssDNA is also formed at stalled replication forks through the uncoupling
of the DNA helicase and polymerase components (Nam & Cortez, 2011). To
investigate the formation of ssDNA as a result of DTX3L depletion and to validate
fork phenotypes further, quantification of nuclear RPA foci through

immunofluorescent staining was performed.

In unchallenged cells, a significant increase in RPA intensity was observed in the
U20S cells, but not in HelLa cells (Figure 21). This could be attributed to cell-line
difference in the ability to tolerate replication stress in the absence of DTX3L.
Interestingly however, in both cell lines with mild HU treatment (1mM for 1h), a
significant increase was observed in RPA intensity in those depleted for DTX3L,
suggesting an increased deposition of RPA at DNA.

Low dose (1mM HU treatment for 1h) is likely to induce fork stalling, but should
not predominantly induce collapse of stalled replication forks (Bétous et al.,
2018). As a result, it is likely to be the case that the increase in RPA intensity
observed arises due to ssDNA formation from fork stalling, as opposed to ssDNA

formation from the DSB resection in this circumstance.
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Figure 21. HelLa cells depleted for DTX3L have increased RPA foci intensity.

A) Mean intensity of RPA in HelLa cells treated with siLuc or siDTX3L, with or without
1mM HU treatment for 1 hour (n > 300 nuclei, from three independent experiments). B)
Asin A, but in U20S cells. Mean intensity was measured by ImagedJ macro. (n > 300
nuclei, from three independent experiments). Red lines depict mean. Analysed by
Mann-Whitney test. ** = P = 0.0021, **** = P < 0.0001. Representative images of nuclei
shown; white scale bars are 10um in length.
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4.1.3. CHK1 Phosphorylation is Reduced in HeLa Cells
Upon DTX3L Silencing

In response to replication stress, the apical kinase ATR is recruited to RPA-
coated ssDNA at the stalled replication fork. ATR induces a signalling cascade
through phosphorylation of CHK1 on downstream substrates to regulate the
replication stress response and checkpoint activation.

To investigate whether the phenotypes observed are a product of defective
replication stress signalling, activation of CHK1 through phosphorylation at S345
was analysed. As expected, upon induction of replication stress by low dose
(1mM) HU, CHK1 was phosphorylated at serine 345 in both siLuc and siDTX3L
treated cells (Figure 22). Interestingly, there seemed to be a time-dependent
induction of DTX3L in response to HU induced replication stress (HelLa siLuc
Omin vs 60min), of which a such rapid change in protein levels suggests this is
due to increased DTX3L protein stabilisation. Most notably, a significant defect in
normalised CHK1-pS345 was observed, with phosphorylation in HeLa siDTX3L
cells decreasing significantly to half that seen in HeLa siLuc treated cells. This
could suggest defective ATR activation in response to HU induced replication

stress.
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Figure 22. CHK1 phosphorylation is reduced in DTX3L depleted cells compared
to controls.

A) Two independent western blot repeats are shown. HelLa whole cell lysates (20u9)
were treated with siLuc or siDTX3L and treated 1mM HU for the indicated durations
before harvesting. B) Quantification of CHK1-pS345p, normalised to total CHK1 (Two
independent repeats. Quantification analysed by two tailed, unpaired t-test. * = P <
0.05).
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4.1.4. DTX3L Depletion Leads to Increased DNA Damage
Foci Formation Upon lonising Radiation

Given the previously identified role of DTX3L in the DNA damage response,
ionising radiation (IR) was used to investigate the effect of DTX3L depletion on
the DSBR to see whether a similar increase in DNA damage burden was
observed upon depletion of DTX3L (Yan et al., 2009, 2013). As previously
described, RAD51 has a major role in HR repair of DSBR and phosphorylation of
H2AX at serine 139 (yH2AX) is considered to be a surrogate marker of DNA
damage induction and early repair response (Sharma et al., 2012).

Following siRNA treatment, HeLa cells were subsequently treated with 10Gy IR
followed by a 6hr recovery period to permit foci formation. Cells depleted for
DTX3L showed no significant difference in the incidence of RADS1 foci formation
(Figure 23).

Interestingly, depletion of DTX3L was found to significantly increase the yH2AX
signal observed compared to control siRNA treated cells, suggesting an
increased incidence of DNA damage arising from DSB formation in its absence

(Figure 24).
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Figure 23. Quantification of cells positive for RAD51 foci following 10Gy IR.
A) Hel a cells treated with siLuc or siDTX3L were then treated with 10Gy IR, followed
by 6h recovery. Cells containing >6 distinct foci were deemed positive. (Mean + SEM,

from three independent experiments). B) (Next page) Representative images, RAD51-
foci positive cells are circled in white. White scale bars are 10um.
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Figure 24. DTX3L depleted cells display increased yH2AX DNA damage foci upon
IR treatment.

A) Mean yHZ2AX intensity obtained from immunofluorescent staining. HelLa cells treated
with siLuc or siDTX3L were then treated with 10Gy IR where indicated, followed by 6h
recovery. Mean intensity was acquired by Imaged macro (n = 260 nuclei from three
independent experiments. Analysed by Mann-Whitney, **** = P < 0.0001.)

B) Representative images with yH2AX foci in green. White scale bars are 10um.
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4.2. Conclusion

A reduced ability to tolerate challenges to replication results in greater genomic
instability. In the previous chapter, DTX3L was identified as a novel factor
contributing to the maintenance of replication and tolerance of replication stress.
The data presented here suggests that, as a result of reduced stress tolerance
from DTX3L deficiency, increased DNA damage arises likely through increased
fork collapse and fork degradation. An increase in 53BP1 foci in untreated and
HU treated conditions was observed. Correspondingly, an increase in 53BP1-
OPT domains in G1 cells and an increase in micronuclei were observed
suggesting incomplete DNA synthesis and genomic instability arising as a result
of unrepaired DNA damage during S-phase (Harrigan et al., 2011; Luzhna et al.,
2013).

Increased RPA foci was observed in HeLa, U20S and RPE-1 DTX3L deficient
cells, likely as a result of increased ssDNA formation from DNA helicase-
polymerase uncoupling and unscheduled DNA degradation arising from
excessive fork regression. Furthermore, quantifying CHK1 phosphorylation in
response to HU treatment revealed that DTX3L silencing results in decreased

CHK1 phosphorylation, suggesting suboptimal ATR activation.

Interestingly, depletion of DTX3L was found to result in an increase in DSBs as
inferred by yH2AX foci arising from IR treatment, however this may be rapidly
repaired as no difference was observed in sensitivity of siDTX3L treated cells in
response to zeocin treatment, observed in the previous chapter. This may

suggest that the main function of DTX3L is in replication-dependent repair.
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Taken together, these data indicate that the reduction in tolerance to replication
stress arising as a result of DTX3L deficiency is consequential, resulting in
greater DNA damage and genomic instability and supporting the enhanced
sensitivity observed to clastogen treatment. The fate of the stalled replication fork
is also implied, with greater DSBs and RPA coated ssDNA indicating fork collapse

and degradation.
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Chapter 5: Phenotypic
Validation in DTX3L" Cells
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5.1. Generation of DTX3L Deficient Cell Models
by CRISPR

While siRNA technology is useful for rapid and efficient knockdown of a protein
target, off-target consequences remain a concern. To validate the phenotypic
consequences of DTX3L depletion observed through silencing of DTX3L, and to
generate a cell model that could be taken forward for further interrogation,
CRISPR-Cas9D10A nickase technology was utilised to generate DTX3L deficient
cell lines.

The mutational variant D10A of Cas9 requires two guide RNAs (gRNA) to target
a gene of interest; gRNA pairs introduce two single strand breaks (SSBs) in
proximity on respective target strands, and the resultant double strand break
(DSB) may then repaired by homology directed repair (HDR) should a repair
template be present. As gene knockouts were required, no repair template was
provided and the resultant break is repaired through non-homologous end joining
(NHEJ). Insertions and deletions (indels) are likely to be introduced, resulting in
a gene knock-out. The use of two gRNAs reduces the probability of off-target
editing.

All-in-one (pAlQO) plasmid constructs containing insertion sites for targeting gRNA
pairs and an expression cassette for the Cas9-D10A-nickase (NK) enzyme were
used. Guides targeting exon 1 of the DTX3L protein coding region were designed
for abolition of all DTX3L isoforms (Figure 25, A). Through restriction cloning
techniques, sequences encoding gRNAs were cloned into the pAIO-NK construct
and incorporation verified by sequencing (see Chapter 2.2.4). Constructs were
transfected into cancerous HeLa WT cells and non-cancerous RPE-1 WT cells.

Multiple clones were obtained after single cell sorting and an expansion period.
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Clones were screened by western blot analysis for complete abrogation of DTX3L

expression (Figure 25, B & C).

A

Exon 1 v
AAGTCCGGCCCCCGAGTACGAAGGAAGCTGGAGAGCTACTTCCAGAGCTCTAAGTCCTCGGGCGGCGGG
TTCAGGCCGGGGGCTCATGCTTCCTTCGACCTCTCGATGAAGGTCTCGAGATTCAGGAGCCCGCCGCCC
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Figure 25. DTX3L knockout by CRISPR-Cas9 transfection is successful in HeLa
and RPE-1 cells.

A) Nucleotides highlighted in red indicate target sequences of the gRNA pair, located in
exon 1 of the DTX3L protein coding region, with exon map below. Arrows indicate
predicted cut sites. Whole cell lysate from B) HelLa clones, with HeLa WT as negative
control and C) RPE-1 clones, with RPE-1 siLuc negative control and RPE-1 siDTX3L
positive control for DTX3L depletion, were analysed by western blot for DTX3L
expression. Putative positive clones in red. a-tubulin serves as loading control.
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5.1.1. Characterisation of DTX3L" HeLa & RPE-1 Cells by
DNA Fibre Analysis

To validate the phenotypes observed in HeLa WT cells upon silencing of DTX3L,
and to establish my CRISPR knock-out clones as bona-fide cell models for DTX3L
deficiency through replication of these phenotypes, the DNA fibre assay was
employed. As numerous knock-out clones were identified by western blot, a
subselection of these were used for preliminary DNA fibre phenotypic analysis.
Previously, it was shown that knockdown of DTX3L lead to a decreased tolerance
to replication stress; increased fork asymmetry was observed for replicating sister
fork pairs, an increase in fork stalling and fork resection was observed in
conditions of exogenous replication stress, and the ability for forks to recover was
impaired after replication challenge in comparison to wild-type cells. As DTX3L
silencing produced the most severe defect in fork stalling and fork resection
phenotypes, | focused on these two assays going forward.

Compared to HeLa WT cells, all positive HeLa DTX3L" clones displayed a
reduced CldU/IdU ratio when HU was included in the second nucleoside
analogue labelling pulse (Figure 26). Wild-type cells retain some capacity to
overcome the challenge to replication introduced by HU, however replication is
still impeded with a CldU/IdU ratio of around 0.45. In the absence of DTX3L, this
falls to as low as 0.25 (clone 30), with a decrease observed in all tested clones,
0.35 ratio maximum (clone 24).

In a different replication scenario, following labelling pulses with treatment of high
dose 4mM HU for 4h, HeLa WT cells are unaffected with CldU/IdU ratio of 1.
DTX3L deficient clones produce a ratio of almost half that seen in WT, between

0.6 and 0.7. These decreases observed in respective CldU/IdU ratios is similar
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to what was observed previously upon DTX3L silencing, indicating that these

phenotypes are due to the loss of DTX3L.
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Figure 26. Preliminary DNA fibre analysis of DTX3L™ clones shows replication
stress phenotypes.

CldU/IdU tract ratios from Hel.a cells selected as DTX3L™ clones by western blot
analysis. A) Cells were pulsed with IdU for 30min, before treatment with 1mM HU
during the second CldU pulse for 60 mins (5"-95" percentile, n > 150 tracts from two
independent experiments). B) Cells were pulsed with IdU for 20 mins, then CIdU for 20
mins before treatment with 4mM HU for 240mins. (5"-95" percentile, n > 30 tracts from
one experiment). White scale bars are 5um.
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Two clones (denoted HDKO clone 20 and HDKO clone 24) were taken forward
for further repeats to establish significance of the differences observed in ratios
between HeLa WT and DTX3L"" cells.

