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The ability to sense, respond to and repair DNA damage is essential in normal
development and survival of an organism. A number of human congenital syndromes
are associated with mutations in pathways involved in the DNA damage response,
including Seckel and Bloom syndromes. Such diseases are often characterised by
developmental abnormalities and cancer, emphasising the importance of gaining a
deeper understanding of the mechanisms underlying these pathways. The protein
kinase ATR, mutated in Seckel syndrome, is a critical mediator of the intra S-phase
checkpoint in response to replicative stress. ATR activation is a multistep process that
requires its interaction with TOPBP1. Recently published data identified an interaction
between TOPBP1 and the BLM helicase. This interaction is dependent on the
phosphorylation of the conserved serine 304 of BLM and mutation of this residue results
in genome instability. However, exactly how TOPBP1-BLM interaction protects the
genome remains unclear.
The findings presented in this thesis demonstrate that DT40 cells expressing the BLM
S251A mutant are defective in activation of the ATR kinase upon DNA damage. In line
with this, these cells display reduced CHK1 phosphorylation, increased origin firing and
unreliable replication fork restart. Importantly, these phenotypes could be rescued by
fusing the ATR activating domain of TOPBP1 to the mutated BLM. Furthermore, results
from BLM-deficient human cell lines demonstrate similar phenotypes. Thus, this data
establishes a non-enzymatic role for the BLM helicase in promoting genome stability via
activation of the ATR kinase. This may help in explaining why many Bloom syndrome
patients display many of the same symptoms as ATR-Seckel patients, including short
stature and microcephaly.
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Frequently used abbreviations

Abbreviation
911

Rad9-Rad1-Hus1 complex

AAD

ATR activation domain

ATM

Ataxia telangiectasia mutated

ATR

Ataxia telangiectasia and Rad3-related

ATRIP

ATR interacting protein

BLM

Bloom syndrome RecQ like helicase

BRCT

BRCA1 C-terminus domain

bp

Base pair

CDC25

Cell division cycle 25

CDC45

Cell division cycle 45

CDK

Cyclin dependent kinase

CHK1

Checkpoint kinase 1

Cl

Clone

CldU

5-Chloro-2’-deoxyuridine

CPT

Camptothecin

DDR

DNA damage response

dHJ

Double Holliday junction

DNA

Deoxyribonucleic acid

DNA-PKcs

DNA-dependent protein kinase catalytic subunit

DSB

Double strand break

dsDNA

Double-stranded DNA

ETAA1

Ewing’s tumour-associated antigen 1

EXD2

Exonuclease 3'-5' Domain Containing 2
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Abbreviation
EXO1

Exonuclease 1

GFP

Green fluorescent protein

HR

Homologous recombination

HU

Hydroxyurea

IdU

5-Iodo-2’-deoxyuridine

MCM2-7

Minichromosome maintenance proteins 2-7

MDC1

Mediator of DNA damage checkpoint protein 1

MRN

MRE11-RAD50-NBS1 complex

NHEJ

Non-homologous end-joining

PCNA

Proliferating cell nuclear antigen

PIKK

Phosphoinositide 3-kinase-related kinase

Pola

DNA polymerase a

Pold

DNA polymerase d

Pole

DNA polymerase e

RFC

Replication factor C

RMI1/2

RecQ mediated genome instability 1 and 2

RNA

Ribonucleic acid

RPA

Replication protein A

S-phase

Synthesis phase

s.e.m.

Standard error mean

SCE

Sister chromatid exchange

ssDNA

Single-stranded DNA

TOP3A

Topoisomerase IIIa

TOPBP1

DNA topoisomerase II binding protein 1

WRN

Werner syndrome RecQ like helicase
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1. Introduction

Cells must faithfully duplicate their genome with every cell cycle. This in itself is an
enormous task, further complicated by obstructions and DNA lesions encountered by
the replication fork. Cells circumvent the challenge of such replication stress by drawing
upon robust DNA repair mechanisms, known collectively as the DNA damage response
(DDR). The DDR consists of a complex network of signalling pathways, each responding
to different lesions. This ensures the accurate replication of the genome with every cell
cycle (Zhou & Elledge 2000; Ciccia & Elledge 2010). The work presented here will further
probe into one of the mechanisms fundamental to the DDR, investigating the activation
and signalling of the S-phase checkpoint.

1.1 DNA replication
DNA replication in eukaryotes takes place during the synthesis (S) phase of the cell cycle.
The replication programme is initiated from numerous origins of replication, spaced
throughout the genome. Initiating replication from a number of locations is
advantageous as it dramatically reduces the time required to complete replication of
the large genomes of eukaryotic cells (Remus & Diffley 2009; Sacco et al. 2012).

1.1.1 Origin licensing and firing
In yeast, a DNA replication origin is a defined sequence of DNA from which initiation of
DNA replication occurs (Stinchcomb et al. 1979; Nieduszynski et al. 2006). Although the
12

identification of such sequences in mammalian cells has proved a challenge, it is clear
that mammalian genomes encode information specific to replication initiation (Heinzel
et al. 1991; Calos et al. 1993; Prioleau & MacAlpine 2016). In eukaryotes, replication is
initiated in two steps: origin licensing and firing. First, the origin is recognised by the
origin recognition complex (ORC) (Bell & Stillman 1992). Then follows the recruitment
of cell division cycle 6 (CDC6) and cell division cycle 10-dependent transcript 1 (CDT1),
that in turn loads two copies of the replicative helicase complex which consists of
minichromosome maintenance proteins 2-7 (MCM2-7). Together these proteins make
up the pre-replicative complex (pre-RC) (Gambus et al. 2011; Yamazaki et al. 2013). The
number of origins licensed by the loading of MCM2-7 greatly surpasses the number of
origins that fire during S-phase. Evidence suggests that these dormant origins can be
drawn upon in the event of replication stress, providing a mechanism to salvage DNA
replication when the original replication forks become compromised (Woodward et al.
2006; Ge et al. 2007).

The second step of replication initiation, origin firing, is triggered by the activation of
the two MCM2-7 hexamers, culminating in the formation of two replication forks
orientated in opposite directions on DNA, each with a single MCM2-7 helicase (Mazouzi
et al. 2014). Crucial to origin firing is the recruitment of cell division cycle 45 (CDC45)
and GINS to the MCM2-7 helicase, together forming the CMG complex (Moyer et al.
2006). The CMG complex allows for the initial unwinding of the DNA sequence within
the origin and thus replisome assembly (Ilves et al. 2010). This then allows for replication
to proceed from two bi-directional forks emanating from a single origin of replication.
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Interestingly, not all origins utilised for replication fire simultaneously. An early study in
human cells demonstrated that origins fire at different stages of the cell cycle. A subset
of origins remain licensed but dormant during the early stages of replication, only to fire
later in S-phase (Jackson & Pombo 1998). More recently, research has suggested that
origin firing in early S-phase occurs randomly and sparsely throughout the genome. As
S-phase progresses, additional origins fire in unreplicated regions of the genome to
ensure complete replication (Kaykov & Nurse 2015).

1.1.2 DNA replication, progression and termination
Prior to replication, unwinding of the origin must take place to allow for the generation
of the single stranded DNA (ssDNA) required for synthesis of an RNA primer. This primer
is needed for the initiation of DNA replication. In eukaryotes replication priming is
carried out by a DNA-dependent RNA primase alongside DNA polymerase a (Pola),
known as the pol a - DNA primase complex (Frick & Richardson 2001; Kilkenny et al.
2013; Muzi-Falconi et al. 2003). As DNA replication on the lagging strand is
discontinuous, the pol a - DNA primase complex is also required throughout the
elongation stage of replication. The elongation of DNA replication on the lagging strands
requires DNA polymerase d (Pold), whereas the leading strand is replicated in a
continuous fashion by DNA polymerase e (Pole) (Pursell et al. 2007; Nick McElhinny et
al. 2008; Larrea & Lujan 2010). To increase processivity, both Pold and Pole require the
proliferating cell nuclear antigen (PCNA) which is loaded to DNA by the replication factor
C (RFC) clamp loader (Fukuda et al. 1995; Kelman 1997; Bloom 2009; Chen et al. 2009).
As replication nears completion, DNA replication forks converge. The termination of
DNA replication is completed when the replisome is removed from chromatin by the
14

ubiquitin-dependent segregase p97 following the ubiquitination of MCM7 (Priego
Moreno et al. 2014; Maric et al. 2014). p97 binds the ubiquitinated MCM7, and proceeds
to remove the CMG complex from chromatin using its ATPase activity (Maric et al.
2014). In addition, DNA crossovers, known as catenanes, arising from topological stress
caused by the converging forks must be resolved (Dewar & Walter 2017).

1.2 DNA repair mechanisms
The genome of cells is constantly subjected to stress factors, causing damage to the DNA
sequence and obstructing DNA replication. Lesion-inducing stress factors can be both
endogenous and exogenous to the cell. Errors made during DNA replication are an
example of an endogenous stress factor, whereas UV-light and ionising radiation are
examples of exogenous DNA damaging agents (Yazinski & Zou 2016).

1.2.1 DNA repair pathways
DNA lesions can be varied in nature and therefore require repair by different
mechanisms. Mismatched bases in DNA are replaced by mismatch repair (MMR),
whereas small chemical changes to bases require the base to be replaced by the base
excision repair (BER) pathway (Robertson et al. 2009). Lesions such as pyrimidine dimers
are repaired by nucleotide excision repair (NER), resulting in the removal of damaged
bases as well as surrounding bases (Marteijn et al. 2014). Historically, Interstrand
crosslinks (ICLs) were thought to be repaired through the Fanconi anaemia pathway
which organises secondary processes, including translesion synthesis, NER and
homologous recombination (HR), to fully repair the lesion (Lopez-Martinez et al. 2016;
15

Moldovan & D’Andrea 2009). However, recent work has identified an alternative repair
mechanism relying upon the cleavage of an N-glycosyl bond by the NEIL3 DNA
glycosylase (Semlow et al. 2016). Single stranded DNA breaks (SSB) are repaired through
single stranded break repair (SSBR) (Caldecott 2008).

DNA double strand breaks (DSB) are extremely toxic lesions which are repaired by one
of two pathways. These are HR, discussed in the following section, and non-homologous
end-joining (NHEJ). NHEJ provides a rapid repair mechanism by ligating the two DNA
ends of a DSB together. Central to the NHEJ pathway is DNA-dependent protein kinase
catalytic subunit (DNA-PKcs) which is recruited to the DSB and activated by DNA-bound
Ku70/80 (Gottlieb & Jackson 1993). DNA-PKcs tethers the two DNA ends together,
before the ends are aligned and ligated (Graham et al. 2016). Alignment and ligation
requires DNA ligase IV (Lig4), X-ray cross complementation group 4 (XRCC4) and XRCC4like factor (XLF) (Cottarel et al. 2013; Wu et al. 2009; Graham et al. 2016). In addition,
paralogue of XRCC4 and XLF (PAXX) has been shown to be involved in promoting Kudependent ligation (Ochi et al. 2015). In some cases, when the DSB requires some level
of resection, the structure-specific nuclease Artemis is required for re-joining of DNA
(Riballo et al. 2004).