The trend observed in the preliminary experiment was robust and observed in
subsequent repeats. Upon addition of 1mM HU during the 60min CldU pulse, a
ratio of 0.42 was observed for HeLa WT cells, compared to 0.24 for HDKO clone
20 and 0.32 for DTX3L" clone 24 (Figure 27, A).

In the second replication scenario where cells were treated with 4mM HU for
240mins, again a robust decrease in CldU/IdU ratio was observed. HeLa WT cells
produced a ratio of 0.87 compared to 0.57 in DTX3L"- clone 20 and 0.66 in
DTX3L" clone 24 (Figure 27, B).

As Hela cells are a cellular model for cancer, | wanted to see whether these
phenotypes were also conserved in a non-cancer cell model, as well as in an
alternative cell model. To this end, the CRISPR plasmid construct targeting
DTX3L was utilised in RPE-1 WT cells, and once again clones were selected for
interrogation with the DNA fibre technique. Similarly to HeLa DTX3L" clones, a
decrease in CldU/IdU ratio was observed in RPE-1 DTX3L" cells suggesting a

defective RSR (Figure 28).
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Figure 27. DNA fibre analysis of specific HeLa DTX3L" clones validates
replication stress phenotypes.

CldU/IdU tract ratios from Hel.a DTX3L™ clones. A) Cells were pulsed with IdU for
30min, before treatment with 1mM HU during the second CldU pulse for 60 mins (5"-
95" percentile, n > 360 tracts from four independent experiments. Analysed by Mann-
Whitney, **** = P < 0.0001). B) Cells were pulsed with IdU for 20 mins, then CldU for
20 mins before treatment with 4mM HU for 240mins (5"-95" percentile, n > 115 tracts
from two independent experiments. Analysed by Mann-Whitney, **** = P < 0.0001).
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Figure 28. RPE-1 DTX3L™" cells exhibit increased fork stalling.

CldU/IdU tract ratios from RPE-1 cells, selected as DTX3L knockout clones by western
blot analysis. Cells were pulsed with IdU for 30min, before treatment with 1mM HU
during the second CIldU pulse for 60 mins (5"-95" percentile, n > 228 tracts from three
independent experiments. Analysed by Mann-Whitney, **** = P < 0.0001).
Representative images of DNA fibres; white scale bars are 5um.
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5.1.2. Hela DTX3L" cells exhibit enhanced clastogen
sensitivity
The sensitivity of DTX3L" cells to clastogen treatment was analysed. To validate
the enhanced sensitivity previously observed upon DTX3L silencing in HelLa
cells, DTX3L"- sensitivity to cisplatin and gemcitabine was investigated.
Similarly to siDTX3L treated cells, in DTX3L" cells there was a marked increase
in sensitivity to cisplatin compared to WT cells (Figure 29, A). HeLa WT cells
exhibited an ICso of 0.193uM compared to HDKO clone 20 and clone 24 with
ICs0s of 0.110uM and 0.055uM respectively.
In a similar fashion, testing gemcitabine sensitivity, HeLa WT cells demonstrated
an ICso of 7.29nM compared to 5.95nM and 4.65nM in HDKO clone 20 and clone
24 respectively, indicating an increased sensitivity to gemcitabine in DTX3L™"

cells (Figure 29, B).

To further characterise the sensitivity of HeLa DTX3L" cells to replication stress
inducing drugs, | then tested an inhibitor of DNA replication aphidicolin.
Aphidicolin is a specific inhibitor of DNA polymerase alpha and delta,
polymerases crucial for DNA replication. HeLa WT cells demonstrated an |Csg of
0.163uM whereas the 1Cso for DTX3L knockout cells fell by a third with 1Csos of
0.108uM and 0.096uM respectively (Figure 29, C). Again, this suggests that

DTX3L is important for tolerance to challenges to replication.
Finally, | also investigated cell sensitivity to camptothecin. Camptothecin is a

topoisomerase | (topo-I) inhibitor that leads to the formation of a covalently bound

ternary protein-DNA complex that prevents the re-ligation step after topo-I
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cleavage. This leads to collisions between elongating replication forks and the
complex, resulting in S-phase specific DNA damage.

This time, only one DTX3L"- clone exhibited a marked difference in sensitivity
compared to WT cells (Figure 29, D). HeLa WT had an ICso of 6.18nM compared
to HDKO clone 20 with an ICso of 5.91nM and clone 24 with an ICso of 3.70nM.
The difference observed here between clones could be due to clonal differences
within the genetic background of the cells, may be due to a greater effect of
experimental variation as these results are only from two experimental repeats,
or could simply be a result of the fact that clone 20 is consistently less sensitive
to drug treatment as seen from the graphs shown previously. Any increase in

sensitivity to camptothecin may therefore be relatively subtle in this clone.
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Figure 29. HeLa DTX3L" cells are more sensitive than wild-type to replication
stress inducing drug treatments.

Drug sensitivity to A) cisplatin B) gemcitabine C) aphidicolin D) camptothecin. HeLa
WT or HeLa DTX3L™ cells were treated continuously with a range of drug doses and
left to grow for one week. Proportion of surviving cells compared to untreated cells was
determined by alamar blue cell proliferation assay (Mean + SEM from three
independent experiments, except D from two independent experiments).
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5.1.3. HelLa DTX3L™ cells exhibit reduced proliferation but
unimpeded cell cycle progression

To validate the cell proliferation defect seen in HelLa cells silenced for DTX3L,
DTX3L" cells were also analysed by cell proliferation assay. Similarly, a
reduction of 10% was observed in the normalised metabolic rate between HelLa
WT and DTX3L" clones by day 5, suggesting a reduced rate of proliferation in

cells depleted for DTX3L (Figure 30).
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Figure 30. Cell proliferation is reduced in DTX3L™ cells.

Alamar blue assay measuring cell proliferation in HeLa WT cells compared to HeLa
DTX3L™ clones (Mean + SEM from two independent experiments).

Given the reduced rate of proliferation, it was important to investigate the cell
cycle profile of these cells. Cell cycle analysis through the use of DNA staining
with propidium iodide and fluorescence activated cell sorting (FACS) revealed
little difference in the cell cycle profile of HeLa DTX3L" cells compared to WT

(Figure 317).
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Figure 31. Loss of DTX3L does not cause changes in cell cycle profile.

A) Cytometer plots showing propidium iodide fluorescence (x-axis) vs cell count (y-
axis). B) Table showing proportion of cells in each cell cycle phase.

135



5.1.4. HelLa and RPE-1 DTX3L" cells have increased RPA
foci formation

To further validate the HeLa and RPE-1 DTX3L" clones and the replication stress
phenotypes observed in DTX3L deficient cells, RPA foci quantification was
analysed in clone 20 and clone 24. This time, a higher dose of HU was utilised to
assess RPA foci formation under conditions likely to induce fork collapse.

HelLa WT cells were either left untreated or treated with 4mM HU for 3 hours prior
to fixation. In WT cells, a robust induction of RPA foci was induced upon HU
treatment, with the mean RPA intensity increasing four-fold from 5.77 to 19.41
(arbitrary units). In HeLa DTX3L"- clones, this increase of RPA foci was even
greater, with a five-fold induction from 6.10 to 31.83 and nine-fold of 5.27 to 44.92
in HDKO clone 20 and HDKO clone 24 respectively (Figure 32, A). A similar trend
was seen in RPE-1 DTX3L" clones where RPA foci intensity was significantly
greater compared to RPE-1 WT in HU treated conditions, from 0.05 to 0.08
(Figure 32, B).

Greater mean RPA intensity in cells deficient for DTX3L, as a result of 4mM HU
treatment for 3 hours, in the context of reduced tolerance to replication
challenges, suggests increased RPA recruitment to sites of single stranded DNA
that arise through increased fork stalling and resection. In the absence of DTX3L,
as replication forks are less able to tolerate these challenges, more single
stranded DNA may form through fork degradation which requires stabilisation by

RPA binding.

136



A
250+
Fkkkk
200-
—_— 1 *%k
3 R
S— ..:o.
> ) H :...:.:
.‘VI;; 1504 ° ’:. ’o.:o.
S ] A L
E "o"". o..
< g ®ee® %3¢ 0...
o oy e o 0 o
100 tee® Jleel oo
% E AT 2:.’.:: .&
3 e und B2
= Bl S et
] a2 v &
- .o (S .o, v &' . '.:
] & e N2 o
RE g EEES
s »
RO IR
& O QO o O QO
$FE &S
\) ) & N o
S » »®
SIS
©
B 0.6
- *%k
h *
5 ] .
< 0.4-
>
.E : : . °
2 ] 23 o
£ SRR RPN
5 : o.::. .:.:. .o.!o:
I L
20000 ..'.:.o 0%
o.::. ::.o.g Sogees
. D2 s e
L oz & §= $§ $:
oc T T T T
N S RN S
N0 (&) N0 0
< L & L
g ) O g ) QO
& @ &S
S S \;? \;}‘ on}‘
&3
N
& ¢

HDKO cl. 24 HDKO cl. 20 HeLa WT

RPE-1 WT

RDKO cl. 6

RDKO cl. 7

4mM HU 3h

Untreated

Figure 32. HeLa and RPE-1 DTX3L™ clones exhibit an increase in RPA foci
compared to WT under conditions of enhanced replication stress.

Mean RPA intensity acquired through immunofluorescent staining. WT cells or DTX3L™
clones were either untreated or treated with 4mM HU for 3 hours prior to fixation. Each
point represents the mean intensity per nucleus. A) HelLa cells (n > 270 cells, from
three independent experiments. Analysed by Mann-Whitney, ** = P= 0.0028, **** = P <
0.0001.). B) RPE-1 cells (n > 252 cells, from two independent experiments. Analysed
by Mann-Whitney,* = P= 0.0497, ** = P < 0.0036). Red lines indicate mean.
Representative images of nuclei shown; white scale bars are 10um.

137



5.2. Conclusion

Here, a cellular model to interrogate the role of DTX3L in the replication stress
response was generated through the use of CRISPR technology. Validating the
replication stress phenotypes observed in the previous chapters with siDTX3L
treatment, increased replication fork stalling and defective fork regression were
observed. Additionally, increased fork stalling as a result of DTX3L depletion was
also observed in a non-cancer cell line, suggesting a general role of DTX3L in
replication.

Clastogen sensitivity was investigated in DTX3L” cells, reproducing the
enhanced sensitivity to cisplatin and gemcitabine seen in siDTX3L treated cells.
Sensitivity to aphidicolin and camptothecin was also observed, further supporting
a role for DTX3L in tolerance of challenges that lead to increased replication
stress.

Furthermore, similarly to siDTX3L treated cells, reduced cellular proliferation was
observed in DTX3L" cells compared to HeLa WT. Interestingly, no differences
were observed in cell cycle distribution despite this.

Finally, RPA foci quantification in DTX3L" cells was investigated. In response to
4mM HU 3h treatment, DTX3L" cells had greater RPA foci intensity compared to
WT, in both HeLa and RPE-1 cells suggesting increased formation of RPA bound
ssDNA in both cancerous and non-cancerous cell lines.

Establishing consistent phenotypic behaviour of DTX3L", these cells are taken

forward for mechanistic interrogation of the role of DTX3L at the replication fork.
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Chapter 6: Elucidating the
Mechanistic Role of DTX3L at
the Stalled Replication Fork
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6.1. Complementation of HeLa DTX3L" Cells

From the previous two chapters, there is evidence to implicate DTX3L in the
replication stress response, a novel role for this DNA damage repair associated
protein. To validate the defect observed in replication fork regression upon
DTX3L deficiency, | wanted to see whether the defect could be rescued by
ectopic expression of WT DTX3L. Additionally, given the primary function of
DTX3L as an E3 ubiquitin ligase and utilising a previously described DTX3L RING
domain mutation (M2), | wanted to investigate if the ubiquitination function was
crucial for the role of DTX3L at the replication fork (Tessadori et al., 2017).
Furthermore, complementation has been utilised to characterise the functional
outcome of patient associated mutations within DTX3L, relating DTX3L function

with clinical impact.