1.2.2 Homologous recombination
When a DSB occurs during S-phase the lesion is preferentially repaired through HR
(Figure 1) (Wyman & Kanaar 2006). When a DSB is detected, the 5’ end of the break is
subjected to nucleolytic digestion, a process known as resection (Cejka 2015). Initially
the break is processed by the MRE11-RAD50-NBS1 (MRN) complex. In yeast the initial
16

endonuclease activity of MRE11 is dependent on its interaction with Sae2, creating the
initial entry site for resection to take place (Cannavo & Cejka 2014). In human cells CTIP
is responsible for stimulating the nuclease activity of MRE11 in this way (Sartori et al.
2007). Resection from the nick is carried out by MRE11 exonuclease activity and is
accelerated through its interaction with exonuclease 3'-5' Domain Containing 2 (EXD2),
which is then followed by more extensive resection carried out by exonuclease 1 (EXO1)
and DNA2 to generate ssDNA tails proximal to the break site (Zhu et al. 2008; Mimitou
& Symington 2008; Nicolette et al. 2010; Broderick et al. 2016). For resection of DNA to
be efficient, the nucleases require the helicase function of BLM and WRN to unwind
DNA (Zhu et al. 2008; Nimonkar et al. 2011; Mimitou & Symington 2008; Sturzenegger
et al. 2014). The ssDNA generated is then coated by replication protein A (RPA). The
recombination mediator breast and ovarian cancer susceptibility protein 2 (BRCA2)
proceeds to replace the RPA coating with the recombinase Rad51, creating the active
Rad51-coated nucleoprotein filament known as the presynaptic filament (San Filippo et
al. 2008). This filament then captures double stranded DNA and identifies a region of
homology, resulting in the formation of a D-loop structure (Sung 1994). The strand
invasion and subsequent DNA replication result in the formation of a DNA crossover
intermediate, known as a double Holliday junction (dHJ), between the two chromatids.
dHJs can be resolved by two separate mechanisms, either through dissolution or
resolution (Figure 2) (Bizard & Hickson 2014; Wyatt & West 2014). The resolution of
dHJs results from the nicking of the junction by nucleases, followed by the religation of
the duplexes. This can lead to both crossover and non-crossover products depending on
how cleavage takes place (Matos & West 2014). On the other hand, dHJ dissolution
results exclusively in non-crossover events (Karow et al. 2000; Bizard & Hickson 2014).
17

The dissolution of a dHJ requires branch migration of the junctions, carried out by Sgs1
(human BLM) with the topoisomerase Top3 (human TOP3A) and additional stimulation
from Rmi1 (human RMI1). Branch migration results in a hemicatanane, which can be
removed by Top3 decatenation, stimulated by Rmi1, thus producing non-crossover
recombination products (Cejka, Plank, et al. 2010; Cejka et al. 2012)
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Figure 1. Schematic illustrating DSB repair through homologous recombination.
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Figure 2. Schematic illustrating the dissolution and resolution of double Holliday junctions
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1.3 PIKKs, the DNA damage response and associated diseases
Central to signalling DNA damage and facilitating repair are the protein kinases ataxia
telangiectasia mutated (ATM), ataxia telangiectasia and Rad3 related (ATR) and DNAPKcs. These three kinases all belong to the phosphoinositide 3-kinase-related (PIKK)
family of kinases, and are all highly conserved (Blackford & Jackson 2017). As pivotal
components of the DDR, these kinases all work within signalling cascades often
considered to consist of sensors, transducers and effectors (Figure 3) (Maréchal & Zou
2013). In this simplified model, DNA damage is detected by sensor proteins. The signal
is then transmitted to transducers, which propagate the signal further to effector
proteins, leading to the activation of the checkpoint. Mediators are responsible for
supporting the propagation of the signal. In some cases the interaction with the
mediator is required for full activation of the signalling cascade (Niida & Nakanishi 2006;
Houtgraaf et al. 2006).
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DNA damage

DNA damage

Sensors

RPA

Transducers

ATR/ATRIP

Mediators

TOPBP1

CHK1

Effectors

Figure 3. Left - schematic of a simplified representation of the DDR signalling cascade, right –
schematic of the backbone of the ATR signalling cascade as an example of DDR signalling.
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The efficient recruitment of ATM, ATR and DNA-PKcs to damaged DNA is dependent
upon binding to a stable binding partner; these are the MRE11-RAD50-NBS1 (MRN)
complex, ATR interacting protein (ATRIP) and Ku70/80 heterodimer for ATM, ATR and
DNA-PKcs respectively (Cortez et al. 2001; Ciccia & Elledge 2010; Gottlieb & Jackson
1993). There is evidence from work with DNA-PKcs and Ku70/80 that the binding
partners may change the confirmation of the kinase, making the kinase domain
accessible to substrates (Spagnolo et al. 2006). Post-translational modifications may
also impact upon the activity of PIKKs. Loss of acetylation of the ATM-FACT domain
renders the kinase unable to become fully activated in the presence of DNA damage,
despite not affecting its basal activity (Jiang et al. 2006; Sun et al. 2007).

While ATM and DNA-PKcs primarily respond to DSBs, ATR is activated by the presence
of ssDNA. As ssDNA is a by-product of DNA replication and is present primarily during Sphase, ATR activity predominantly occurs during this cell cycle phase (Saldivar et al.
2017). Interestingly, in Xenopus laevis egg extracts the level of ssDNA generated dictates
the level of ATR activation, suggesting there may be a threshold for ATR activation (Byun
et al. 2005).

1.3.1 PIKK domain structure
When the PIKKs become active through the detection of DNA damage, the kinases
preferentially target and phosphorylate serine or threonine residues that are followed
by a glutamine (SQ/TQ sites) (Kim et al. 1999; O’Neill et al. 2000). Although ATR, ATM
and DNA-PKcs are generally thought to phosphorylate different downstream targets
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there is evidence suggesting some overlap between targets can occur in certain
situations (Jazayeri et al. 2006; Gatei et al. 2003).

ATR, ATM and DNA-PKcs all contain a conserved C-terminal domain structure, critical to
maintain kinase function (Figure 4). This domain structure is made up of a FRAP-ATMTRRAP (FAT) domain, a PIKK regulatory domain (PRD) and a FAT-C-terminal (FACT)
domain flanking the kinase domain (Bosotti et al. 2000; Jiang et al. 2006; Mordes et al.
2008). Although all three kinases contain a PRD, the sequence of this domain is not
conserved. This results in the kinases having specificity for binding of their unique
mediator protein, directing the kinase towards specific substrates (Mordes et al. 2008).
Downstream of the FACT domain follow a varying number of Huntingtin, Elongation
factor 3, A subunit of protein phosphatase 2A and TOR1 (HEAT) repeats, thought to
facilitate protein-protein interactions between the kinase and its substrates (Perry &
Kleckner 2003).
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HEAT repeats
FAT

Kinase PRD FACT ATR

FAT

Kinase PRD FACT ATM

FAT

Kinase PRD FACT DNA-PKcs

Figure 4. Schematic showing ATR, ATM and DNA-PKcs with their shared protein domains.
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1.3.2 PIKKs and disease
As a properly functioning DDR is essential for maintaining genome integrity, it comes as
no surprise that disruption of the DDR is closely linked to disease (Jackson & Bartek
2009). A number of congenital diseases are associated with the mutation of proteins
acting within the DDR. Examples include Seckel syndrome, Bloom syndrome, Werner
syndrome and Ataxia telangiectasia (Table 1) (Kerzendorfer & O’Driscoll 2009; Bachrati
& Hickson 2008). These syndromes share many clinical and cellular phenotypes,
indicative of roles in related cellular pathways. Characteristic of several of these
diseases is growth defects, observed in ataxia telangiectasia, Bloom syndrome, Fanconi
anaemia and Seckel syndrome. In addition, sufferers often display immunological
defects and an increased susceptibility to cancer (Ciccia & Elledge 2010).
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Syndrome

Causative gene Repair pathway
affected

Phenotypes
Cancer

Microcephaly

Growth
defects

Other

++

+

+

Hypersensitivity to sunlight

Bloom syndrome

BLM

HR,

Werner syndrome

WRN

HR, BER

+

-

+

Premature aging

Rothmund-Thomson

RecQ4

BER

+

-

+

Skin and skeletal defects

Seckel syndrome

ATR

DSB repair, DNA
damage signalling

-

+

+

Facial dysmorphisms

Ataxia telangiectasia

ATM

DSB repair, DNA
damage signalling

+

-

-

Cerebral ataxia
Mental retardation

Nijmegen breakage NBS1
syndrome

DSB repair, DNA
damage signalling

+

+

+

Immunodeficiency

Cockayne syndrome

CSA, CSB

TC-NER

-

+

+

Neurodegeneration

Fanconi anaemia

FA
complementation
group

ICL repair, HR

+

-

+

Bone marrow failure

Table 1. Examples of diseases caused by defective DNA damage responses, highlighting similarities in clinical phenotypes. Adapted from Ciccia & Elledge 2010.
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Interestingly, of all the PIKKs involved in the DDR, ATR is the only one essential for life.
In fact, depletion results in early embryonic lethality in animals and apoptosis in cultured
cells (Brown & Baltimore 2000; De Klein et al. 2000; Cortez et al. 2001). The shattered
chromosomes observed in ATR-deficient mouse embryos emphasises the importance of
ATR in maintaining genome stability (Brown & Baltimore 2000). Hypomorphic mutation
of ATR gives rise to Seckel syndrome in humans, characterised by intrauterine growth
retardation, severe proportional short stature and microcephaly (De Klein et al. 2000;
O’Driscoll et al. 2003). Evidence suggests that the marked microcephaly and dwarfism
associated with the syndrome is consistent with substantial cell death during embryonic
proliferation and indeed somatic cell propagation (O’Driscoll et al. 2004)

Genomic instability is also hallmark of cancer cells, and DDR proteins are frequently
found to be mutated in cancers (Jeggo et al. 2016). In fact, the most frequently
inactivated gene in human cancer is TP53, the product of which is known to function in
the checkpoint response to DSBs (Hollstein et al. 1991; Halazonetis 2004). It is thought
that the DDR could play a dual role in cancer development. In early pre-cancerous
lesions, the DDR pathways may protect against tumour progression, becoming activated
by replication stress caused by oncogenic transformation. This leads to senescence or
apoptosis in affected cells, hence containing cancer development. Over time, this will
result in a selective advantage for cells with mutations in the DDR, eventually leading to
cancer growth (Bartkova et al. 2005; Bartek et al. 2007; Gorgoulis et al. 2005). However,
this will also mean that cancer cells become overly reliant on a second repair mechanism
to maintain genome stability. With increased understanding of the DDR network, the
reliance of the cancer on a second pathway can be exploited to induce synthetic lethality
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exclusively in the cancerous cells of a patient (O’Connor 2015). This approach is
currently being used in the clinic, taking advantage of the sensitivity of BRCA1 and
BRCA2 mutated cancers to the inhibition of poly(ADP-ribose) polymerase (PARP) (Lord
& Ashworth 2017; Helleday 2011)

1.4 ATR signalling pathway
ATR is the major responder to DNA damage and replication stress during S-phase. It
responds to DNA damage caused by a broad range of damaging agents, including UV
radiation, inhibition of DNA polymerase, topoisomerase poisons, depletion of the
deoxyribonucleoide pool, among others. All these genotoxic agents cause the slowing
or stalling of the DNA polymerases, thereby disrupting DNA replication (Saldivar et al.
2017). The activation of ATR requires the independent assembly and recruitment of
multiple protein complexes to DNA (Byun et al. 2005; Melo et al. 2001). Once initiated,
the ATR signalling cascade results in the phosphorylation of numerous other proteins,
and the inhibition of DNA replication and progression to mitosis (Saldivar et al. 2017).
Thus, activation of ATR promotes DNA repair, but can also signal towards senescence
and apoptosis (Toledo et al. 2008; Maréchal & Zou 2013).

1.4.1 Sensing and signalling DNA damage
Essential to ATR function and recruitment to chromatin is its interaction with its binding
partner ATRIP, first identified by Elledge and colleagues (Cortez et al. 2001). This study
determined that ATRIP is required for ATR stability, and vice versa, demonstrating that
the two are mutually dependent biding partners. The C-terminal end of ATRIP was found
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to facilitate the interaction with ATR (Figure 5), and disruption of the interaction
prevents both ATR and ATRIP from localising to sites of DNA damage (Ball et al. 2005;
Melo et al. 2001).

ATR activation is dependent on its recruitment to damaged DNA. Crucial in this process
is the coating of ssDNA by the ssDNA-binding protein complex RPA, first purified and
identified as a ssDNA binding protein in simian virus 40 (SV40) (Wold & Kelly 1988). The
interaction between ssDNA and RPA facilitates the recruitment of ATRIP via its
checkpoint protein recruitment domain (CRD) (Ball et al. 2007). The recruitment of ATR
to chromatin by this mechanism is required for ATR activation and phosphorylation of
chromatin-bound ATR substrates (Ball et al. 2005; Zou & Elledge 2003).
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Figure 5. Schematic showing the protein domains of ATR and its binding partners. Indicated
above each protein are additional interactions mediated by each protein.
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ATR activity can be triggered by the ssDNA generated when the DNA replicative helicase
MCM2-7 uncouples from the DNA polymerase. The uncoupling of the helicase and
replicative polymerase can occur as a result of encountering lesions produced by
clastogens such as UV-radiation or hydroxyurea (HU), resulting in stretches of ssDNA at
the replication fork (Byun et al. 2005; Sogo et al. 2002). The ssDNA present at the
replication fork functions to elevate the checkpoint response, with 800bp of ssDNA
being sufficient to trigger phosphorylation of checkpoint kinase 1 (CHK1) by ATR.
Additional unwinding increases the strength of the response, perhaps by facilitating the
recruitment of multiple kinase complexes (Byun et al. 2005). This close link between
DNA replication and ATR activation is further confirmed by the finding that depletion of
MCM2-7 results a diminished S-phase checkpoint response (Cortez et al. 2004; Tsao et
al. 2004).

In addition to the presence of RPA-coated ssDNA and the recruitment of ATR-ATRIP to
damaged DNA, several other protein complexes are required to be present at DNA for
the full activation of the S-phase checkpoint. These complexes are the Rad9-Rad1-Hus1
(911) checkpoint clamp and the Rad17-replication factor C (RFC) clamp loader (Melo et
al. 2001). Following DNA damage, the 911 complex is recruited to the single
strand/double strand DNA (ss/dsDNA) junction at the replication fork by the Rad17-RFC
loading clamp by a mechanism similar to the loading of PCNA by the RFC clamp loader
(Rauen et al. 2000; Zou et al. 2002; Bermudez et al. 2003; Majka, Binz, et al. 2006).
Localisation of the 911 complex requires the interaction between Rad17 and 911, and
occurs in parallel to and independently of ATR-ATRIP recruitment (Kondo et al. 2001;
Melo et al. 2001; Zou et al. 2002). The presence of Rad17 is required for the
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phosphorylation of ATR target CHK1, providing further evidence that both 911-Rad17RFC and ATR-ATRIP have to be present at damaged DNA to ensure full activation of the
S-phase checkpoint (Zou et al. 2002). In addition to the recruitment of the 911-complex,
Rad17 has been identified as an interaction partner of MCM7. This provides a role for
the replicative helicase in checkpoint activation beyond its role in generating ssDNA at
the replication fork (Tsao et al. 2004; Cortez et al. 2004).

In addition to the accumulation of RPA-coated ssDNA, some DNA synthesis is also
required for efficient phosphorylation of ATR downstream targets, including Rad1 and
CHK1 (MacDougall et al. 2007). Full inhibition of the polymerase activity of Pola results
in the presence of RPA-ssDNA but no checkpoint response as seen by phosphorylation
of ATR target CHK1 (Byun et al. 2005; Michael et al. 2000). This observation could be
due to the synthesis and elongation of primers on the unwound ssDNA, generating
multiple ss/dsDNA junctions. The additional junctions could act as substrates for the
loading of the 911-complex by Rad17. In this way, primer synthesis at stalled forks could
provide a possible mechanism to amplify the checkpoint response (Majka, NiedzielaMajka, et al. 2006; Van et al. 2010; MacDougall et al. 2007; Giannattasio & Branzei
2017).

1.4.2 Activating ATR through TOPBP1 and ETAA1
In addition to its recruitment to chromatin, ATR requires the stimulation by a mediator
protein for full kinase activity. So far, two ATR mediators have been identified in higher
organisms; DNA topoisomerase II binding protein 1 (TOPBP1) and Ewing’s tumourassociated antigen 1 (ETAA1) (Figure 5) (Kumagai et al. 2006; Bass et al. 2016; Haahr et
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al. 2016; Lee et al. 2016). It remains unclear why the cell requires two ATR activators,
however, there is evidence to suggest that ETAA1 and TOPBP1 act in distinct, parallel
pathways (Bass et al. 2016; Haahr et al. 2016). It is possible that ETAA1 and TOPBP1
activate ATR in response to different stresses, direct ATR towards different targets or
increase the strength of the ATR response to damage.

Both TOPBP1 and ETAA1 contain an ATR activating domain (AAD) which interacts
directly with the ATR PRD. The AAD is required to stimulate ATR activity towards its
downstream targets (Kumagai et al. 2006; Mordes et al. 2008). A recent structural
analysis of ATR-ATRIP demonstrated that the complex forms a dimer, however, the
determined structure exhibited a closed confirmation where the kinase domains
remained inaccessible. It has therefore been suggested that the binding of TOPBP1 or
ETAA1 is required for the ATR-ATRIP dimer to undergo a conformational change and
assume its active form (Sawicka et al. 2016; Mordes et al. 2008; Saldivar et al. 2017).

The association of TOPBP1 to ATR and TOPBP1 stimulation of ATR activity requires a
further interaction between TOPBP1 and ATRIP. Loss of the interaction between
TOPBP1 and ATRIP results in the failure of TOPBP1 to associate either ATR or ATRIP,
hence failing to activate the S-phase checkpoint (Mordes et al. 2008; Ball et al. 2005).
Furthermore, recent work has established RHINO as an interaction partner of TOPBP1
(Cotta-Ramusino et al. 2011). This interaction between TOPBP1 and RHINO is also
required for ATR signalling.
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TOPBP1 and ETAA1 do not share sequence similarities beyond their AAD domain,
suggesting that the proteins utilise different mechanisms to activate ATR signalling
(Feng et al. 2016; Haahr et al. 2016; Bass et al. 2016). It has been suggested that TOPBP1
may serve as the major ATR activator, as disruption of the AAD of TOPBP1 is
embryonically lethal in mice, whereas disruption of ETAA1-AAD does not significantly
alter the growth of human cells (Zhou et al. 2013; Bass et al. 2016; Cescutti et al. 2010).
However, it is notable that TOPBP1 plays numerous additional roles in DNA metabolism,
and the role of the TOPBP1-AAD in these functions has not been thoroughly explored
(Wardlaw et al. 2014).

It is thought that the ATR mediators are recruited to DNA damage separately of ATRATIRIP. ETAA1 contains two unique RPA binding sites, allowing for its direct recruitment
to sites of DNA damage (Bass et al. 2016; Haahr et al. 2016; Lee et al. 2016). Earlier work
proposed that TOPBP1 is recruited to chromatin by the 911 complex (J. Lee et al. 2007).
However, this possibility is now disputed as mutation of the residue of Rad9 facilitating
TOPBP1 interaction does not affect TOPBP1 localisation to chromatin or ATR activity
towards targets beyond CHK1 (Lee & Dunphy 2010; MacDougall et al. 2007). Recent
work has established an interaction between the MRN complex and TOPBP1 (Duursma
et al. 2013). MRN has been shown to recruit TOPBP1 to ss/dsDNA junctions, providing
a possible mechanism for TOPBP1 recruitment. However, this finding is also
controversial as it concludes that TOPBP1 recruitment is dependent on BRCT 3-6,
whereas a second study found that BRCT 1-2 of TOPBP1 is required for the formation of
nuclear foci (Cescutti et al. 2010; Duursma et al. 2013). It has been proposed that
mediator of DNA damage checkpoint protein 1 (MDC1) may interact with TOPBP1
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BRCT1-2, thus providing another possible mechanism for TOPBP1 recruitment to
chromatin (Blackford et al. 2015). However, also this has been disputed, as MDC1 has
also been found to interact with TOPBP1 BRCT 4-5 (Wang et al. 2011). Therefore, the
mechanism of recruitment of TOPBP1 to chromatin remains elusive.

In addition to its AAD domain TOPBP1 also contains 9 BRCA1 C-terminus (BRCT)
domains. These domains specifically recognise and bind phosphorylated serine or
threonine residues of other proteins (Manke et al. 2003; Yu et al. 2003). Working in
tandem, the BRCT domains of TOPBP1 facilitate a large number of phospho-protein
interactions, including interactions with Rad9 via BRCT1-2, 53BP1 and BLM via BRCT4-5
and FANCJ via BRCT7-8 (Delacroix et al. 2007; Cescutti et al. 2010; Gong et al. 2010;
Blackford et al. 2015). Consistent with this, TOPBP1 was found to co-localise with Rad9,
BRCA1, NBS1 and 53BP1 following DNA damage (Mäkiniemi et al. 2001; Yamane et al.
2002). This suggests that TOPBP1 can act as a scaffold, facilitating the checkpoint
response. In support of this, disruption of the phosphorylation of Rad9 at S387 results
in abrogation of TOPBP1-Rad9 interaction and an S-phase checkpoint defect (RoosMattjus et al. 2003; St. Onge et al. 2003; Delacroix et al. 2007; J. Lee et al. 2007). The
interaction between TOPBP1 and the 911-complex is thought to be mediated by Rad17,
demonstrating that multiple complexes are linked by a number of interactions to
facilitate ATR activation (Lee & Dunphy 2010).

Interestingly, the TOPBP1 interaction with NBS1 may provide a second mechanism for
ATR activation in the context of DNA resection. The MRN complex may recognise RPAcoated ssDNA through NBS1. In turn, NBS1 is then proposed to recruit TOPBP1, resulting
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in the activation of ATR-ATRIP and the phosphorylation of RPA at S33 (Shiotani et al.
2013; Yoo et al. 2009). This activation of ATR requires the interaction of NBS1 with RPA
and loss of this interaction results in failure to recover collapsed forks, implying that
activation of ATR by NBS1 is central to repair of DSBs associated with replication
(Shiotani et al. 2013).