6.1.1. Suppression of Regressed Replication Fork
Degradation Requires the E3 ubiquitin ligase activity of
DTX3L

To expand the toolset available for the investigation of DTX3L in the replication
stress response, plasmid constructs for the introduction of FLAG tagged DTX3L
protein to cells were generated. The pDEST-FLAG-DTX3L-WT construct was
produced via the gateway LR cloning system as described in Chapter 2.2.3,
using the pHAGE-N-FLAG-HA destination vector (a kind gift from Dr. R.
Chapman). Upon validation of the wild-type DTX3L FLAG-tagged construct by
sequencing, the WT construct was used as a plasmid template for site-directed-
mutagenesis (SDM), as described in Chapter 2.2.3.1. Through the design of
primers incorporating four point mutations into the DTX3L WT sequence (see
Table 4), the pDEST-FLAG-DTX3L-M2, a construct encoding for FLAG-DTX3L
with a disrupted RING domain was amplified. RING domain amino acid mutations
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consisted of: Cys576Ser, His578Ser, Cys581Ser, Cys584Ser. Purified plasmid

was sequenced to confirm the M2 point mutations were introduced (Figure 33).

The pDEST-FLAG-DTX3L was transiently transfected into the HeLa DTX3L"
clone 20 and clone 24 cell lines. In comparison to parental controls, both the
FLAG-DTX3L-WT and FLAG-DTX3L-M2 transfected knockout cells were found
to express DTX3L at a similar level to endogenous DTX3L in HeLa WT cells

(Figure 34).

To establish that the degradation of regressed replication forks observed through
silencing and knockout of DTX3L could be rescued through complementation
with WT DTX3L, the FLAG-DTX3L-WT construct was transfected into Hela
DTX3L" cells and analysed by DNA fibre analysis. As DTX3L is an E3 ubiquitin
ligase, | also wanted to investigate whether this emergent excessive fork
resection defect was due to the specific loss of DTX3L ubiquitination activity or
due to an alternative role of the DTX3L protein. To this end, | also included FLAG-
DTX3L-M2 for analysis.

As expected, knockout of DTX3L induced a robust fork resection defect in both
clones as observed previously, with CldU/IdU ratio decreasing from 0.927 in
HeLa WT to 0.635 and 0.586 respectively. Reintroduction of functional DTX3L
protein through transfection of FLAG-DTX3L-WT was found to rescue this defect
in both clones, restoring the CldU/IdU ratio to 0.881 and 0.976 in HDKO clone 20
and HDKO clone 24 respectively. Transfection of FLAG-DTX3L-M2 was not able
to rescue the defect in fork resection, producing CldU/IdU ratios of 0.686 for clone

20 and 0.696 in clone 24 (Figure 35).
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WTDTXALCAAAGTGCAAGCATGAATTCTGCGCCCCTTGTATCAACAAA
M2DTXALCAAAGAGCAAGAGTGAATTCAGCGCCCCTAGTATCAACAAA

\ LAAAA L

Figure 33. FLAG-DTX3L-M2 Sequencing trace.

Sequencing primer was designed to sequence the RING region of the FLAG-DTX3L-
M2 construct. Top sequence depicts WT DTX3L sequence, with nucleotides to be
mutated highlighted in bold. Below, FLAG-DTX3L-M2 is shown, with corresponding
mutated bases in red.

FLAG-DTX3L-WT - —- —- + - + -
FLAG-DTX3L-M2 = = = = 4+ —= +
Parental WT 20 24 20 20 24 24

akDa SRR 7oL

S50KDa e e wew e we == we o-tubulin

Figure 34. Western blot depicting ectopic expression of WT DTX3L and M2
DTX3L.

Parental HelL.a DTX3L™ cells were transiently transfected with 1.1ug pDEST-FLAG-
DTX3L-WT or FLAG-DTX3L-M2 constructs to test for successful expression of the
transgene product. Cell pellets were harvested 48h post-transfection. Transgene
expression was detected by immunoblotting using DTX3L antibody.
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Figure 35. DNA fibre analysi of HDKO cells re-complented with FLAG-DTX3L-
WT or FLAG-DTX3L-M2 expressing constructs.

A) Arrow schematic depicts nucleoside pulse labelling of DNA and HU treatment before
cells were harvested. Boxplots represent 57-95" percentile. (ns = Non-significant, ****
= P < 0.0001, Mann-Whitney test, n = 288, from three independent experiments).

B) Representative images of DNA fibres; white scale bars are 5um.
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6.1.2. Clinically Relevant Y403X DTX3L Mutation
Demonstrates Fork Resection Defect Seen in DTX3L™"-
cells

DTX3L is overexpressed in numerous cancers, however this study has brought
to light that the absence of DTX3L is also detrimental to the cell, resulting in
defects in DNA replication and tolerance to replication stress.

To investigate the clinical relevance of DTX3L functional abrogation, clinical
mutations in DTX3L were identified through the Genematcher database, where
Daniel Wegner (Undiagnosed Diseases Network, Washington University School
of Medicine in St. Louis) kindly shared information of their patient carrying
heterozygous mutations. These mutations were identified in two independent
sequencing assays (whole genome sequencing and whole exome sequencing),
with inheritance of each DTX3L gene variant from respective parents clearly
observed. One copy of the DTX3L gene possesses a T1209G point mutation,
resulting in amino acid conversion of tyrosine at position 403 in the amino acid
sequence to a stop codon (Y403X). This likely results in expression of a truncated
protein of predicted size 46kDa. Expression of this truncated protein was in fact
observed (Figure 37, B) as expected. As this truncated protein does not include
the RING domain located downstream (positions 561 to 600), this truncated
protein is predicted to be functionally inactive for E3 ubiquitin ligase activity.

The second inherited allele encodes a C1505T point mutation, converting alanine
at position 502 to valine (A502V). The functional implications of this mutation are
less obvious as this is a conservative substitution. A commonly used strategy to
identify functional sequences within the genome and more specifically to assess
conservation of amino acids within genes is to perform sequence alignment. It
follows that if a residue is highly conserved, it is likely to be important for protein
function. To shed light on the potential consequence of these point mutations,
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multiple sequence alignment was carried out (Figure 36). From this analysis, the
alanine at 502 in the human DTX3L gene appears to be highly conserved, with a
score of *, indicating absolute conservation across the five sequences. This
suggests that this residue may be important for gene function in at least

vertebrates.

To investigate if the clinical mutations described here have functional
consequence and produce a fork regression defect as seen in the case of DTX3L
deficiency, parental HeLa DTX3L" cells were re-complemented by transient
transfection of plasmid constructs modified by site directed mutagenesis for these
patient mutations. As seen in the previous chapters, a robust defect in fork
resection was observed in HelLa DTX3L" cells (Figure 37). Interestingly,
complementation of DTX3L" clones with the Y403X patient mutation construct
demonstrated no rescue to the fork resection defect seen in the respective
DTX3L" clones alone, in comparison to HeLa WT cells. Complementation with
the A502V construct was found to fully rescue the fork resection phenotype to
that seen in HeLa WT cells, with no significant difference in the CldU/IdU ratios
observed. Attempting to replicate the genetic context observed in our patient and
investigating the possibility of compounding heterozygous DTX3L mutations, the
Y403X and A502V constructs were co-transfected in DTX3L" cells (0.55ug of
each plasmid was used per transfection compared to 1.1ug of plasmid for single
plasmid transfections). Interestingly, simultaneous ectopic expression of both
mutated DTX3L proteins were not able to fully rescue the fork regression defect
compared to HeLa WT cells (1.21 in WT, 1.08 in re-complemented clone 20 and
1.05 in clone 24), but did partially restore the CldU/IdU compared to DTX3L" cells

(0.77 and 0.84 for clone 20 and clone 24 respectively).
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Unfortunately, clinical phenotypes for the patient are not known due to limited

correspondence with the clinician and therefore cannot be commented on further.

470F , ‘t80N , 4]895 , 5[090 , Sll8— , SIZ4H ,
TX3L_(HUMAN)/Q8TDB6/1-74TK FADDFRKRHPNVHFVL-NQESMT KQYVLKGGGMSSLAG- -~~~ KKLKEGHETBMD I DSDD
3L_(MOUSE)/Q3UIR3/1-748 TKFADNFKKEHPNVHFVT-SQESVT MQYVSKRMGLAPSSG-~-~-~-~ EKLAMDQETPME | SSSD
3L_(DOCG)/FIPEV3/1-736 TKFADDFRTMHPD IHFVL-NQESMT KQY ICKKVELSLLAG-~-~-~ DQGNEDHETBMDTDSND
IDTX3L_(CHICKEN)/FINFB8/1-737 NMLLDEKQLESLYVMKLK-EKEDKLI EREIMYLLNAEDSS-~-~-~~-==~~ ETKKGTRLSSDLNN

3L_(CREEN_ANOLE)/GIKJ94/1-;TQEFPQLCTEHPQVTLONKGEGQL | ENHIKTFLESAVDPPPSVSASSTEAMLGRBIFEQNSDH

Conservation

6866755 6596 ‘ 35 44 575936274542361----~ 111343446 8657574

Figure 36. Multi sequence alignment of the DTX3L gene in different species of
vertebrate demonstrating conservation of the 502A residue.

Conservation histogram depicts conservation scores between 0-9, 0 being least
conserved. — no conservation, + conservation of residue properties, * absolute
conservation. Sequences obtained from UniProt, alignment performed with
ClustalOWS on Jalview 2.11.1.4.
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Figure 37. FLAG-DTX3L-Y403X does not rescue DTX3L™ fork resection defect,

compared to FLAG-DTX3L-A502V expressing constructs.

A) Arrow schematic depicts nucleoside pulse labelling and treatment before cells were
harvested (57-95" percentile, n > 219 tracts from three independent experiments.
Analysed by Mann-Whitney, ** = P=0.0017, *** = P=0.0006, **** = P<0.0001). B)
Western blot comparing expression levels of FLAG-DTX3L from constructs
transiently transfected into HDKO cell lines. For single transfections, 1.1ug pDNA

was used; for co-transfections, 0.55 ug was used per plasmid. Transgenic DTX3L was
immunoblotted with DTX3L antibody. The FLAG-DTX3L-Y403X is predicted to express
a truncation protein of estimated size 46kDa. Actin serves as a loading control.
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6.1.3. Abolishment of PARP9 Does Not Account For Fork
Resection Defect

PARP9 is a binding partner of DTX3L and has been found to restrain DTX3L
catalytic activity through its ADP-ribosylation activity on ubiquitin, as mentioned
in Chapter 1.7.1 (Yang et al., 2017). DTX3L in association with PARP9 plays a
role in DNA damage repair, and therefore it was important to investigate if
silencing of PARP9 contributes to the fork resection defect observed with DTX3L
deficiency. Firstly, to establish if PARP9, in association with DTX3L, is
responsible for the defect observed, | wanted to investigate if knockdown of
PARP9 alone in HeLa WT cells resulted in a similar defect seen with DTX3L
deficiency. PARP9 knockdown efficiency resulted in 25% of PARP9 expression
in WT, and between 30% and 50% in respective HDKO clones, indicating a
reduction in PARP9 expression (Figure 38B). Interestingly, a mild reduction in the
CldU/IdU ratio from 0.86 to 0.76 is observed compared to HeLa WT silLuc,
suggesting knockdown of PARP9 leads to a mild fork regression defect (Figure
38). However, in comparison to CldU/IdU ratios in HDKO clone 20 and clone 24
treated with control siLuc, the fork regression defect is significantly less
pronounced compared to ratios of 0.56 and 0.50 respectively.

Secondly, to investigate epistasis between PARP9 and DTX3L, silencing of
PARP9 in DTX3L" cells was also investigated. Interestingly, siPARP9 treatment
was found to slightly, yet significantly, reduce the CldU/IdU ratios observed in
both HDKO clones even further compared to siLuc control, despite incomplete
abrogation of PARP9 expression. Silencing of PARP9 in HDKO clone 20 and
clone 24 produced ratios of 0.48 and 0.42 respectively, suggesting a
multiplicative defect in fork regression upon deficiency of both DTX3L and

PARP9.
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Figure 38. Silencing of PARP9 induces a mild fork degradation defect compared
to DTX3L depletion.