1.4.3 Propagating the signal to ATR targets
Activated ATR is responsible for the targeted phosphorylation of many checkpoint
proteins, hence propagating the signal of DNA damage. One ATR target, CHK1, was first
identified as a checkpoint protein in fission yeast where it was found to be
phosphorylated in response to a wide range of DNA damaging agents (Walworth &
Bernards 1996; Q Liu et al. 2000). Loss of CHK1 is in itself embryonically lethal at the
preimplantation stage in mice and causes defects in proliferation of ES cells (Q Liu et al.
2000). These findings emphasise the importance of the maintenance of the ATR
signalling cascade.

CHK1 is commonly thought of as one of the main targets of ATR and the phosphorylation
of CHK1 S345 is frequently used as a readout for ATR activation (Q Liu et al. 2000; LopezGirona et al. 2001). The phosphorylation of CHK1-S345 remains low during unperturbed
replication, becoming phosphorylated in response to replication block (Feijoo et al.
2001). Mutation of CHK1-S345 to an alanine results in increased sensitivity to DNA
damaging agents and loss of checkpoint related control of cell cycle progression
following DNA damage in fission yeast, and is lethal in human cells (Lopez-Girona et al.
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2001; Wilsker et al. 2008). This demonstrates the importance of CHK1 in checkpoint
activity and maintenance of genome stability.

Once phosphorylated, the active CHK1 goes on to phosphorylate cell division cycle 25 c
(CDC25C) at S216, inhibiting the phosphatase function of CDC25C (Sanchez et al. 1997;
Peng et al. 1997; Furnari et al. 1997; Matsuoka et al. 1998). During unperturbed
replication CDC25C dephosphorylates cyclin dependent kinase 1 (CDK1), allowing cell
cycle transitioning to take place. However, when phosphorylated by CHK1, CDC25C is
bound by the ubiquitously expressed 14-3-3 proteins and shuttled to the cytoplasm and
degraded, resulting in a transient arrest of the cell cycle and full checkpoint activation
(Sanchez et al. 1997; Peng et al. 1997; Dalal et al. 1999; Giono et al. 2017). This proposed
mechanism provides a relatively simplistic view on the mechanisms involved in the
arrest of the cell cycle by ATR signalling. Some controversy surrounds the involvement
in CDC25C in mitotic entry, as contradictory results regarding the effect of CDC25C
depletion on mitotic entry have been published (Lindqvist et al. 2005; Bulavin et al.
2003). It is likely that other members of the CDC25 family play a role in the control of
mitotic entry. In fact, CHK1 has been suggested to also regulate CDC25A, thus
preventing premature entry into mitosis (Chen et al. 2003). Evidence from human cell
lines demonstrates that the depletion of CDC25A or CDC25B resulted in delayed entry
into mitosis. Co-depletion of these two factors further prolonged this delay (Lindqvist
et al. 2005). Interestingly, a study carried out in mice demonstrates that the loss of
CDC25B and CDC25C does not adversely affect mitotic entry or DNA damage responses
(Ferguson et al. 2005). Together these results suggest a complex mechanism for control
of cell cycle transitioning following DNA damage.
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In addition to interaction with ATR, activation of CHK1 requires an interaction with
phosphorylated Claspin (Kumagai & Dunphy 2000; Kumagai & Dunphy 2003). Claspin
has been shown to bind chromatin in an RPA-dependent manner (Lee et al. 2003). It is
therefore possible that Claspin is responsible for bringing CHK1 into proximity of ATR,
that is localised to chromatin by ATRIP. In support of this hypothesis, depletion of
Claspin results in reduced phosphorylation of CHK1 (Kumagai et al. 2004). Once at
chromatin, CHK1 is rapidly phosphorylated at S345 by ATR. The phosphorylation of
CHK1 facilitates its dissociation from chromatin (Smits et al. 2006). Dissociation of CHK1
following DNA damage may allow CHK1 to interact with its downstream targets in order
to propagate the DNA damage signal throughout the nucleoplasm and arrest the cell
cycle.

1.4.4 ATR and CHK1 control late origin firing
It is vital that the genome is accurately replicated and replicated only once during each
cell cycle. It is therefore essential that the use of origins and timing of origin firing is
tightly controlled (Fragkos et al. 2015). ATR has been implicated in the control of late
origin firing for a number of years. Findings in yeast demonstrated that the blocking of
late origin firing was defective in cells carrying mutations of the rad53 (CHK1/2
homologue) and mec1 (ATR homologue) genes (Santocanale & Diffley 1998). The use of
CHK1 inhibitors revealed that CHK1 depleted cells display a gradual change in the
pattern of origin firing (Feijoo et al. 2001). Furthermore, inhibiting ATR and ATM in
Xenopus laevis egg extracts resulted in excessive origin firing, particularly in early Sphase (Shechter et al. 2004; Marheineke & Hyrien 2004). The same was later
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demonstrated in avian DT40 cells, where the inhibition of CHK1 or ATR/ATM resulted in
the super-activation of replication factories and loss of the normal temporal replication
programme (Maya-Mendoza et al. 2007). Additionally, depletion or loss of CHK1 or ATR
has been demonstrated to result in reduced replication fork speed (Petermann et al.
2006; Eykelenboom et al. 2013). It was later shown that this phenotype could be
reversed in CHK1 deficient cells by the simultaneous depletion of proteins promoting
origin firing, suggesting that CHK1 is involved in regulating replication fork speed by
controlling origin firing (Petermann, Woodcock, et al. 2010). These findings strongly
support a role for the S-phase checkpoint in the control of late origin firing as well as
timely replication progression.

Mechanistically, ATR and CHK1 involvement in the control of origin firing is thought to
be tied to the role of the S-phase checkpoint in controlling cell cycle progression. Cell
cycle progression is prevented through the inhibitory phosphorylation of CDKs by the
tyrosine kinase WEE1 (Parker & Piwnica-Worms 1992; Watanabe et al. 1995). CDKs can
then be activated by the phosphatase action of CDC25A. However, when the S-phase
checkpoint is active the phosphorylation of CDC25A by CHK1 inhibits the phosphatase
action of CDC25A, resulting in its rapid degradation and thus preventing cell cycle
progression (Xiao et al. 2003; Molinari et al. 2000; Mailand et al. 2000). CDKs
phosphorylate a number of substrates, including the TOPBP1 interacting protein Treslin
(Sanchez-Pulido et al. 2010; Sansam et al. 2010). The phosphorylated Treslin interacts
with TOPBP1 BRCT 1-2 to facilitate the loading of CDC45 to replication origins, thus
regulating a pivotal step in the initiation of DNA replication (Kumagai et al. 2010; Sansam
et al. 2010). Together these results demonstrate that ATR signalling through CHK1
40

prevents the firing of dormant origins by blocking the loading of CDC45, required for
origin firing (Moyer et al. 2006).

1.5 BLM helicase and its role in DNA repair and the DDR
BLM belongs to the RecQ helicase family (Ellis et al. 1995). This is a family of helicases
conserved from bacteria to humans, and members of this family play central roles in
DNA metabolism. RecQ helicases are of particular interest as mutation or disruption of
the helicases result in well recognised disorders such as Bloom syndrome, Werner
syndrome and Rothmund-Thomson syndrome (Wu 2007; Bachrati & Hickson 2008).

1.5.1 BLM protein structure and protein partners
BLM is a 159 kDa protein, containing multiple recognisable domain structures at its Cterminal: a helicase domain, a RecQ carboxy-terminal (RQC) domain, and the helicase
and RNase D C-terminal (HRDC) domain (Figure 6). The helicase domain facilitates
unwinding of a variety of DNA structures in the 3’-5’ direction. It does this with the
support of the RQC domain, thought to contribute towards the binding of DNA (Croteau
et al. 2014). As a helicase, BLM can efficiently unwind short DNA duplexes up to 71 bp
in length. When interacting directly with RPA, this can be increased to over 200 bp
(Brosh et al. 2000). WRN helicase, a second RecQ helicase, is also stimulated by RPA,
suggesting this mechanism is conserved in this helicase family (Brosh et al. 1999). The
HRDC of RecQ helicases direct the protein towards specific DNA structures (Wu &
Hickson 2006). Differences in the HRDC sequence has been suggested to provide
specificity of each helicase towards their particular roles in DNA metabolism (Bernstein
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& Keck 2005). In addition to these domains, BLM contains a nuclear localisation signal
at its C-terminus (Kaneko, Orii, et al. 1997). The N-terminus of BLM is required for its
interaction with topoisomerase IIIa (TOP3A) and RecQ mediated genome instability
(RMI)1 and 2 (Hu et al. 2001; Raynard et al. 2006; Chen & Brill 2007). The BLM-TOP3A
interaction is important in regulating recombination in somatic cells (Hu et al. 2001).
RMI1/2 stimulates TOP3A towards its role alongside BLM in DHJ dissolution (Raynard et
al. 2008).
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Figure 6. Schematic showing the protein domain structure of BLM and its interacting partners.

43

1.5.2 Bloom syndrome
Bloom syndrome is a rare autosomal recessive disorder caused by mutation in the BLM
gene. The syndrome is characterised by facial abnormalities, microcephaly, sun
sensitivity, infertility, immunodeficiency, stunted growth and predisposition to a variety
of cancers (German 1993; Kaneko, Inoue, et al. 1997). A hallmark for Bloom syndrome
is high levels of genomic instability, as seen by highly increased levels of sister chromatid
exchanges (SCEs) in patient cells (Chaganti et al. 1974) The phenotype is unique to
sufferers of Bloom syndrome, and is not seen in individuals with heterozygous mutation
of the gene or in patients with other genome instability syndromes. The increase in SCEs
is therefore used as a diagnostic tool to identify new Bloom syndrome patients (Kaneko,
Inoue, et al. 1997; Chaganti et al. 1974).

1.5.3 BLM in DNA replication and repair
The helicase function of BLM is vital in maintaining genome stability through its
involvement in HR (Ouyang et al. 2008). Evidence of this has been provided through the
complementation of BLM deficient cells with wildtype BLM or helicase-dead BLM
mutants (Neff et al. 1999). Only complementation with wildtype BLM could rescue the
SCE phenotype of the BLM-deficient cells. Complementation with BLM can also partially
rescue genome instability phenotypes in sgs1 (S. cerevisiae BLM homologue) mutant
strains of S. cerevisiae (Neff et al. 1999). These findings demonstrate that the catalytic
activities of BLM are evolutionary conserved and are important in maintaining genome
integrity. Furthermore, the genome instability caused by defective BLM activity could
underlie the broad range cancer susceptibility of Bloom syndrome patients.
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The genomic instability observed in Bloom syndrome and in BLM deficient cells is telling
of the multiple roles BLM plays in DNA replication, recombination and repair. BLM plays
a prominent role in repair through HR, acting at multiple steps of the pathway.
Consistent with this, Sgs1 levels in cells are at their highest in late S/G2-phases, when
HR is taking place (Frei & Gasser 2000).

Coupled to nucleases such as DNA2, BLM facilitates the unwinding of DNA in a 3’ – 5’
direction, required for long-range DNA end-resection during HR (Gravel et al. 2008;
Nimonkar et al. 2008; Sturzenegger et al. 2014). Furthermore, it is thought that RPA and
the MRN complex stimulates this role of BLM (Nimonkar et al. 2011). In yeast it has been
shown that Sgs1 binding partners Top3 and Rmi1 also contribute towards the
stimulation of Sgs1 in resection (Cejka, Cannavo, et al. 2010). Additionally, BLM has been
implicated in resection by EXO1, although its helicase domain is not required for this
interaction (Nimonkar et al. 2008). Separate depletion of EXO1 or BLM did not result in
a resection defect, suggesting that the two act in separate pathways (Gravel et al. 2008).
BLM may therefore play a stimulatory but non-essential role in EXO1-mediated
resection. Through its role in resection, BLM is involved in the generation of ssDNA,
hence initiating repair by HR.

Secondly, BLM plays a key role in the dissolution of dHJ at the end stages of HR.
Indicative of this is the elevated levels of SCEs in Bloom syndrome cells, thought to arise
as a consequence of defects in tackling HR intermediates (Sonoda et al. 1999). In yeast,
the depletion of either Sgs1 or Top3 results in the persistence of dHJs in yeast (Mankouri
et al. 2011). In human cells, dHJs only persist when nucleases from the dHJ resolution
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pathway are depleted alongside BLM, resulting in severe chromosomal abnormalities,
indicating that BLM-deficient cells are dependent on the resolution pathway to remove
dHJs (Wechsler et al. 2011). As dHJ resolution can result in both crossover and noncrossover events, the reliance of BLM-deficient cells on this pathway could explain the
increased levels of SCEs observed.

1.5.4 The role of BLM in the S-phase checkpoint and the response to replication stress
Evidence from S. cerevisiae supports a role for Sgs1 in the S-phase checkpoint, as yeast
strains lacking it are partially defective in the S-phase checkpoint response (Frei &
Gasser 2000). Furthermore, a second study showed that depletion of Sgs1 results in
hypersensitivity to DSB-inducing agents due to compromised DNA resection. The study
went on to show that BLM functions in parallel to EXO1 in promoting resection and
simultaneous depletion of both proteins renders U2OS cells unable to properly activate
CHK1 (Gravel et al. 2008).

Some controversy is tied to the sensitivity of BLM to HU. Bloom syndrome patient cells
have been shown to be hypersensitive to HU, whereas other BLM-deficient human cell
lines did not display this phenotype (Davies et al. 2004; Lahkim Bennani-Belhaj et al.
2010). Findings from yeast demonstrate that RecQ helicase mutants confer sensitivity
to replication inhibitors and fork stalling due to lack of nucleotide precursors (Bachrati
& Hickson 2008). In addition, DNA fibre experiments in BLM deficient human cells have
provided evidence for a role of BLM in replication fork restart and control of new origin
firing following replication stress (Davies et al. 2007).
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Although evidence from previous studies has pointed at a role for BLM in S-phase
checkpoint activation, much of this has been centred around the role of BLM in HR.
However, a study investigating the role of the yeast homologues of BLM, Sgs1 in
checkpoint activation has revealed the helicase activity of Sgs1 is not required for
stimulation of the checkpoint kinase Rad53p, suggesting that Sgs1 may play a dual role
in maintaining genome stability (Bjergbaek et al. 2005). In support of this finding, more
recently published work from two separate groups identified an interaction between
BLM and TOPBP1, implicating BLM directly in the activation of ATR for the first time.
Both groups identified BRCT4-5 of TOPBP1 as being the site of interaction with BLM,
however the phosphorylated residue of BLM identified differed between the studies,
one identifying S338 and the other S304 (Blackford et al. 2015; Wang et al. 2013).A
recent study of the structure of the TOPBP1-BLM interaction supports a role for BLMS304 rather than BLM-S338 in mediating the interaction (Sun et al. 2017).

1.6 Hypothesis and objectives
Because of the overlapping phenotypes between Bloom and Seckel syndromes, one can
hypothesise that a putative role for BLM in ATR signalling may explain some of these
similarities. Despite numerous studies reporting a link between BLM and the activation
the S-phase checkpoint, little is known about the mechanism underlying the
involvement of BLM in this process. Previous work has predominantly relied upon the
use of cells depleted of BLM, either through mutation or gene silencing, and focussed
on the role of BLM in HR, without examining the possibility of a direct role of BLM in
ATR activation. Thus, the newly identified interaction between TOPBP1 and BLM could
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shed new light on the mechanism underlying a role for BLM in ATR activation and
control of the replication programme. The overall aim of this project is to address this
hypothesis by focussing the objectives as follows:

-

To determine if BLM plays a role in activating ATR signalling through its
interaction with TOPBP1

-

To determine whether BLM is involved in maintaining the DNA replication
programme via its interaction with TOPBP1

-

To generate tools to investigate the role of BLM in ATR activation in human cells

-

To establish and build upon existing techniques to further investigate the role of
BLM-TOPBP1 interaction in DNA end-resection and processing of collapsed
replication forks

To address the final objective, EXD2 deficient cells was be used as a model to establish
the techniques. The background, results and discussion of these results will be
addressed separately in chapter 6.

48

2. Materials and methods

2.1 DT40 cell culture
The DT40 cell line is a chicken B-cell line which is derived from an avian leucosis virusinduced bursal lymphoma (Winding & Berchtold 2001). These cell lines are grown in
Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, Thermo Fisher, cat no.
11875093), supplemented with 7% foetal bovine serum (Gibco, Thermo Fisher, cat no.
10270106), 3% chicken serum (Sigma, cat no. C5405) and 10µM b-mercaptoethanol
(Sigma, cat no. M6250). Cell cultures were grown in a humidified incubator at 37°C with
5% CO2. All cell lines were split daily to maintain confluency in the range of 5´105 and
2´106 cells/ml. Complemented DT40 cells lines were generated by Jadwiga
Nieminuszczy (Blackford et al. 2015).

2.2 Human cell culture
HeLa, U2OS and RPE1 cell lines were grown in Dulbecco's Modified Eagle Medium
(DMEM, Gibco, Thermo Fisher, cat no. 11965092) supplemented with 10% foetal bovine
serum and 1% penicillin streptomycin (PenStrep, Gibco, Thermo Fisher, cat no.
15140122). Cell cultures were grown in a humidified incubator at 37°C with 5% CO2.
HeLa EXD2-/- cell lines were generated by Ronan Broderick and Jadwiga Nieminuszczy
(Broderick et al. 2016). RPE1 BLM-/- were generated in collaboration with Carl Morrow
and Samuel Jones from the Blackford lab, WIMM.
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2.3 siRNA transfection
siRNA targeting BLM, BRCA2 or MRE11, as well as control siRNA targeting luciferase was
used in this analysis. HeLa or U2OS cell lines were transfected with siRNA as follows; per
transfection, 3µl 20µM siRNA stock, giving a final concentration of 25nM (siBLM
Dharmacon, siLuciferase, siBRCA2 and siMRE11 LifeTechnologies) was combined with
90µl Opti-MEM (Gibco, Thermo Fisher, ca no. 31985070) and 12µl HiPrefect (Qiagen,
cat no. 301705). The mixture was incubated at room temperature for 10 minutes. Cells
were trypsinised and counted using a haemocytometer, and 500 000 cells were added
to a single 6 cm dish per condition. The siRNA-HiPerfect mixture was added directly to
the cell suspension and the final volume was topped with normal growth medium to a
final volume of 2.4 ml. After 24 hours, a second pulse so siRNA was added directly to
cells, using the same siRNA-HiPerfect mixture as above. After 48 hours cells were
trypsinised and 300 000 cells were plated per well of a 6-well-plate. At 72 hours wells
were labelled for DNA fibre or treated for checkpoint analysis as outlined below.

2.4 Complementation of human cells
2.4.1 Purification of BLM cDNA constructs
The BLM-WT and BLM-S304A constructs (in pEGFP-C3 plasmid, Clontech, Figure 7) were
grown on from glycerol stocks of DH5a Escherichia coli, and expanded to a 200ml
bacterial culture. The plasmids were purified by midi-prep (GenElute HP Plasmid
Midiprep Kit, Sigma Aldrich, cat no. NA0200), and the final concentration determined
by nano-drop.
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Figure 7. Vector map of plasmid used for the expression of BLM-S304A and BLM-WT in human
cell lines, or BLM-/- -S251A, BLM-/- -WT, BLM-/- -S251A-AAD and BLM-/- - S251A-AAD-W1145R in
DT40 cells (diagram by Addgene, https://www.addgene.org/vector-database/2489/ ).
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2.4.2 Transfection of human cells
In order to obtain HeLa and RPE1 cell lines stably expressing either BLM-WT-GFP or
BLM-S304A-GFP cDNA cells were split to be a 60% confluency at time of transfection.
For a transfection in a 6-well-plate, growth medium was added to the cells to a final
volume of 2ml.

Reagent

Amount

Opti-MEM

125µl

Lipfectamine 3000

1.5µl

P3000 reagent

3µl

DNA

1.5µg

Table 2. Reagents used for transfection of human cells with BLM-WT or BLM-S304A cDNA

Lipofectamine 3000 was diluted in Opti-MEM in an Eppendorf tube and vortexed for 3
seconds. DNA was diluted in Opti-MEM in a separate tube, before the addition of the
P3000 reagent. The mixtures in the two tubes were then combined and incubated for
10 minutes at room temperature. The mixture was subsequently added to the cells.
Cells were then placed back in the incubator for 24 hours. The BLM construct used in
these experiments contain a geneticin resistance cassette, which is used to select
transfected cells. After 24 hours, the growth medium was changed to medium
containing geneticin at a final concentration of 500µg/ml (Thermo Fisher, Cat no
10131035). To ensure the selection was working, medium containing geneticin was
added to a well containing untransfected cells. When there were no surviving cells in
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the control well, transfected cells were trypsinised, resuspended in growth medium and
sorted based on GFP positivity to 96-well-plates with the help of Kevin Clark at the
WIMM FACS facility. The individual clones were then expanded. Individual clones were
then harvested, washed twice in 2 ml cold PBS, resuspended in 2 ml cold PBS and
screened for expression of the transgene by western blot and FACS.

2.5 CRISPR/Cas9 strategy and cell transfection
The CRISPR strategy to generate the BLM S304A point mutation in human cells was
developed by Dr Andrew Blackford. The strategy to introduce the BLM S304A mutation
is shown in Figure 31, and relies upon the cutting action of the CRISPR/Cas9 as outlined
in (Ran et al. 2013). The vector pX330 (Addgene, cat no 42230) was used as the
backbone for generating the CRISPR/Cas9 construct. The original Addgene vector had
been modified to include a GFP tag on Cas9, allowing for rapid screening for successfully
transfected clones by FACS. The guide RNAs were cloned into the pX330 vector using
the protocol as described by Ran and colleagues. Briefly, the oligos encoding the two
guide RNAs were phosphorylated and annealed using a thermocycler. The annealed
oligos were introduced into the pX330-GFP plasmid through a digestion-ligation
reaction, introducing the oligos into the vector at the BbsI cut site of the vector
(Fermentas, cat no ER1011). The ligation reaction was incubated at 37°C for 5 mins, then
at 23 °C for another 5 minutes in a thermocycler, repeating this cycle a total of 6 cycles.
The plasmid was treated with PlasmidSafe (Lucigen, cat no E3101K) exonuclease to
prevent unwanted recombination products. The plasmid was transformed into
competent DH5a E. coli, selecting colonies based on ampicillin resistance conferred by
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the expression of the plasmid. Following midi-prep and purification as outlined in
section 2.4.1, the plasmid was ready for transfection into cells.