A) DNA fibre analysis of HDKO cells treated with siLuc or siPARP9. Arrow schematic
depicts nucleoside pulse labelling and HU treatment. Boxplots represent 57-95"
percentile. (* =P =0.0266, ** = P > 0.0039. Analysed by Mann-Whitney test, n 2 106
fibres, from two independent experiments). B) gPCR demonstrating knockdown
efficiency. siPARP9 was normalised to respective siLuc cell line (from one experiment,
performed by Dr. Charlotte Smith, ICR).
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6.2. Fork Degradation in DTX3L"' Cells is
Rescued Through Modulation of Fork Repair
Factors

6.2.1. Silencing of SMARCAL1 Rescues Fork Resection in
HelLa DTX3L" Cells

Cells tolerate challenges to DNA replication through reversal of the ongoing
replication fork. While controlled orchestration of this process can be
advantageous to permit repair of the fork stalling lesion, providing opportunity for
fork restart, excessive fork reversal can provide a substrate for unscheduled
degradation of nascent DNA, resulting in genomic instability. To investigate
whether the extensive fork degradation seen in DTX3L" cells could be rescued
through prevention of inappropriate regression of stalled forks, knockdown of
SMARCAL1, a key fork remodeller that promotes fork reversal, was performed
for DNA fibre analysis.

As seen previously, a significant decrease in CldU/IdU ratio was observed for
both siLuc treated DTX3L knockout clones compared to WT siLuc. Ratios
decreased from 0.891 to 0.666 and 0.728 for clone 20 and clone 24 respectively
(AFigure 39A). SMARCAL1 knockdown using siRNA was effective (AFigure 39B).
Interestingly, knockdown of SMARCAL1 was found to increase CldU tract length
in all 3 cell lines compared to their control counterpart, as shown by the increase
in CldU/IdU ratio. HeLa WT cells treated with sSiSMARCAL1 produced a ratio of
1.046, and 1.069 and 1.065 in the case of DTX3L” cells. Most importantly,
DTX3L" cells treated with siSMARCAL1 were rescued to WT levels, suggesting
that extensive fork reversal, leading to fork degradation in the absence of DTX3L,

is mediated by fork remodellers such as SMARCALA1.
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6.2.2. MRE11 Inhibition Rescues Fork Resection in HelLa
DTX3L™ Cells

Following on from this, | then wanted to investigate whether SMARCAL1 reversed
forks result in degradation by MRE11 in the absence of DTX3L. To this end, |
employed the extensively characterised MRE11 inhibitor mirin in the DNA fibre
assay (Dupré et al., 2008; Nieminuszczy et al., 2019).

Once again, the fork resection defect observed in DTX3L” cells was
recapitulated, with a decrease in CldU/IdU ratio from 1.063 in HeLa WT cells to
0.753 in clone 20 and 0.869 in clone 24 (Figure 40).

As seen previously with sSiSMARCAL1 treatment, all three cell lines treated with
mirin saw an increase in CldU tract length and a resultant increase in the
CldU/IdU ratio. Strikingly, mirin treatment was found to rescue CldU/IdU to at
least WT levels, with 1.107, 1.252 and 1.203 and in WT, clone 20 and clone 24

respectively.
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Figure 40. Inhibition of MRE11 by mirin rescues the fork resection defect seen in
HeLa DTX3L™ cells.

A) DNA fibre analysis of cells treated with mirin as indicated. Arrow schematic depicts
nucleoside pulse labelling and treatment before cells were harvested. Boxplots
represent 57-95" percentile. (** = 0.0024, **** = P < 0.0001, Mann-Whitney test, n 2
269 fibres, from three independent experiments). B) Representative images of DNA
fibres; white scale bars are 5um.
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6.2.3. Recruitment of RAD51, BRCA1 and MRE11 to the
Replication Fork Are Unaffected by DTX3L Deficiency

To investigate if recruitment/retention of crucial fork repair components to the
ongoing replication fork are defective as a result of DTX3L deficiency, resulting
in defective fork resection, the proximity ligation (PLA) assay was utilised
(Nieminuszczy et al., 2019; Taglialatela et al., 2017). Foci are formed as a result
of fluorescent DNA probes binding to the product of rolling circle PCR
amplification that can occur once two secondary probes are in proximity. These
probes bind to primary antibodies of which here mouse and rabbit biotin

antibodies were used as a positive control for the assay (Figure 417).

r’ Biotin Azide

° Target protein

Anti-biotin

Antibody against
target protein

A
A
b PLA + probe

PLA - probe

Q Circular DNA

Fluorescent
detection probe

Figure 41. Schematic of the proximity ligation assay.

The EdU labelled replication fork (green) is biotin labelled using click reaction chemistry
for PLA detection of fork associated proteins of interest.
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RAD51 is important for the stabilisation of single-stranded nascent DNA at the
stalled fork, permitting fork reversal, preventing excessive fork degradation and
promoting restart of stalled/collapsed forks. BRCA1 is essential for the exchange
of RPA to RAD51 and MRE11 is required for the DNA resection necessary for
homologous recombination and fork restart. To assess their recruitment to active
replication forks, HeLa cells were labelled with EdU and fixed untreated or
labelled prior to 4mM HU treatment for 3h.

For the EAU-RAD51 PLA, no significant difference in the mean number of foci
was observed between HelLa WT cells and DTX3L" cells. Untreated cells
produced a mean number of foci in the range of 1.4 to 2.0 foci per positive
nucleus. In cells treated with 4mM HU for 3h, the difference in mean number of
foci for DTX3L"" cells was statistically insignificant with foci increasing from 2.6 to
3.5 for clone 20 and 3.3 for clone 24 (Figure 42).

In Figure 43 where BRCA1 recruitment to nascent DNA was investigated, no
difference was observed in untreated cells between WT and DTX3L". For HU
treated cells, a slight increase was observed above WT in clone 24, but not for
clone 20, with mean foci of 8.0, 9.9 and 8.2 respectively.

Finally, recruitment of MRE11 to replicating DNA is shown (Figure 44). In
untreated cells, the number of foci observed for HeLa WT was 9.5 compared to
KO clones 20 and 24 with 10.1 and 6.7 respectively, resulting in non-statistically
significant differences with WT. In HU treated cells, HDKO clone 24 resulted in a
slightly statistically significant decrease in mean foci from 13.6 to 9.2, and 13.1

for clone 20.
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Figure 42. Recruitment of RAD51 to the replication fork is not affected by DTX3L
deficiency.

A) Single species biotin antibody immunostaining acts as negative control for PLA
assay, and mouse & rabbit biotin antibodies immunostaining acts as positive control for
PLA assay. B) PLA foci formation resulting from RAD51 recruitment to EdU labelled
forks. n = 144 foci-positive nuclei from three independent repeats. Red lines show
mean (ns = non-significant, analysed by Mann-Whitney). Representative images of
nuclei shown; white scale bars are 10um.
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Figure 43. Recruitment of BRCA1 to the replication fork is not affected by DTX3L
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PLA foci from BRCA1 recruitment. n = 114 foci-positive nuclei from three independent
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Figure 44. Recruitment of MRE11 to the replication fork is not affected by DTX3L
deficiency.

PLA foci from MRE11 recruitment. n =2 193 foci-positive nuclei from three independent
repeats. Red lines show mean. (ns = non-significant, * = P > 0.02, analysed by Mann-
Whitney).
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6.3. Complementation of HeLa DTX3L" Cells by
Ectopic Expression of GFP-DTX3L

6.3.1. Generation and Characterisation of HelLa
DTX3L"- Cells Recomplemented With GFP-DTX3L

A gateway destination vector based on the Clontech pEGFP-C1 backbone (a
generous gift from Prof. C. Green) was used to clone the DTX3L cDNA from a
DNASU repository entry vector via LR clonase reaction (see Chapter 2.2.3). This
pDEST-GFP-DTX3L construct was transfected into the HeLa DTX3L" clones
(clone 20 and clone 24) under G418 selection to generate stable GFP-DTX3L
expressing clones.

Transfected cells were single cell sorted and expanded from 96 well plates. Upon
further expansion under selection, cells were harvested and analysed by western
blot to determine transgene expression. Unexpectedly, despite these clones
being resistant to selection, the presence of GFP from the transfected construct
was not detectable by western blot despite detection of GFP in the positive control
(data not shown).

| then decided to blot with DTX3L antibody to see if ectopic DTX3L expression
could be detected this way. Surprisingly, compared to the parental controls,
DTX3L was present in the transfected samples suggesting that exogenous
DTX3L expression was occurring (Figure 45, A). To further characterise the
expression of this transgene, | then examined the subcellular localisation of GFP-
DTX3L by immunofluorescent imaging. Compared to the parental control, GFP
was seen above background in the nuclei of transfected cells, suggesting that
GFP-DTX3L expression is predominantly nuclear as anticipated by the presence

of NLS domains in DTX3L (Figure 45, B).
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Figure 45. DTX3L is transgenically expressed in HeLa DTX3L™ cells via the
pDEST-GFP-DTX3L construct and localises to the nucleus.

DAPI

GFP

A) Western blot analysis of HelL.a DTX3L™ cells transfected with pDEST-GFP-DTX3L.
Samples were immunoblotted with antibody against DTX3L. a-tubulin serves as
loading control. B) Fluorescent imaging of HeLa DTX3L”" GFP-DTX3L stable clones for
direct GFP fluorescence. Cells were seeded onto coverslips, fixed and mounted.
Parental cells were included as a control for background fluorescence detectable in the
488nm channel. White scale bars are 10um in length.
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6.3.2. Exploring the DTX3L Interactome Through GFP-
Nanotrap Co-Immunoprecipitation Coupled to LC-
MS/MS

To shed further light on the molecular mechanism of DTX3L in the replication
stress response, the pDEST-GFP-DTX3L construct was used to transiently
express GFP-DTX3L in HEK293FT cells in order to perform GFP nanotrap
pulldown of the transgene and DTX3L associated proteins. Transient transfection
of GFP-DTX3L in HEK293FT cells was performed 48h prior to IP. An
untransfected control was included to account for unspecific pulldown through
low affinity binding to the GFP nanotrap beads. For transfected cells, cells were
either untreated or treated prior to harvesting with 1mM HU for 1h, or 4mM HU
3h to see whether enhanced replication stress resulted in altered protein-protein
interactions. | immunoblotted for DTX3L to ensure successful pulldown of GFP-
DTX3L by the GFP nanotrap beads (Figure 46, A).

To ascertain whether any proteins were being coimmunoprecipitated with the
GFP-DTXA3L protein, and given that DTX3L has few known interactors, the IP was
submitted for analysis by LC-MS/MS. Mass spectrometry profiling of the co-
immunoprecipitated samples revealed the identification of 221 unique proteins.
DTX3L and GFP were identified as most abundant, as expected in the transfected
samples (Figure 46, B). Other relevant hits identified included positive interactors
histone 4 and PARP9. Histone 4 was also detected in the control, however
PARP9 was identified in at least one GFP-DTX3L transfected sample specifically.
Interestingly, DNA damage response related proteins PARP1 and TOPBP1 were
also identified. PARP1 was found in the untreated IP sample but was also
detected in the untransfected control sample. TOPBP1 was present in samples
treated with 1TmM HU for 1h and in greater abundance in samples treated with
4mM HU 3h. Other peptides identified were not relevant to the current

160



investigation and the majority consisted of cell matrix proteins or ribosomal

proteins.
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Figure 46. TOPBP1 interaction in vivo with DTX3L is suggested by GFP co-IP-MS.

A) Western blot for detection of target proteins in input (pre-immunoprecipitation) and

immunoprecipitated samples. Whole cell lysate from HEK293FT cells transiently

transfected with GFP-DTX3L plasmid construct was obtained and 40ug used as input
(0.8% of total protein used in IP). B) GFP-DTX3L Nanotrap IP coupled to LC-MS/MS

results. Table shows peptide abundance count relative to IP sample. NT: non-

transfected. UT: untreated. THU: 1TmM HU, 1h. 4HU: 4mM HU 3h.
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6.4. TOPBP1 Associates With DTX3L

6.4.1. FLAG-DTX3L-WT Co-IP Corroborates DTX3L and
TOPBP1 Interact In Vivo

To continue work initiated using the GFP-DTX3L construct exploring the
interactome of DTX3L, | wanted to validate the finding that immunoprecipitation
of DTX3L leads to co-immunoprecipitation of TOPBP1. To see whether TOPBP1
was present in the immunoprecipitated lysate, lysate was analysed by western
blot. TOPBP1 was identified in all FLAG-DTX3L IP samples, reaffirming the ability
for TOPBP1 to co-immunoprecipitate with DTX3L independently of the beads
used, or the tag that permits DTX3L binding to the beads (Figure 47). TOPBP1
pulldown was found to be most abundant in cells treated for 1mM HU for 1h,
despite equal pulldown of DTX3L in all FLAG-DTX3L transfected samples,
suggesting the in vivo interaction of TOPBP1 and DTX3L is enhanced in

conditions of increased replication stress.

+ 1mM HU 1h
+ 4mM HU 3h
+ 1mM HU 1h
+ 4mM HU 3h

-
> D
FLAG-DTX3L-WT - +

171kDa “ _ TOPBP1

INPUT (0.8%) IP (5mg)

uT
+ UT

Figure 47. TOPBP1 in vivo interaction with DTX3L is validated by FLAG co-IP.

Western blot for detection of TOPBP1 in input (pre-immunoprecipitation) and
immunoprecipitation samples generated from HEK293FT cells transiently transfected
with FLAG-DTX3L plasmid construct (input samples represent 0.8% of total protein
used in IP).
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6.4.2. DTX3L and TOPBP1 Associate More Frequently
Under Conditions of Replication Stress

Utilising the proximity ligation assay, an alternative approach was employed to
validate the interaction between DTX3L and TOPBP1.

U20S cells stably expressing GFP-tagged TOPBP1 (U20S GFP-TOPBP1,
generated by Dr. Peter Martin (ICR)) were used, with cells either untreated,
treated with 1mM HU for 1h or 4mM HU 3h. U20S GFP expressing cell lines
were used as control. All three GFP samples had mean foci counts of 0.3-0.5 foci
per nucleus, suggesting that this is the background level of foci to be expected
for this assay for these antibodies, of which unspecific binding and chance
proximity may account for this (Figure 48).

In support of the interaction observed between TOPBP1 and DTX3L from the co-
immunoprecipitations presented in the previous section, a significant increase in
PLA foci was observed for GFP-TOPBP1 untreated cells compared to the GFP
only control, from a mean of 0.5 foci per nucleus to a mean of 1.8 foci per nucleus.
Interestingly, the mean foci for cells treated with 1mM HU for 1h and 4mM HU for
3h were 2.3 and 2.8 respectively, suggesting the incidence of TOPBP1 and
DTX3L association is increased in conditions of enhanced replication stress. In
combination with co-IP data, this suggests that DTX3L and TOPBP1 are
interacting proteins, and interaction is more frequently observed when there are

challenges to DNA replication.
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Figure 48. Frequency of TOPBP1 and DTX3L association in vivo is greater in
conditions of enhanced replication stress.

A) PLA assay using antibodies against GFP and DTX3L. Red line shows mean; each
point represents a nucleus. Cells expressing GFP only were used as a negative
control. (**** = P < 0.0001, Mann-Whitney test, n = 256 nuclei from three independent
experiments). B) Representative images of nuclei stained with DAPI and DTX3L:GFP
PLA foci in red.

164



6.5. Ubiquitome Enrichment Profiling of DTX3L"
" Cells

Due to the challenge of delineating the numerous substrate targets of E3 ubiquitin
ligases, loss of function ubiquitome enrichment analysis was performed to identify
a cohort of DTX3L substrates that may contribute to its role in the RSR (Bakos et

al., 2018; Fulzele & Bennett, 2018; Thompson et al., 2014).

Here, ubiquitin peptide (diGly remnant) immunoprecipitation resulted in retrieval
of >20,000 ubiquitinated peptides. Samples were scaled, filtered and statistically
analysed as described in Chapter 2.2.14.4, accounting for a cell culture batch
effect determined by Pearson sample correlation (Figure 49).

Two sample t-test comparisons were performed for investigation of ubiquitin
enrichment upon enhanced replication stress (Untreated (UT) vs 3mM HU 4h
(HU) treatment, in HeLa WT/DTX3L"- (KO)), or through DTX3L deficiency (HelLa
WT vs DTX3L”, in UT/HU). >480 peptides were found to be differentially
ubiquitinated in at least one comparison, of which 147 were differentially
regulated in HU-treated DTX3L"- vs WT and 168 in untreated DTX3L"- vs WT. Of
these, 5 were regulated in both.

In a group wide comparison by ANOVA, >300 peptides were determined to be
significantly (P <0.05) differentially ubiquitinated (enrichment factor >1.3) in at
least one group (e.g. HU DTX3L”). Both statistical methods were used to
compare the data in multiple ways for informing the identification of potentially
interesting, differentially regulated peptides that may be functionally validated

hereafter.

165



The following work is the result of a collaborative effort between myself, Lu Yu
(Choudhary Lab, ICR) and Theo Roumeliotis (Choudhary Lab, ICR). Cell culture
and sample pellet preparation were carried out by myself. Cell pellet lysis, protein
digest, ubiquitin remnant enrichment IP, elution and desalting were carried out by
myself with the guidance of Lu Yu. TMT labelling, hpH fractionation,
concatenation and LC-MS/MS were performed by Lu Yu. Statistical analysis for
ubiquitin peptide enrichment and GOBP pathway enrichment were performed by

Theo Roumeliotis using Perseus software (version 1.6.2.2).
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Figure 49. Pearson sample correlation analysed using scaled abundances.

Correlation within biological repeats suggests a cell batch effect. Samples were re-
scaled within each batch. (Theo Roumeliotis)
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6.5.1. Pathway Enrichment Analysis of Ubiquitinated
Peptides

Pathway enrichment analysis was performed using the GOBP (Gene Ontology
Biological Processes) database to identify biological processes where retrieved
ubiquitinated peptides were significantly (P < 0.05, Fisher exact test) over/under-
represented (enrichment factor >1.3) in their respective comparisons (Table 8).
103 GOBP annotated pathways were identified across all 4 comparisons.

The most relevant comparisons for this study include pathway enrichment for
DTX3L" vs HeLa WT in untreated conditions and in 3mM HU 4h treated
conditions. In the untreated comparison, 38 pathways were enriched (Table 8, A).
These include immunologically related biological processes such as Notch
signalling, cytokine-mediated signalling, leukocyte migration and neutrophil
degranulation. Additionally, pathways such as cell proliferation and regulation of
RNA Pol Il transcription were also identified.

Concerning the RSR more specifically, by comparing DTX3L"- vs WT in treated
conditions 31 pathways were identified (Table 8, B). These include detection of
DNA damage and the DNA damage response, regulation of cell growth & cell
division, DSBR (via NHEJ), regulation of apoptosis, and the G1/S transition of
mitosis. Modifications in pathways pertaining to gene expression, through
transcription and translation were also featured. Immunologically related
biological processes were also identified such as NF«B (nuclear factor kappa B)

activity, neutrophil degranulation and cytokine-mediated signalling.
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A GOBP Name Enrichment factor |P value
protein K48-linked ubiquitination 8.3647 5.54E-05
response to nutrient 7.8071 8.31E-05
response to drug 4.5041 0.00012
vasculogenesis 9.2942 0.00014
positive regulation of protein phosphorylation 4.8794 0.00043
transmembrane transport 5.323 0.0007
blood vessel development 8.6745 0.00089
positive regulation of smooth muscle cell proliferation 8.218 0.0011
apoptotic process 2405 0.00182
regulation of gene expression 5.1362 0.00225
regulation of cholesterol biosynthetic process 6.7888 0.00226
protein stabilization 3.2194 0.00244
response to organic cyclic compound 6.2457 0.00307
positive regulation of cold-induced thermogenesis 6.0055 0.00354
positive regulation of ERK1 and ERK2 cascade 4539 0.00381
wound healing 5.5765 0.00461
protein localization 5.3842 0.00521
regulation of cell migration 5.2047 0.00587
ubiquitin-dependent protein catabolic process 2.5458 0.00591
Notch signaling pathway 4.8794 0.00732
cellular response to heat 4.8794 0.00732
positive regulation of cell migration 3.253 0.00763
cell adhesion 2.7882 0.00898
response to hypoxia 34242 0.01164
aging 3.3651 0.01242
cellular protein modification process 3.7177 0.01767
protein deubiquitination 21992 0.01841
cytokine-mediated signaling pathway 3.0027 0.01876
extracellular matrix organization 3.5487 0.02037
leukocyte migration 3.3222  0.0248
in utero embryonic development 2749  0.0254
positive regulation of cell proliferation 2.0018 0.02797
proteasome-mediated ubiquitin-dependent protein catabolic process 22739 0.03193
neutrophil degranulation 1.7121 0.03532
spermatogenesis 2.1487 0.03885
negative regulation of apoptotic process 1.7479 0.03914
regulation of transcription by RNA polymerase Il 1.9108 0.04363
heart development 2.6921 0.04458

B GOBP Name Enrichment factor P value
protein ubiquitination 3.368 4.58E-05
positive regulation of translation 8.609 4.73E-05
protein K11-linked ubiquitination 11.16  5.55E-05
response to ethanol 6.8872 0.0001718
positive regulation of protein serine/threonine kinase activity 11.479 0.0002881
regulation of mRNA stability 5.1507 0.0022352
cellular protein modification process 4.7828 0.0030689
DNA damage response, detection of DNA damage 6.1808 0.0032045
translational initiation 3.061 0.0032804
negative regulation of cell growth 44639 0.0040957
osteoblast differentiation 4.274 0.0048965
cellular response to DNA damage stimulus 2.5644 0.0056619
protein deubiquitination 2.5463 0.0059007
telomere maintenance 4.8697 0.007384
nuclear-transcribed mRNA catabolic process, nonsense-mediated decay 2.8697 0.0078248
double-strand break repair via nonhomologous end joining 44639 0.0098728
negative regulation of translation 4229 0.011777
cellular response to lipopolysaccharide 4229 0.011777
positive regulation of NF-kappaB transcription factor activity 3.293 0.013473
ubiquitin-dependent protein catabolic process 2.329 0.014019
neutrophil degranulation 1.9383 0.015133
negative regulation of apoptotic process 1.9988 0.016465
cytokine-mediated signaling pathway 3.0904 0.016956
cellular response to leukemia inhibitory factor 3.7372  0.017408
cell division 1.9503 0.018752
positive regulation of gene expression 25644 0.020459
viral process 1.7544  0.031599
SRP-dependent cotranslational protein targeting to membrane 24202 0.038274
translation 2.0603 0.044668
DNA repair 1.8748 0.046631
G1/S transition of mitotic cell cycle 2.5919 0.049216

Table 8. DNA damage repair and immune system related pathways are
significantly represented in ubiquitome enrichment analysis comparing DTX3L
against WT cells.

-

GOBP pathway enrichment analysis of retrieved ubiquitinated peptides in comparisons
of A) untreated DTX3L™" vs WT samples B) 3mM HU 4h treated DTX3L” vs WT
samples, where pathway enrichment is >1.3 and statistically significant (P < 0.05,
Fisher exact test).
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6.5.2. Ubiquitin Peptide Enrichment between HeLa WT
and DTX3L" cells

Investigating specific peptide enrichment, and pertaining to the work presented
here proposing TOPBP1 as a potential substrate of DTX3L, no significant
difference was identified in the single retrieved ubiquitinated peptide for TOPBP1
between HeLa WT and DTX3L" in untreated or HU treated samples.

Other potentially relevant ubiquitinated-peptide fold changes were identified
through result filtering. Retrieved peptides in HU treated samples with significant
fold changes (= +/- logz 0.5, two sample t-test P < 0.05) were filtered for GOBP
name matches including the term ‘DNA damage’ and a subselection of peptides
were returned. These include cyclin D1 (CCND1), involved in cell cycle regulation
during the G1/S phase transition. In both untreated and HU treated samples,
retrieved ubiquitinated cyclin D1-K95 was significantly reduced (log2 -1.6744 FC
and logz -1.4910 FC, respectively) in DTX3L’ samples compared to WT.
Similarly, peptides such as USP1-K683 (deubiquitinates FANCD2) and HERC2-
K2008 (E3 ubiquitin ligase, associated with DSBR via NHEJ) were found to be
significantly reduced (log2 FC -0.5305 and -0.6467). Conversely, other filtered
ubiquitinated peptides include POLD2-K90 (log2 FC +0.5905, DNA polymerase
delta subunit), XRCC6-K443 (log> FC +1.0153, regulatory subunit of DNA-PK)
and MSH6-K1233 (log. FC +0.6861, mismatch repair protein), found to be
significantly enriched in DTX3L"- compared to WT. In both UT and HU treated
samples, UBE2A (ubiquitin conjugating enzyme) was enriched (log2 FC +0.6861
and +0.7180) in DTX3L" vs WT.