To introduce the mutation at BLM S304A, a 200bp ssDNA template was introduced
during the transfection of cells. This template contained the S304A mutation as well as
a mutation introducing a novel restriction enzyme cut site, allowing for efficient
screening. The transfection of cells was carried out using the same protocol as when
complimenting human cells (Table 2), with the simple modification of adding 1µl of the
ssDNA template at a concentration of 10µM to the DNA/Opti-MEM/P3000 mixture,
giving a final concentration of the template of 5nM. 24h hours post-transfection cells
were taken to FACS to sort of GFP positive cells, thus selecting only cells successfully
transfected with the plasmid containing Cas9 and the guide sequences. The sorted cells
were left to grow on for a week before FACS sorting again, this time for GFP negative
cells. These cells will have lost the expression of Cas9, and there is no more cutting
activity in these cells. GFP-negative cells were sorted to single cells in 96-well-plates.
Once clones had expanded sufficiently, a portion of the cells were harvested for
genomic DNA extraction. FACS sorting of cells was carried out with the help of Mr Kevin
Clark from the WIMM FACS facility.
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2.5.1 Verification of CRISPR/Cas9-generated cell lines
Cells were harvested from expanded clones and genomic DNA was extracted from the
cells using the Qiagen DNA extraction kit (Qiagen, Cat no 158906, 158910). Following
DNA extraction, DNA was rehydrated in 30ul of TE. PCR was then used to amplify the
region of BLM where mutilations should be introduced, has the strategy been successful
(Table 3, Table 4, Table 5). The polymerase used was Marathon (A&A Biotechnology SC,
cat no. 1003-1000).

Primer name

Sequence

BLM-S304A PCR primer, forward

ACAGCAACAATTTGGGTTGTG

BLM-S304A PCR primer, reverse

GGACTTCATCTTTAGAATGCAACC

BLM-S304A sequencing primer

GGTGTGATTGTTTGTGACTTGC

Table 3. PCR and sequencing primers for the validation of in introduction of BLM-S304A
mutation following CRISPR/Cas9 targeting

PCR mixture component

Volume, µl (per reaction)

Marathon polymerase

0.5

Marathon 2X buffer

12.5

dNTPs (10mM)

0.75

Primers (forward/reverse)

0.1

Template

0.5

Water

10.55

Total volume

25

Table 4. Reagent mixture used for PCR of CRISPR/Cas9 BLM-S304A targeted cell lines
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PCR programme

Temperature (°C)/ time

Denature

98/20 sec

Denature

95/20 sec

Primer annealing

56/30 sec

Elongation

68/60 sec

Repeat steps 2-4 for an additional 34 cycles
Final elongation

60/ 10 min

Hold at 4°C
Table 5. PCR programme used to amplify the region surrounding BLM-S304

Following PCR, the fragment incubated with the enzyme Acu1 (NEB, Cat no R0641). 8ul
of the PCR product was combined with 1µl of the enzyme, 1µl 10X CutSmart buffer,
0.5µl of S-adenosylmethionine (SAM). The mixture was incubated at 37°C for 1 hour.
After digestion, 1ul of Orange DNA loading dye was added to 5ul of PCR product and run
at 70V on a 1.2% agarose gel with a 1kb DNA ladder (Thermo Fisher, Cat no SM0312).
The digested PCR product was visualised using a trans-illuminator.

2.6 Checkpoint analysis and western blotting

2.6.1 Treatment of cells for the investigation of checkpoint activation
Exponentially growing DT40 or human cells were treated with 100nM camptothecin
(Sigma Aldrich, cat no. C9911) or 1mM HU (Sigma Aldrich, cat no. H8627) for the times
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indicated prior to harvesting for western blot. In RPE1 checkpoint experiments ATR
inhibitor (AZ20, Sigma Aldrich, SML1328) was added at 3µM, 30 minutes in advance of
camptothecin or HU treatment.

2.6.2 Cell harvesting and western blotting
Human cells were harvested from 6-well-plates for western blotting by trypsinisation.
For DT40 western blots, 1.5ml of exponentially growing cells was harvested. Cells were
spun down at 4°C and 500g in a bench-top centrifuge. The resulting cell pellet was
washed two times in ice cold PBS. The pellets were lysed in 1X sample loading buffer
(SLB) (Table 6) at room temperature. The lysed pellets were vortexed to ensure
complete lysis, before being heated to 100°C on a heat block for 5 minutes. The samples
were vortexed and spun down at 3000g for 1 minute. The supernatant was transferred
to fresh Eppendorf tubes, and the protein concentration of each sample was measured
in triplicate using a nano-drop. 20µg of sample per sample was used for each blot, the
samples were diluted with 1X SLB so all samples were of similar volumes. 2µl of 2X SLB
with added bromophenol blue was added to each sample. Samples were vortexed,
boiled for 5 minutes at 100°C and loaded to a 4-12% Bis-Tris protein gel (Invitrogen, cat
no NP0321BOX, WG1402A) alongside a protein ladder (Cleaver Scientific, CSL-BBL). The
gel was run in MOPS buffer (Table 7).

Following running, the blot was transferred to a PVDF membrane (GE Healthcare, cat
no 10600023) in a chilled wet transfer tank at 90V for 90 minutes (Table 8). The
membrane was the blocked in 5% milk in TBS-T for 1 hour. Excess milk was washed off
in TBS-T before the incubation with primary antibodies overnight at 4°C (Table 9). The
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following morning the primary antibodies were removed, and the membrane was
washed three times for 10 minutes in TBS-T. The membrane was then incubated for one
hour in the appropriate horseradish peroxidase-conjugated secondary antibody diluted
in 5% milk in TBS-T (Table 10). The membrane was again washed in TBS-T three times
for 10 minutes each. The membrane was then developed using a chemiluminescent HRP
substrate (Millipore, cat no WBKLS0500) and X-ray films (SLS, cat no MOL7016).
Following development, the membrane was thoroughly washed in TBS-T before reprobing with further primary antibodies. Each western blot was repeated in full a
minimum of two times.

2.6.3 Quantification of western blots
Quantification of was performed using FIJI imaging software. For each protein analysed,
measurements of the pixel density of each protein band were taken, making sure to
maintain the identical measuring frame (area measured) across all bands. In addition, a
background measurement for each band was taken, making sure to avoid marks on the
film. The measurements were then inverted by subtracting the measured value from
255 (the value if all pixels were white). Then the background measurement was
subtracted from the corresponding protein band measurement, leaving the intensity of
the protein band only. The final quantification is given as a ratio of the intensity of the
band of the protein of interest divided by the intensity of the loading control
corresponding to that band.
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2.6.4 Buffers for western blotting
Reagent

Volume for 40 ml

Final concentration

1 M Tris-HCL (pH 6.8)

2.5 ml

0.06 M

SDS, 20%

4 ml

2%

Glycerol

4 ml

2%

b-mercaptoethanol

2 ml

1%

Water

27.5 ml

-

Table 6. Recipe for sample loading buffer

Reagent

Amount

MOPS (3-(N-morpholino)- 104.6 g

Final concentration (1X)
50 mM

propane sulfonic acid)
Tris base

60.6 g

50mM

SDS

10 g

3.5 mM

EDTA

3g

1mM

Distilled water

Up to 500 ml final volume

Table 7. Composition of 20X MOPS running buffer, diluted to 1X in distilled water

Reagent

Amount

Final concentration (1X)

Tris Base

29 g

12 mM

Glycine

144 g

96 mM

Distilled water

Up to 2 l final volume

Table 8. Composition of 10X transfer buffer. Diluted to 1x in distilled water and 20% methanol
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2.6.5 Antibodies for western blotting

Antibody

Dilution

Species

Supplier/Cat no

BLM

1:2000/5% milk in TBS-T

Rabbit

Bethyl/A300-110A

GFP

1:2000/5% milk in TBS-T

Mouse

Roche/11 814 460 001

MCM2-pS102

1:10000/5% milk in TBS-T Rabbit

Bethyl/A300-094A

CHK1

1:1000/5% milk in TBS-T

Mouse

Santa Cruz/sc-8408

CHK1-pS345

1:1000/5% BSA in TBS-T

Rabbit

Cell signalling/133D3

RPA2

1:1000/5% milk in TBS-T

Mouse

Calbiochem/Ab-2

gH2AX

1:2000/5% milk in TBS-T

Mouse

Millipore/JBW301

p53

1:3000/5% milk in TBS-T

Mouse

Santa Cruz/ sc-126

Table 9. Primary antibodies used for western blotting

Immunoglobulins

Dilution

Species

Supplier/Cat no

HRP-conjugated

1:2000/5%milk in TBS-T

Goat

Dako/P0447

1:5000/5% milk in TBS-T

Goat

Dako/P0448

Mouse
HRP-conjugated
Rabbit
Table 10. Secondary antibodies used for western blotting
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2.7 DNA fibre technique in DT40 cells

2.7.1 Labelling cells for DNA fibre
DT40 cells were split to 500 000 cell/ml and left to grow exponentially in normal growth
conditions. Cell cultures were then pulse labelled for 20 minutes with 25µM 5-Iodo-2’deoxyuridine (IdU, Sigma Aldrich, Cat no. I7125)) followed by labelling with 250µM 5Chloro-2’-deoxyuridine (CldU, Sigma, C6891) for 20 minutes. Cells were harvested and
spun down at 500g and 4°C, the pellet washed with cold PBS, and resuspended in PBS
to a concentration of 1´106 cells/ml. 2µl of the cell suspension was placed onto a
microscope slide (VWR), the droplet was left to evaporate slightly for 1 minute before
the addition of 7µl of cell lysis solution (Table 11). Immediately following the addition
of the lysis solution, the droplet was gently mixed and left for 2 minutes to ensure lysis
and to allow for some evaporation from the droplet. The microscope slide was then left
on an incline with the droplet at the top for the slide, allowing for the droplet to slowly
move down the full length of the slide, leaving a trail of spread DNA fibres on the slide.
Slides were left to dry at room temperature overnight.

Reagent

Final concentration

EDTA

50mM

SDS

0.5%

Tris-HCl (pH 7.5)

200mM

Table 11. Composition of DNA fibre lysis solution
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2.7.2 Staining of DNA fibres
Slides were fixed in 3:1 methanol: acetic acid (Fisher scientific) for 10 minutes before
washing 3 times in distilled water. Fibres were then denatured by submersion of slides
in 2.5M HCl for 80 minutes, followed by three washes in PBS on a rocking platform for
5 minutes each. Excess PBS was removed by tapping slides on tissue paper. 50µl of
blocking buffer (5% bovine serum albumin (Sigma) in PBS) was added to the slides and
slides covered with a glass coverslip, ensuring the removal of any trapped air bubbles
under the coverslips. Slides were incubated with the blocking agent for 20 minutes in a
humidified chamber, preventing the coverslips from sticking to the slides. The primary
antibodies are diluted in blocking buffer: anti-BrdU (rat- abcam) recognising CldU and
anti-BrdU (mouse-BD bioscience) recognising IdU (Table 12). Following blocking, 50µl of
the primary antibody dilution is added to each slide, covered with a glass coverslip and
incubated in a humidified chamber for 2 hours. Following the incubation, the slides were
washed 3 times in PBS on a rocker for 10 minutes per wash. Secondary fluorescent
antibodies Alexa fluor 488 and Cy3 were diluted in blocking buffer. 50µl of the
secondary antibody mixture was added to each slide, slides were covered with a
coverslip and incubated in the humidified chamber for 1 hour. Slides were washed three
times in PBS for 10 minutes and slides were mounted with a cover slip using Vectashield
mounting medium (Vector Laboratories, H-1000).

2.7.3 Visualisation and quantification of fibres
DNA fibres were visualised using Zeiss LSM 510 Meta confocal microscope. Images were
taken from randomly selected regions of untangled fibres from two slides per condition
per repeat. The images were analysed using the FIJI software package. Each experiment
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was repeated at least 3 times, and a minimum of 100 individual DNA fibres were scored
per experiment when investigating frequency of replication structures. Track length
data was measured from a minimum of 30 randomly selected DNA fibres per condition,
or as many structures as possible. Results were presented as a ratio between the first
and second label, or as the length of the second label only. Fork symmetry is presented
as the ratio between the long and short arm resulting from a first origin firing event, as
many events as possible were measured per experimental repeat. Statistics for tract
length ratio and fork symmetry was calculated using the Mann-Whitney unpaired t-test.
DNA fibre structures were counted and categorised as described. A minimum of 100
structures were counted per condition, per repeat. Statistics for replication structures
were calculated using the Student’s t-test. Statistics and graphs were generated using
the GraphPad Prism 7 software package.

63

Primary

Species

Dilution

antibody

Company/product

Application

code

Anti-BrdU

Rat

1:400

Abcam/ab6326

DNA fibre

Anti-BrdU

Mouse

1:25

BD bioscience/347580

DNA fibre

Secondary

Species

Dilution

Company/product

Application

antibody
Alexa

code
fluor Anti-rat

1:400

Invitrogen/A-11006

DNA fibre

1:500

Sigma Aldrich/C2181

DNA fibre

488
Cy3

Anti-mouse

Table 12. Primary and secondary antibodies used for the staining of DNA fibres

2.7.4 Replication fork speed by DNA fibre
Measurement of the second (green) label of elongating forks acted as the basis for this
calculation, providing the distance travelled by the replication fork over 20 minutes
(the labelling time). To convert the measurement from µm to kb, the measured value
was multiplied by 2.59, the estimated bases needed to make up 1µM of a DNA fibre
tract (Jackson & Pombo 1998). This value was then divided by 20, to give fork speed in
kb/min.
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2.7.5 DNA fibre with drug treatments
When investigating replication fork restart, cells were treated with camptothecin at
2.5µM for 90 minutes alongside the first label as indicated in figure 13. Following the
first label, cells were washed with growth medium containing 250µM CldU to remove
the drug, before labelling with the second label for 15 minutes. Cells were then
harvested and treated as above. For experiments investigating the response of ongoing
replication to replication stress, HU was added to a final concentration of 200µM
alongside the second label following 20 minutes labelling with the primary label. The
inhibitor roscovitine (Sigma Aldrich, cat no. R7772-1MG) was added to cultures at a final
concentration of 100µM for 1 hour before labelling and then maintained throughout
the labelling.

2.8 DNA fibre in human cells

2.8.1 Labelling human cells under normal growth conditions
HeLa or RPE1 cells were plated to a 6-well-plate the day prior to labelling to give a
confluency of 50% on the day of the experiment. Labelling was carried out as for DT40
cell cultures. Cells were then harvested by trypsinisation, and cells washed in cold PBS.
Cells were then resuspended to a concentration of 6.5´104 cells/ml before spreading
and staining as outlined for DT40 cells.
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2.8.2 Treatment of human cell lines for DNA fibre
When investigating recovery from replication fork collapse HeLa cell lines were labelled
with IdU as above for 20 minutes. Cells were then washed with warm growth medium,
before cells were incubated with HU at the final concentration of 4mM for 4 hours. Cells
were again washed with warm growth medium to remove the drug, before addition of
CldU for 20 minutes as above. DNA fibres were spread, stained and visualised as before.

To investigate resection rates in HeLa cell lines, cells were labelled consecutively with
IdU and CldU for 20 minutes as before. Following labelling cells were exposed to 4mM
HU for 4 hours. DNA fibre spreading, staining and visualisation was carried out as before.

2.9 Sister chromatid exchange assay
BrdU was added to exponentially growing cells for 48 hrs (two cell divisions) in a 10cm
tissue culture dish with 0.15µg/ml colcemid (Invitrogen, Thermo Fisher, cat no.
15212012) added for the final 4 hours before harvesting to enrich for mitotic cells.
Medium and trypsinised cells were transferred to a tube and spun at 400g for 5 minutes.
The pellet was resuspended in pre-warmed 75mM KCl and incubated at 37°C for 25
minutes. Cells were spun down at 400g for 10 minutes. KCl was removed, leaving 200µl
in the tube to gently resuspend the pellet. 5ml of freshly prepared ice cold 3:1 methanol:
acetic acid was added to the cells. The fixative is added dropwise for the first 3ml whilst
gently vortexing. Cells were spun down at 400g for 10 minutes at 4°C. The fixative step
was repeated an additional 2 times. The final pellet was resuspended in 300µl fixative.
Cells were spread onto microscope slides by dropping a droplet of the cell suspension
from a 200µl pipette onto a microscope slide held at arm’s length and at a 45° angle.
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Slides are left to dry on a slant overnight at room temperature. 5ml of fixative was added
to the remainder of the cell suspension, and stored at 4°C.

To stain the DNA, slides were placed in a glass staining jar on a rocker and immersed in
bisbenzimide (Sigma Aldrich, cat no. B1155-25MG), diluted in to a final concentration of
15µg/ml in water, for 30 minutes whilst protected from light. Slides were then washed
in PBS. Slides were placed horizontally in a plastic box and immersed in PBS so the slides
were just covered. The slides were then exposed to UVA light for 2 hours whilst
protected from outside light sources. Following exposure to UV-light slides were
washed in PBS before being incubated in pre-heated 2x SSC for one hour at 62°C. Slides
were the washed four times in miliQ water. Staining was carried out using Gurr staining.
2ml Gurr staining reagent was added to 50ml Gurr staining buffer. Effort was made to
remove the thin film present at the meniscus of the diluted staining reagent. Slides were
kept in an upright staining jar and covered with the dye solution for 2 minutes. Excess
stain was removed by overflowing the slides with miliQ water. SCEs were scored using
an Axioscope microscope from two separate experiments. Results are shown as number
of SCEs/metaphase with the standard error, and statistics calculated using the MannWhitney unpaired t-test.
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3. Investigating the role of BLM in the checkpoint response in DT40
cells

Recently published work establishes BLM as a novel interactor of TOPBP1. BLM interacts
with BRCT4-5 of TOPBP1 via a conserved serine residue at position S304 of the BLM Nterminus (Blackford et al. 2015; Sun et al. 2017). The interaction between TOPBP1 and
BLM was demonstrated to be dependent on the phosphorylation of BLM S304, allowing
for interaction with TOPBP1 (Figure 8). Abrogation of the interaction between TOPBP1
and BLM results in increased levels of SCEs and chromosomal aberrations in cells. In
addition, origin firing was increased when the interaction was abrogated when cells
were exposed to conditions of replication stress induced by 2.5µM CPT for 90 minutes.
This work therefore suggests that through its interaction with TOPBP1, BLM plays a
direct role in control of replication, as well as a in maintaining genome stability
(Blackford et al. 2015).

To further investigate the role of BLM in ATR activation and replication the avian DT40
model system was used. In this system, the BLM S304 residue equates to the BLMS251
residue. Thus, BLM-/- DT40 cell lines complemented with either BLM-WT-GFP or BLM
S251A-GFP were used, as previously described in Blackford et al 2015. The mutation of
serine 251 of BLM to an alanine abrogates the interaction between TOPBP1 and BLM,
hence allowing for the investigation of the possible direct role of BLM in checkpoint
activation and DNA replication.
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Figure 8. TOPBP1 interacts with BLM via the phosphorylated S304 residue of BLM. Top –
mutation of BLM-S304 specifically prevents the interaction with TOPBP1. Middle – BLM-S304
must be phosphorylated to interact with TOPBP1. Bottom – TOPBP1 BRCT 4-5 interact directly
with phosphorylated BLM-S304. Figures curtesy of Blackford et al. 2015, Mol Cell.
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3.1 Analysis of unchallenged DNA replication in BLM-S251A cells
To establish if there are any underlying replication phenotypes associated with the BLMS251A mutation in an unchallenged setting, DT40 wildtype, BLM-/-, and BLM-/-+ BLM WT
or BLM-/-+ BLM S251A were examined by DNA fibre analysis. This technique allows for
the identification of replication patterns as seen in Figure 9. The relative frequency of
these structures can be used to assess the spatio-temporal replication programme in
cells, both in an unchallenged setting and when cells experience replication stress.
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IdU

First origin

Second origin

CldU

Elongating fork

Interspersed fork

Terminated fork

Stalled fork

Figure 9. Schematic demonstrating DNA replication structures that can be analysed using the
DNA fibre technique and how they arise.
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3.1.1 Replication structures in unchallenged cells
To investigate if abrogation of the TOPBP1-BLM interaction affects DNA replication in
an unchallenged situation, cells were labelled consecutively with IdU and CldU for 20
minutes each, before being harvested and analysed by microscopy (Figure 10). The
images generated were scored for the presence of elongating forks, stalled forks, new
origins and terminated replication events. Statistical analysis of these structures
demonstrated that there was no significant difference between cell lines in the
frequency of any of the structures examined (Figure 11). This result suggests that the
abrogation of TOPBP1-BLM interaction does not adversely affect unchallenged
replication.
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IdU
20 min

DT40 WT

20μm

BLM-/- + BLM WT

20μm

CldU
20 min

BLM-/-

20μm

BLM-/- + BLM S251A

20μm

Figure 10. Top – schematic of the DNA fibre labelling experiment investigating DNA replication
in unchallenged conditions. Below - representative images of actual DNA fibres from DT40 WT,
BLM-/-, BLM-/-+BLM WT and BLM-/- + BLM S251A.
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IdU
20 min

CldU
20 min

Figure 11. Top – schematic of the DNA fibre labelling experiment investigating DNA replication
in unchallenged conditions. Below – quantification of the frequency of occurrence of replication
structures in unchallenged DT40 WT, BLM-/-, BLM-/-+BLM WT and BLM-/- + BLM S251A cell lines
(ns P> 0.05, Student’s t-test, calculated from 3 independent experimental repeats with a
minimum of 100 replication structures counted per cell line, per repeat). The bars represent ±
s.e.m
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3.1.2 Analysis of replication fork speed
To further investigate if the TOPBP1-BLM interaction plays a role in DNA replication,
replication fork velocity in untreated cells was investigated.