Additional peptides were identified with a log> FC determined to be statistically
significant upon group-wise comparison through ANOVA (P < 0.05). This

included two RAD21 ubiquitinated peptides (ubiquitinated at K406 and K335).
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RAD21 is a member of the cohesion complex involved in proper chromosome
segregation. RAD21-K406 and RAD21-K335 were found to be reduced in HU
treated DTX3L"- samples (logz FC -0.4234 and -0.4467 respectively) and in UT
DTX3L" samples (log2 FC -0.6402 and -0.5292 respectively). POLD1-K648 (-
0.1906), POLD1-K676 (-0.1110), POLD1-K1087 (-0.1238), POLE-K168 (-
0.3444), DNA2-K968 (-0.2912, DNA nuclease) were also downregulated. SETX-
K544 (+0.4719, DNA:RNA helicase), RAP80-K305 (+0.4908, BRCA1-A complex
subunit), PCNA-K248 (+0.6437), NEDD8-K33 (+0.5544) were upregulated.

Many more peptides were retrieved (Figure 50) and may be interesting for further
investigation. Additionally, many ubiquitinated peptides were identified as being
significantly regulated (by two sample t-test, data not shown due to dataset size)
in HU treated DTX3L" cells compared to WT, however these did not meet the
threshold for log> FC or were not included after filtering for ‘DNA damage’ GOBP
annotation. Despite this, these may also be interesting proteins to investigate for
elucidating the role of DTX3L in the replication stress response, DNA damage

response or cell physiology more widely.
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UTWT
UT DTX3L™"
HU WT
HU DTX3L"

Figure 50. Differentially ubiquitinated peptides.

Ubiquitinated peptides were retrieved through ubiquitin remnant peptide IP and LC-
MS/MS. Red indicates enrichment, blue indicates reduction. Over 300 retrieved
ubiquitinated peptides are shown, determined to be significantly differentially
ubiquitinated in at least one group as determined by ANOVA (P < 0.05).
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6.6. Conclusion

With a previously explored role in the DNA damage response, and now a newly
identified role being revealed in DNA replication and the tolerance of replication
stress, it is important to understand how DTX3L mechanistically contributes to

these processes.

Here, complementation studies have established the importance of ubiquitination
activity to the role of DTX3L. Abrogation of the E3 ubiquitin ligase RING domain
through previously described ‘M2’ point mutations resulted in a failure to rescue
the replication fork defects observed with DTX3L depletion. Additionally, clinical
mutations Y403X and A502V in DTX3L were investigated and Y403X was found
to result in a similar defective resection phenotype, suggesting an underlying
molecular cause for the condition. Additionally, heterodimerisation partner

PARP9 was found to produce an additive fork degradation defect to DTX3L.

Excessive fork degradation exhibited by DTX3L deficiency was rescued through
the inhibition of SMARCAL1, indicating a translocase responsible and supporting
unscheduled fork regression arising through absence of DTX3L. Inhibition of
MRE11 also rescued fork degradation, indicating a responsible nuclease.
Investigating upstream factors that may be defective for this aberrant fork
regression and degradation, or through fork repair by HR, DTX3L deficiency did
not have an effect on the recruitment of RAD51 or BRCA1, suggesting an
unaffected capacity to stabilise forks and initiate HR mediated recovery of stalled

forks.
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An exploratory approach was taken to identify targets of DTX3L responsible for
the replication fork defects. Through IP-MS, TOPBP1 was identified as a potential
interacting partner of DTX3L. Association of TOPBP1 and DTX3L was further
validated by PLA and their increased association was observed in conditions of
HU induced replication stress. Furthermore, ubiquitome enrichment analysis has
identified a vast array of differentially ubiquitinated peptides upon DTX3L
deficiency and in untreated and HU treated conditions, many of which may prove
interesting for follow-up investigation. Pathway enrichment has indicated DTX3L
regulates peptides involved in DNA damage and cell proliferation, as well as other
pathways with previously described roles such as notch signalling and
inflammation. This stands in support of the data shown in this study and of that
generated by others (L. Wang et al., 2021; Yan et al., 2009, 2013; Y. Zhang et

al., 2015).

This study provides a strong foundation establishing DTX3L as a factor involved
in the replication stress response and in maintenance of genome stability.
Building from this work, it will be important to explore potential targets of DTX3L
ubiquitination pertaining to the maintenance of replication, of which targets such

as TOPBP1 and CCND1 may be relevant.
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Chapter 7: Discussion
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This study aims to further our understanding of how cells maintain genome
stability in the face of replication stress. Numerous factors have already been
identified that contribute to maintenance of the replication programme, such as
EXD2 and BOD1L, through the use of technologies that interrogate the replication
fork at a molecular level (Higgs et al., 2015; Nieminuszczy et al., 2019). These
factors have been evidenced to play crucial roles in maintaining fork stability and
preventing severe genome instability as a result of replication stress. However,
full understanding of the replication stress response and the factors involved in
this process is still a work in progress. Here, DTX3L has been identified as a
factor of the RSR and work has been instigated to identify mechanistically how

this E3 ubiquitin ligase contributes to the RSR.
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7.1. Summary

From the work carried out here, loss of DTX3L has been shown to lead to
defective replication fork dynamics, both in unchallenged conditions and
conditions of enhanced replication stress. A reduced ability to maintain fork
progression, fork recovery from stalling and appropriate fork regression was
observed with DTX3L deficiency. Cellular proliferation was also reduced in
DTX3L deficient cells, however the cell cycle distribution of these cells was largely
unaffected. Furthermore, depletion of DTX3L enhanced sensitivity to clinically
relevant drugs that impede DNA replication.

An increase in DNA damage was observed upon DTX3L loss, likely arising
through enhanced replication stress burden and a reduced stress tolerance.
Interestingly, and in accordance with this, silencing of DTX3L resulted in a
reduction in CHK1 phosphorylation. This suggests defective ATR activation and
downstream RSR signalling, thus hinting at a putative role for DTX3L in promoting
S-phase checkpoint activation.

Complementation studies revealed that DTX3L ubiquitination activity (through
abrogation of the RING domain) is important for the prevention of excessive fork
regression and unscheduled fork degradation. This was further supported
through the investigation of clinically relevant mutations in DTX3L, where
truncation mutation Y403X, omitting the RING domain of DTX3L, was also found
to produce excessive fork reversal and degradation.

The defective fork regression exhibited by DTX3L deficiency was found to occur
independently of the role of heterodimerisation partner PARP9, standing in
contrast to an apparent requirement of PARP9 for DTX3L recruitment to DSBs
(Yan et al., 2013). Additionally, fork regression was rescued through inhibition of

fork repair factors SMARCAL1 and MRE11, indicating unscheduled fork reversal
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and degradation by these factors as responsible for the defective RSR in DTX3L
deficient cells. Recruitment of fork protection and repair factors RAD51, BRCA1
and MRE11 were largely unaffected by DTX3L depletion.

Furthermore, an in vivo association of DTX3L and TOPBP1 was identified, which
is of interest given the role of TOPBP1 in ATR activation. Importantly, this
association was found to be upregulated in conditions of HU-induced replication
stress; further studies will be required to functionally characterise this interaction.
Finally, through ubiquitome enrichment analysis, a vast dataset of differentially
ubiquitinated proteins were identified in the presence and absence of DTX3L, in
unchallenged and replication stress induced conditions. Pathway enrichment
analysis revealed an enrichment of these differentially ubiquitinated peptides in
pathways that include DNA damage repair and cell proliferation, as well as other
pathways where DTX3L is known to function such as notch signalling and

immuno-modulation.
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7.2. DTX3L Acts at the Stalled Replication Fork
to Overcome Challenges to Replication

Previously to this study, work carried out by others has suggested a role for
DTX3L in the DNA damage response (Yan et al., 2009, 2013). These studies
proposed that abrogation of DTX3L, through associated mono-ubiquitination at
H4K91, leads to defective H4K20 methylation and a delay in 53BP1 recruitment
kinetics to sites of DNA damage. Given this association of DTX3L with DNA
damage recruitment and repair, and the identification of DTX3L at the challenged
replication fork through iPOND-MS, we sought to investigate if DTX3L had a role

in maintaining replication through the RSR.

The DNA fibre analysis technique is a powerful method to interrogate the role of
genetic factors in DNA replication and the tolerance of challenges to this process,
at single molecule resolution. Different versions of the assay exist, varying on
how DNA fibres are distributed and how actively replicating DNA is labelled.
Variants of the technique have been employed by numerous labs, with
fluorography-based techniques being utilised and developed for over twenty
years (D. A. Jackson & Pombo, 1998).

In this study, DNA fibre analysis was employed to investigate alterations in active
fork dynamics as a result of the abolishment of select E3 ubiquitin ligases found
to be present at the replication fork. This served as a starting point for the
identification of novel factors that contribute to the tolerance of replication stress
in eukaryotic cells. E3 ligases such as RFWD3 were identified at the fork through
iPOND-MS and, through DNA fibre, exhibited to produce fork defects upon their
depletion. RFWD3 has recently been identified to polyubiquitinate RPA,

promoting damage bypass and fork restart, demonstrating a known role for
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RFWD3 in the RSR and validating these approaches in the identification of RSR
factors (Elia, Wang, et al., 2015; Gong & Chen, 2011; Lin et al., 2018).

To our knowledge, this is the first study to demonstrate the contribution of DTX3L
to maintaining active replication fork dynamics. Here, DTX3L was identified from
iPOND-MS in unchallenged conditions, and through fibre analysis DTX3L
abrogation was found to impair global replication fork dynamics in unchallenged
conditions, suggesting a role for DTX3L even in unchallenged DNA replication
and/or overcoming endogenous replication stress (as well as in response to
enhanced replication stress). This proposes the question as to whether DTX3L is
constitutively present at the replication fork or recruited rapidly in the face of
potential lesions. Through laser microirradiation studies in HelLa cells, DTX3L
was found to be recruited to sites of DNA damage in less than 1 minute, with
maximal recruitment for approximately 10 minutes and subsequent release
thereafter (Yan et al., 2013). This suggests that DTX3L is capable of being rapidly
recruited and localised in the nucleus, but it remains to be seen whether this is

the case when responding to lesions challenging active DNA replication.

Employing CRISPR gene editing, the altered fork dynamics in RNAI treated cells
were validated in stable cellular models of DTX3L deficiency, demonstrating that
DTX3L contributes to maintenance of the actively progressing replication fork in

both a model of cancer (HelLa cells) as well as non-cancer cells (RPE-1 cells).
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7.3. DTX3L and the Maintenance of Genome
Stability

Concerning the role of DTX3L in the DDR, work here also stands in support of
this. Previously published work demonstrated an increase in DNA damage as a
result of DTX3L silencing through comet assay in response to low-dose ionising
radiation (200cGy), with up to 24h recovery (Yan et al., 2013). Here, DTX3L
depletion also resulted in an increase in DSB DNA damage (indicated by yH2AX
foci, in response to 10Gy ionising radiation with 6h recovery). While interesting,
high dose IR also has the potential to introduce complex DNA damage. Many
resultant DSBs are less able to be repaired, resulting in apoptosis, necrosis or
senescence (Adjemian et al. 2020). Additional experiments utilising lower dose
radiation may be even more informative on the specific DNA repair dynamics of
cells depleted for DTX3L compared to WT, revealing a greater difference
between the number of resultant DSBs, and additionally doses such as 2-3Gy will
be more clinically relevant (Mavragani et al. 2019).

One aspect where findings differ concern 53BP1 foci analysis. In this study,
53BP1 foci were increased upon HU treatment and upon silencing of DTX3L,
suggesting increased DNA damage as a result of enhanced replication stress.
Interestingly, this stands in contrast with previously published work showing a
delay in 53BP1 kinetics of accumulation at damage sites at 1, 2 and 4 hours
compared to control (Yan et al., 2009). Differences in procedure could account
for this; in the latter case, cells were treated with doxorubicin and the percentage
of cells with foci were counted, as opposed to number of foci per cell. Lesions
formed through HU treatment may necessitate different kinetics of repair
compared to doxorubicin treatment (requiring nucleolytic excision of the adduct

or proteolytic degradation of TOPII leads to DSBs necessitating DSBR by NHEJ)
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(Nitiss, 2009). Conversely, collapsed forks forming DSBs induced by HU may be
repaired by HRR.

Also pertaining to the quantification of genomic instability, micronuclei scoring is
widely used to assess the consequences of genetic abrogation or genotoxin
exposure. In the present study, an increase in micronuclei was observed in
hydroxyurea treated cells depleted for DTX3L, suggesting DTX3L contributes to
genome stability. The origin of these micronuclei may be be determined by
analysing the presence of centromeres (indicating their origin from acentric
fragments or lagging whole chromosomes excluded from daughter cells post-
mitosis). Additionally, staining with yYH2AX antibody can indicate their formation
originating from DSBs, as opposed to microtubule dissociation defects. A
supplementary approach that permits detection of a subtle increase in genome
instability is through flow-cytometry based micronuclei scoring and may be useful
for further quantization.

Additionally in this study, it was observed that both HeLa and U20S cells
depleted for DTX3L and treated with hydroxyurea produced an increase in RPA
foci intensity, suggesting ssDNA formation from replication fork stalling.
Interestingly, of note in U20S cells specifically, an increase in ssDNA was
observed upon DTX3L depletion even in untreated cells. One possible reason for
this could be due to genetic differences in these cell lines; indeed, U20S cells
possess a break-induced repair mechanism for the alternative lengthening of
telomeres (ALT pathway); it is possible that factors in this pathway contribute to
the maintenance of DNA replication at other loci, or that U20S possess subtle

differences in other DDR pathways enabling more extensive ssDNA formation.
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7.4. Mechanistic Action of DTX3L in the RSR

In the previous two chapters, evidence has been provided suggesting a role for
DTX3L more specifically in the replication stress response. Here, foundations
have been established to elucidate the mechanism by which DTX3L contributes
to DNA replication and replication stress tolerance, with many avenues generated

for further investigation.

7.4.1. DTX3L Requires Ubiquitination Function to Mediate
Replication Stress Tolerance

DTX3L is an E3 ubiquitin ligase in possession of a C-terminal region RING
domain, capable of ubiquitinating other proteins as well as self-ubiquitination
(Takeyama, 2003). It has been shown that deletion of this domain (Takeyama,
2003, Yan 2009) leads to abrogation of ubiquitination activity and, more
specifically, loss of mono-ubiquitination on histone 4 (H4). Additionally, it has also
been shown that co-expression of DTX3L with a mutated RING domain,
compared to WT DTX3L, failed to rescue the DNA damage phenotype associated
with defective H4K91 ubiquitination (Tessadori 2017). The data presented here
provides evidence to suggest that the DTX3L RING mutant (M2) was inadequate
for the rescue of the fork resection defect, suggesting that the E3 ubiquitin ligase
activity of DTX3L specifically is integral for regulation of fork stability, likely via its
role in modulating fork regression and resection.

In light of this, it will be important to identify the ubiquitination target(s) of DTX3L
that mechanistically contribute to the replication stress response. Given the role
of H4K91 ubiquitination in the DNA damage response, it is yet to be investigated

if this residue modification is relevant to the replication stress response, and may
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be an interesting future avenue of study, especially given its association with
genomic instability and developmental disorders (Tessadori et al., 2017; Yan et
al., 2009).

Histone modifications are known to play a crucial role in the reorganisation of
chromatin for DNA damage repair processes as well as DNA replication and
transcription. Additionally, maintenance of epigenetic information is dependent
on chromatin restoration on nascent DNA (Alabert & Groth, 2012; Groth et al.,
2007; Jasencakova & Groth, 2010). It remains to be seen whether H4K91 mono-
ubiquitination is involved in regulation of chromatin architecture, or whether this
histone PTM leads to associated modification of other histone PTMs important
for fork repair factor recruitment. Indeed, newly synthesized histones have been
found to be acetylated at H4K91 prior to their incorporation into chromatin,
however mutations at this residue, associating the abolishment of this
modification (through mutation of the modified residue) with sensitivity to
replication impeding agents, do not distinguish between the loss of acetylation or

ubiquitination at this residue (Ye et al., 2005).

In relation to developmental disorders, the DNA fibre analysis performed here
has permitted modelling of clinically relevant mutations of DTX3L in a system that
elucidates detail on the molecular level. Given that the Y403X mutation was
predicted to result in a truncation protein with exclusion of the functional E3
ubiquitin ligase RING domain, it is unsurprising that transfection of this construct
alone does not result in rescue of the fork resection defect and confirms the
observation that a functional RING domain is required for maintenance of
appropriate fork regression and resection. This is further validated through the

observation that rescue is achieved through introduction of the WT construct, and
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also through introduction of the A502V mutant construct. While presence of the
A502V mutation was found to have little consequence on the function of DTX3L
pertaining to maintenance of fork stability, it is possible that this residue may
modulate other potential aspects of DTX3L function in other cellular pathways
unrelated to that discussed here.

In the case of co-transfection with both Y403X and A502V constructs, only a
partial rescue in the fork regression defect is observed which, on the surface, may
suggest that a certain level of DTX3L expression and regulation is required for
scheduled fork regression and avoidance of excessive resection. Due to HelLa
cells being genetically abnormal compared to non-cancer cells and having high
endogenous expression of DTX3L protein (Juszczynski et al., 2006; Yan et al.,
2009), it is difficult to translate what the requirement for DTX3L would be in a
patient background and thus necessitates further study on patient derived cells.
It may be speculated that in the case of our patient, at least two functional copies
of the WT DTX3L gene are required and the presence of Y403X in one inherited
allele produces haploinsufficiency, instead of the initial suggestion of compound
heterozygosity with the A502V allele. Acquiring relevant clinical information, if
any, from the patient’s parent contributing the Y403X allele may validate this.
Unfortunately, we were unable to gain further information on the clinical
phenotypes of the patient due to limited correspondence from the patient’s

clinician.

7.4.2. Contribution of PARP9 to Observed Fork Defects

As mentioned, DTX3L forms heterodimers with binding partner PARP9. Here,

depletion of PARP9 was found to partially produce a mild fork degradation defect
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compared to control, but this was not as severe as that observed upon DTX3L
depletion. Upon co-depletion, fork defects were found to be compounding
suggesting an absence of epistasis.

The observation that PARP9 depletion leads to a mild fork resection defect
appears counterintuitive, given PARP9 restrains ubiquitination activity of DTX3L
(Yang et al., 2017). However, PARP9 is required for DTX3L recruitment to laser
microirradiation induced DNA breaks and therefore may also be required for
DTX3L recruitment to fork lesions (Yan et al., 2013). Investigating the recruitment
of DTX3L to the replication fork upon PARP9 depletion will be an interesting
aspect of future work. PARP9 depletion, similarly to DTX3L depletion, has also
been found to reduce cell proliferation (Yan et al., 2013), providing impetus for

the future investigation of the contribution of PARP9 to the RSR.

7.4.3. Fork Resection Arising Through DTX3L Deficiency is
Mediated by SMARCAL1 and MRE11

Given that the evidence here suggests an absence of DTX3L leads to greater
fork resection, likely through loss of DTX3L-mediated ubiquitination, it was
important to understand if this was due to extensive fork reversal, and identify the
factors involved to further understand how DTX3L contributes to fork stability.

A number of fork protection factors exist to shield DNA ends from degradation
upon fork regression, driven by remodellers such as SMARCAL1, ZRANBS3,
HLTF and F-box DNA helicase 1 (FBH1) (W. Liu et al., 2020). Here, we observe
that the fork degradation observed in cells deficient for DTX3L is dependent on
fork remodeller mediated regression, as knockdown of SMARCAL1 leads to a
complete rescue of the fork resection defect. This is similar to the rescue
observed upon SMARCAL1 knockdown in BRCA1/2 deficient cells (Taglialatela
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et al., 2017). Given that ZRANB3 and HLTF have been suggested to act in a
concerted manner with SMARCAL1 (Taglialatela et al., 2017), and their
knockdown prevents fork degradation in BRCA2-deficient cells (W. Liu et al.,
2020; Mijic et al., 2017), as well as other mutant backgrounds (W. Liu et al., 2021),
it is likely that knockdown of these factors may also suppress fork degradation

upon DTX3L loss.

Following on from this, it was also important to characterise the factors
contributing to excessive fork resection. Here we observe that MRE11 is likely to
be the nuclease responsible for degradation of reversed forks in DTX3L" cells,
as inhibition by mirin also resulted in a complete rescue. Other nucleases such
as DNA2 may also contribute to resection, but due to time constraints were not

investigated.

7.4.4. Recruitment of Fork Repair Factors is Not
Significantly Affected by DTX3L Depletion

Fork repair factor recruitment of factors such as RAD51, BRCA1 and MRE11 are
important for the HR mediated repair of stalled forks (or BIR of forks in S-phase)
and for protection of stalled forks (Ait Saada et al., 2018; Schlacher et al., 2012).
There appeared to be no defect in RAD51 recruitment to nascent DNA upon loss
of DTX3L, suggesting the MRE11-mediated fork resection defect may not be a
result of unprotected ssDNA arising through defective RAD51 recruitment or
retention. Conversely, the low number of EAU-RAD51 PLA foci detected should
also be taken into consideration; given that mirin treatment was found to rescue
the over-resection phenotype in DTX3L deficient cells, one would expect
enhanced RAD51 recruitment or nucleofilament formation to produce a
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corresponding increase in EAU-RADS1 foci detection resulting from extensive
resection. Analysis of EQU-RPA PLA foci may corroborate this. Based on the
increase in RPA foci detected by IF, it may be possible that DTX3L-mediated
nascent DNA protection is interrupted downstream of RPA accumulation,
possibly due to an impairment of RAD51 loading. This RAD51 loading at stalled
forks could in turn could be related to perturbed histone modifications (Xu et al.,
2021), such as that of H4K20me associated DTX3L depletion (Yan et al., 2009).
It would be interesting to explore whether RAD51 overexpression in DTX3L
deficient cells can rescue the over resection phenotype. Additionally, previous
work has shown that RAD51 foci are induced during late replication blocks,
therefore it may be interesting to investigate RAD51 foci formation with
hydroxyurea treatment across a prolonged time course, beyond 3 hours

(Petermann et al., 2010).

Here, BRCA1 recruitment at EdU labelled forks was also found to be unaffected,
implying an intact capacity for HR repair of stalled forks, antagonization of 53BP1
binding and adequate RAD51 loading onto ssDNA. The inclusion of BRCA2
recruitment will further validate this. Perhaps surprisingly, MRE11 recruitment
was observed to be reduced in one clone (clone 24); this stands in contrast to the
fibre analysis data where inhibition of MRE11 by mirin was found to rescue the
regression defect in DTX3L" cells. However, given that the defect was relatively
small and only observed in one clone, it is unlikely to be biologically relevant in
this context.

Given the defective ATR activation observed in DTX3L" cells and the role of ATR
in restraining SMARCAL1 activity (Couch et al., 2013), it is likely that the

observed fork degradation defect in DTX3L" cells is at least partially due to
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misregulation of fork remodelling. For future work, it will be important to
investigate the effect of ATR inhibition on the fork resection defect in DTX3L"

cells.

Overall, these experiments suggest that the unscheduled fork regression and
excessive resection observed in the absence of DTX3L is a consequence of
some other mechanism, but unscheduled resection by MRE11 is not a result of
defectin RAD51 or BRCA1 recruitment to regressed replication forks, or defective

HR repair of stalled forks.

7.4.5. DTX3L Associates With TOPBP1 Under Conditions
of Enhanced Replication Stress

Due to the numerous factors involved in replication fork maintenance, protection
and repair, it was important to take an exploratory approach to identify targets of
DTX3L that may facilitate its role in the RSR. PARP9 and H4K91 have been
evidenced in the literature to be a binding partner and target respectively of
DTX3L, however no extensive analysis has been performed on the interactome
of DTX3L and it is likely many other proteins are yet to be identified. Here, GFP-
DTX3L was used to interrogate the interactome through co-IP. Characterisation
of the GFP-DTX3L construct in stable GFP-DTX3L expressing clones
demonstrated nuclear localisation of the protein, as expected given the presence
of an NLS in the N-terminal region of DTX3L and corroborates what has been
seen previously (Yan et al., 2013), suggesting the transgene was being
expressed as expected.

Utilising this construct for co-immunoprecipitation coupled to mass spectrometry
in HEK293 cells revealed the presence of TOPBP1, suggesting that DTX3L and
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TOPBP1 may interact in vivo. This interaction was validated in HelLa cells by co-
IP, using a FLAG-DTX3L construct and an antibody against endogenous
TOPBP1 to ensure a tag-independent interaction. From these experiments, it
seems likely that a DTX3L and do interact, and that this interaction is enhanced
in conditions of replication stress. These observations have not, to my knowledge,
been documented previously in the literature. Further characterisation of the
DTX3L-TOPBP1 interaction is essential to establish a possible role of this protein

in promoting ATR activation.

With regards to how DTX3L and TOPBP1 may interact on a domain level,
computational annotated motif prediction suggests that DTX3L may possess
BRCT-phosphopeptide ligand sites (ELM Resource, (ELM - DTX3L_HUMAN,
2021). Indeed, many BRCT domain containing proteins function in the DDR (Day
et al.,, 2021; Gerloff et al., 2012), of which potential DTX3L BRCT
phosphopeptides may act as a ligand. TOPBP1 has been structurally well-
characterised and is composed of multiple BRCT modular domains that can bind
to these phosphorylated serine motifs (Wardlaw et al.,, 2014). Indeed,
phospholigands on repair proteins such as BLM and FANCJ have been
evidenced to bind to BRCT domains of TOPBP1; it is unclear however whether
these associations have a role on ligand protein function, or just their recruitment
(Day et al., 2021). Mutations of these regions in future work may elucidate a
potential role of these putative DTX3L BRCT phosphopeptide ligands and

establish their relevance to DTX3L function.

TOPBP1 is a crucial protein for DNA replication and is a factor important for the

activation of ATR/CHK1 in the replication stress response (Kim et al., 2021;
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Velichko et al., 2021). Interestingly, it has recently been reported that while
TOPBP1 is important for activation of the replication stress response,
overexpression of TOPBP1 has also been shown to hinder activation of the
ATR/CHK1 response (K. Liu et al., 2021). One angle of speculation incites a
theory that deregulation of TOPBP1 may arise through an absence of interaction
with DTX3L, leading to the observed defective replication stress response. Given
the canonical role of ubiquitination in the ubiquitin proteosomal system (UPS), it
is possible that stability of TOPBP1 is at least in part regulated by DTX3L
ubiquitination. Indeed, TOPBP1 turnover is regulated via ubiquitination by hHYD
in unstressed conditions (Honda et al., 2002). Irradiation leads to diminished
TOPBP1 ubiquitination, resulting in its stable colocalization with yYH2AX damage
induced foci (Honda et al., 2002). Unfortunately, due to time limitations this
avenue of investigation was not pursued, however future work investigating the
role of enhanced replication stress and the effect of DTX3L deficiency on
TOPBP1 ubiquitination and cellular stability of TOPBP1 is required. Perhaps
counterintuitively, here we see that association between TOPBP1 and DTX3L is
upregulated in conditions of enhanced replication stress, presumably leading to
increased TOPBP1 ubiquitination. It is important to consider that this increased
interaction (Figure 48) may be an artefact of increased TOPBP1 expression in
response to increased DNA damage, therefore increasing the proportion of
DTX3L-TOPBP1 binding observed. Itis also possible there is a greater availability
of substrate (stalled/regressed forks) for DTX3L and TOPBP1 recruitment,
resulting their increased association. It will therefore be important to directly
investigate the effect of DTX3L deficiency on TOPBP1 ubiquitination and stability
under these conditions. Additionally, USP13 is a de-ubiquitinating enzyme (DUB)

that stabilises TOPBP1, of which depletion of USP13 has been found to impede
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ATR activation and hypersensitize cells to replication-stress inducing agents (Kim
et al., 2021). It is likely that the fine-tuning of TOPBP1 stability, modulated by
ubiquitination, is crucial for the cell in maintaining an appropriate ATR response

to DNA damage, and future work will elucidate if DTX3L contributes to this.

As discussed in Chapter 1.7, ubiquitination is a dynamic process that also
performs an array of non-proteolytic functions which include localisation,
mediation of PPIs, and modulation of protein activity (Z. J. Chen & Sun, 2009). It
may also be possible that direct TOPBP1 ubiquitination by DTX3L may instead
regulate TOPBP1 activity or localisation to sites of replication fork challenge, or
indirectly through modification of other factors at the fork, of which future work
may elucidate this. Indeed, ubiquitination of BLM at stalled replication forks by E3
ubiquitin ligase TRIM25 enhances BLM recruitment, demonstrating a non-
proteolytic role of this PTM in the RSR (Zhao et al., 2017).

Future work exploring the recruitment of TOPBP1, as well as the recruitment and

activation of ATR at stalled replication forks in DTX3L" cells will be important.

7.4.6. DTX3L" Ubiquitome Enrichment Analysis

Ubiquitome enrichment analysis in loss of function experiments have been used
to elucidate substrates of numerous E3 ubiquitin ligases such as HUWE1, but
this study is the first to do so with DTX3L (Thompson et al., 2014). While being a
powerful exploratory technique for overcoming the challenge of identifying
substrates of E3 ubiquitin ligases, ubiquitome enrichment analysis is also limited
by its ability to distinguish between ubiquitination events that are degradational

or non-degradational. This may be overcome through the inclusion of non MG-
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132 (proteosome inhibitor) treated samples, however this was not feasible due to

expense limitations.

Despite this, a multitude of differentially ubiquitinated peptides were differentially
enriched in cells deficient for DTX3L compared to wild-type under HU treated
conditions. Cell cycle regulator cyclin D1, USP1, a deubiquitinating factor of
FANCD2 and HERC2, an E3 ubiquitin ligase associated with DSBR by NHEJ
were relevant hits found to be significantly reduced, suggesting that DTX3L may
directly ubiquitinate these proteins as part of the RSR. Additionally, some
ubiquitinated peptides were found to be upregulated in HU treated DTX3L" cells
such as POLD2, DNA-PK regulatory subunit XRCC6 and mismatch repair protein
MSH®6. In the absence of DTX3L, this ubiquitination must be mediated by other
E3 ligases and will be more complex to elucidate the mechanism of DTX3L here;
it is possible that loss of ubiquitination by DTX3L leads to stabilisation of other E3
ubiquitin ligases, or these ubiquitination events may be compensatory in the

absence of DTX3L.

Identification of cyclin D1 as a potential substrate of DTX3L ubiquitination is
interesting given the importance of cyclin D1 regulation by the proteosome
degradation system for the prevention of cancer. Indeed, inhibition of cyclin D1
degradation inhibits G1 arrest and increases cell sensitivity to DNA damage and
carcinogenesis, of which lysine modifications including that of K95-ubiquitination
has been found to contribute to cyclin D1 degradation (Q. Feng et al., 2007). In
the absence of DTX3L, it may be possible that the increased stability of this
oncogene product leads to an increased burden of replication stress. Indeed,

overexpression of cyclin D1 has been found to perturb replication fork
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progression, and lead to an increase in DSBs (Shimura et al., 2013).
Furthermore, high expression of DTX3L was found to result in cell cycle arrest in
multiple myeloma cells (Shen et al., 2017). Follow-up functional studies will help
elucidate the role of DTX3L on cyclin D1 regulation.

Given the role of FANCD2 in regressed fork protection and restart (Kais et al.,
2016; W. Liu et al.,, 2021), and the role of USP1 in regulating DNA repair
mechanisms including the FA pathway (Nijman et al., 2005), it is also interesting
to observe that USP1 is also a potential substrate of DTX3L ubiquitination.
Interestingly, HERC2 is required for HRR but has also been shown to be a
component of the DNA replication fork complex, interacting with claspin and
playing a critical role in DNA elongation and origin firing (Izawa et al., 2011).
HERC?2 has also been suggested to regulate stability of deubiquitinating enzyme
USP20, which regulates claspin stability and CHK1 phosphorylation (Zhu et al.,
2014). Unpicking these complex and dynamic ubiquitin signalling networks will
require further functional characterisation to elucidate the significance of DTX3L

deficiency on their regulation.

Furthermore, in the case of TOPBP1, only a single ubiquitinated peptide was
retrieved. Although fold change enrichment in peptides can provide a useful
indication for targets to follow up in functional studies, absence of enrichment
does not indicate an absence of regulation and may be consequence of technical
limitation.

While the results obtained here are a valuable starting point for further
investigation into the targets of DTX3L ubiquitination concerning the RSR, they
are limited by the presence of a cell batch effect introduced through sample

acquisition; this may be attributed to differences in confluency upon harvesting

193



(despite attempts to ensure consistency), batch differences in drug treatments or
technical variation in cell culture practice or sample handling. Additionally, some
ubiquitination events are short-lived and may therefore require DUB inhibitors to
detect, while other ubiquitination events may be sparsely observed, requiring
even greater amounts of starting material. Furthermore, a degree of clonal
variation was observed between DTX3L" clones; this may be the consequence
of single-cell expansion and passaging (from CRISPR selection), resulting in
deviating genetic backgrounds between clone 20 and clone 24. As a
consequence, despite the retrieval of >20,000 ubiquitinated peptides, many
ubiquitinated peptides may not meet the log> FC and statistical significance

thresholds despite potentially being biologically relevant.

Due to time constraints, the ubiquitinated peptides retrieved could not be followed
up through functional experiments for validation but do provide ample opportunity
for the project to be taken forward. Pathway enrichment adds weight to the
involvement of DTX3L in regulation of the DNA damage and replication stress
response pathways and is also supported by presence of immunological
pathways where DTX3L has also been evidenced to play a role (see Chapter

1.7.1) (Juszczynski et al., 2006; Y. Zhang et al., 2015).

Pathway enrichment analysis also showed ubiquitome enrichment in pathways
relating to viral processing. Antiviral DNA processing is mediated by the cGAS-
STING pathway, resulting in interferon stimulated gene expression (Wu et al.,
2019). Interestingly, DTX3L, and PARP9, are expressed via an interferon
stimulated gene promoter and have been suggested to have a role in protection

against viral infection (Wu et al., 2019; Y. Zhang et al., 2015). This could also
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suggest that DTX3L has a role in responding to cytoplasmic DNA as a
consequence of nuclear repair processes instigated by the RSR, leading to
further response induction (Ho et al.,, 2016; Ragu et al., 2020). Indeed, the
accumulation of cytoplasmic DNA is a common feature of tumours and cancer
cell lines, of which cytoplasmic ssDNA fragments are released during stalled fork
processing (Coquel et al., 2019, 2020; Gasser et al., 2017). Furthermore, a recent
study exploring the cGAS interactome provides evidence showing enriched

association of cGAS with DTX3L (Lum et al., 2018).

To summarise, the evidence presented here provides a compelling case for the
involvement of DTX3L in the response to DNA damage and replication stress. In
terms of clinical relevance, DTX3L has been found to be overexpressed in
numerous cancers and in light of the work carried out here, this overexpression
could reflect a dependency on the replication stress response to tolerate higher
levels of replication stress and increased DNA damage intrinsic to cancer cells.
Accordingly, DTX3L overexpression has been found to provide a
chemoprotective effect to HU and doxorubicin treated HEK293 cells (Yan et al.,
2009). Additionally, work carried out here demonstrates enhanced sensitivity to
clastogens upon depletion of DTX3L. This may indicate DTX3L as a potential
therapeutic target in cancers to abrogate an already established
chemoresistance, or in cancers with a background (such as BRCA1/BRCA2
deficiency) that are already vulnerable to replication defects. Further experiments

investigating sensitivity in a double deficient background may prove interesting.
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The mechanism by which DTX3L elicits its function remains unclear, however it
is likely that this function requires its E3 ligase activity and may be driven by a
role in promoting ATR activation and/or fork remodelling. Ultimately, DTX3L may
be a novel target for the selective treatment of cancer, or for abrogation of

chemoresistance.
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