The slowing of replication fork progression is a well-documented phenotype of cells with
defective ATR signalling. Work using inhibitors of ATR have demonstrated that inhibition
of ATR kinase activity slows replication speed and induces other phenotypes, including
rapid cell death, disruption of replication initiation timing and increased fork collapse
(Couch et al. 2013; Técher et al. 2016). Inhibition or depletion of CHK1 also results in
reduced fork speed, and it has been suggested that this may be a result of starvation of
DNA precursors. The cell compensates for the reduced replication fork speed
phenotypes by increasing origin firing, thus completing replication (Petermann et al.
2006; Técher et al. 2016; Sanjiv et al. 2016; Técher et al. 2017).

Replication progression was monitored in BLM-WT, BLM-/- and BLM-S251A cells to
establish if BLM plays a role in maintaining replication fork progression through its
interaction with TOPBP1. This was done by measuring the green tract of elongating forks
in untreated WT DT40, BLM-/-, BLM-/- - WT and BLM-/- - S251A cell lines (Figure 12). Fork
speed was calculated based on the finding that 1µM of a DNA fibre tract equates to
approximately 2.59 kb (Jackson & Pombo 1998). The results from this analysis
demonstrated that there was no significant difference in fork speed between DT40 WT
and BLM-/- cells. There is a significant difference between BLM-/- - WT cl1 and BLM-/- S251A cl1 and between BLM-/- - WT cl2 and BLM-/- - S251A cl2. However, a similar
difference in results is seen between the two BLM-/- - S251A clones and BLM-/- - WT
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clones, suggesting that the difference observed may not reflect a true causative impact
of the BLM mutation on replication progression, but rather reflect a difference between
individual clones. Overall, the BLM and the BLM – S251 residue are not required to
maintain replication progression in unchallenged cells, unlike CHK1 and ATR. This result
suggests that BLM is not required for basal ATR activity in unchallenged cells.
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IdU
20 min

CldU
20 min

Figure 12. Top – schematic of the DNA fibre labelling experiment investigating DNA replication
in unchallenged conditions. Below – dot blot showing the fork speed of elongating forks in
unchallenged DT40 WT, BLM-/-, BLM-/-+BLM WT and BLM-/- + BLM S251A cell lines (ns P > 0.05,
**** P £ 0.0001 Mann-Whitney test, calculated from 3 independent experimental repeats with
a minimum of 150 elongating replication forks were measured per cell line, per repeat). The
bars represent ± s.e.m.
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3.1.3 Analysis of replication symmetry
By using a double labelling technique, it is possible to monitor the fates of two forks
emanating from a single origin. Bi-directional replication forks moving from one origin
tend to exhibit the same fork velocity (Conti et al. 2007). If both forks are proceeding at
the same speed, this gives rise to a symmetric fork. However, if individual forks are more
prone to stalling this will give rise to asymmetric forks (Figure 13). This analysis provides
a very sensitive and quantitative assessment of the replication programme, and a
sensitive measure of the rate of fork stalling. Measuring the length of the second label
of either fork allows one to calculate the ratio, reflecting the level of symmetry between
the forks. If the ratio between the two arms is close to 1, the fork can be said to be
symmetrical. However, if one arm is shorter than the other and the ratio is >1, the fork
is asymmetrical. If there is a high prevalence of asymmetric forks this suggests that
individual forks are more prone to stalling.

When the fork symmetry of untreated cells was investigated, all asymmetric forks
observed in the images were quantified. However very few of these replication patterns
were seen, particularly when visualising patterns in BLM-/- - S251A cl2 cells. Analysis of
fork symmetry suggests that there is no difference in the ratio of fork progression
between BLM-WT and BLM-S251A cell lines, indicating that the BLM-S251A mutation
does not affect the replication of unchallenged cells (Figure 14). However further
measurements would be required to draw a conclusion from these data.
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IdU

CldU

Symmetric fork

Asymmetric fork

Figure 13. Schematic showing, top – an example of a DNA fibre labelling setup. Middle - a bidirectional fork emanating from a single origin to give a symmetric fork. Bottom – a bidirectional fork where a single fork has stalled, resulting in an asymmetric fork.
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IdU
20 min

CldU
20 min

Figure 14. Top – schematic of the DNA fibre labelling experiment investigating DNA replication
in unchallenged conditions. Below – dot blot showing the distribution of CldU tract length ratios
of bi-directional forks in unchallenged DT40 WT, BLM-/-, BLM-/-+BLM WT and BLM-/- + BLM S251A
cell lines (Quantified from 3 independent experimental repeats. All quantifiable asymmetric
forks were included in the analysis, a minimum of 6 asymmetric forks were observed and
measured per cell line). The bars represent ± s.e.m.
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3.2 Evaluating changes in checkpoint activation and DNA replication in
response to DSBs
BLM deficient cell lines have previously been shown to be sensitive to DNA damaging
agents (Bachrati & Hickson 2008). Sgs1, S. cerevisiae homologue of BLM, has been
implicated in DSB repair and resection, but it remains unclear if BLM also contributes to
activation of ATR signalling in response to DSBs and genotoxic stress (Mimitou &
Symington 2008; Gravel et al. 2008). Therefore, camptothecin (CPT), a topoisomerase 1
poison that causes the trapping of the Top1 cleavage complex leading to replication fork
collapse , was used to induce replication stress in BLM-S251A cells (Seiler et al. 2007).
Mild treatment with 25nM CPT has been shown to induce fork stalling and reversal in
cells possibly limiting DSB formation, whereas treatment with 1µM CPT results in rapid
formation of DSBs as well as fork stalling and reversal (Zellweger et al. 2015; Ray
Chaudhuri et al. 2012). Here, a dose of 100nM CPT was used, likely resulting in fork
stalling and slowing of replication fork progression (Mijic et al. 2017; Zellweger et al.
2015). This treatment allows for the investigation of the ability of mutant cells to
establish a checkpoint response following such replicative stresses. In addition, the
ability of cells to recover replication forks following fork stalling and DSBs induced by
challenge with 2.5µM CPT was evaluated using the DNA fibre technique.

3.2.1 Investigating the S-phase checkpoint response to DSBs
Exponentially growing cells were treated with 100 nM CPT for 20 or 60 minutes to
evaluate the ability of cells to activate ATR signalling. The phosphorylation of CHK1-S345
has been shown to be dependent on ATR kinase activity and is required for checkpoint-
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mediated arrest of the cell cycle (Qinghua Liu et al. 2000; Capasso et al. 2002; PiwnicaWorms 2001; Guo et al. 2000). The phosphorylation of this residue was therefore
utilised as a readout for activation of ATR (Figure 15). Following induction of replication
stress by CPT, phosphorylation of CHK1-S345 was reduced in both BLM-deficient and
BLM-S251A cells when compared to WT cells. However, some residual phosphorylation
of CHK1 was detected in BLM-/- and BLM-S251A cells. The result of this analysis therefore
suggests that BLM-S251A cells were unable to fully activate the S-phase checkpoint
following CPT challenge, however, some low-level ATR activity is still present. Notably,
CHK1 is used as a loading control for these experiments. Interestingly, a report has
found that CHK1 is targeted for degradation following phosphorylation as S345.
However, this degradation was only detectable 4 hours after the onset of
phosphorylation, and is therefore unlikely to impact upon the results of these
experiments (Zhang et al. 2005).

Although this result suggests that the TOPBP1-BLM is important in activation of ATR
signalling, it does not provide conclusive results of this. The addition of cell cycle analysis
of BLM-/- and BLM-S251A cells lines compared to wild type cells would provide evidence
that these observations were due to a true defect in ATR signalling and not a problem
in cell cycle progression, resulting in fewer mutant cells entering into S-phase, thus
skewing the result to suggest a checkpoint defect.

The phosphorylation of histone H2AX, known as gH2AX, has been included in this
analysis as an indicator of DNA damage (Kuo & Yang 2008). H2AX has been found to be
a target for ATM, ATR and DNA-PKcs, with ATM being considered the major mediator of
82

this phosphorylation (Podhorecka et al. 2010; Ward & Chen 2001; Kuo & Yang 2008).
The result of this analysis does suggest reduced phosphorylation of H2AX in the BLM-/cell line in particular. This provides some support for the involvement of BLM in ATR
signalling, and is in line is with a previous observations demonstrating delayed
phosphorylation of H2AX in Bloom syndrome patient cell lines following CPT challenge
(Shastri & Schmidt 2016). However, this phenotype is not as evident in BLM-S251A
mutant cells. It is possible that BLM deficiency may also impact the activity of other
PIKKs towards the phosphorylation of H2AX and not only ATR, therefore a stronger
phenotype is seen in the BLM-/- cells. Another explanation could be that the TOPBP1BLM interaction does not impact upon the ability of ATR to phosphorylate H2AX.
Notably, the phosphorylation of H2AX was found to be high in control cells, also before
CPT treatment. This could be a result of the nature of DT40 cells. This cell type has a
short doubling time and exhibits a hyper-recombinogenic phenotype, which could result
in high levels of phosphorylation of H2AX (Winding & Berchtold 2001; Buerstedde &
Takeda 1991).
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Figure 15. DT40 WT, BLM-/-, BLM-/-+BLM WT and BLM-/- + BLM S251A cell lines were treated with
100 nM CPT for the indicated times before harvesting for SDS-PGE and western blotting with
the antibodies as indicated.
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3.2.2 Recovery of DNA replication in BLM-S251A cells following CPT challenge
DNA fibre was used to evaluate if the checkpoint defect observed following CPT
challenge also affects the DNA replication programme in BLM-/- and BLM-S251A cells.
Cells were treated with 2.5 µM CPT alongside the first label for 90 minutes before
washing away the drug and labelling the cells with CldU for 15 minutes. This setup
introduces replication stress with the first label, and thus allows for the evaluation of
the ability of cells to recover replication by comparing the lengths of the second (green)
tract between cell lines (Figure 16). During the first label cells are encountering DSBs
caused by CPT, and forks may stall or collapse as lesions are repaired. Once the drug is
removed and the second label added, cells are no longer challenged, and repair of
remaining lesions can take place. If cells are unable to carry out repair and restart
replication forks, forks will remain stalled and only red tracts would be observed.
However, if cells are able to repair and restart replication forks, the second label would
be incorporated resulting in a red and green tract. The length of the green tract provides
information on how efficiently restart is taking place; longer tracts signify faster restart
whereas shorter tracts suggest slower restart.

Analysis of replication recovery shows that the green track is longer in mutant cell lines
than in DT40 WT cells (Figure 17). This suggests that replication is restarting more
efficiently in BLM mutant cell lines when compared to WT cells.
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IdU + drug
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CldU
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Stalled fork
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replication
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Fast recovery of
replication

Figure 16. Schematic illustrating the possible outcomes of replication fork recovery following
CPT challenge.
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2.5μM CPT
IdU
90 min

CldU
15 min

Figure 17. Top – schematic of the DNA fibre labelling experiment investigating DNA replication
restart in response to challenge. Below – quantification of the length of the second label to
investigate the efficiency of replication restart following CPT challenge (**** P £ 0.0001 MannWhitney test, calculated from 3 independent experimental repeats with a minimum of 70
elongating forks measured per cell line). The bars represent ± s.e.m.
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Next, analysis of the frequency of replication structures revealed that there was an
increased level of origin firing in BLM-S251A cells compared to WT cells, consistent with
previously published data (Figure 18) (Blackford et al. 2015). Furthermore, analysis of
fork symmetry revealed that both BLM-/- and BLM-S251A cells display a higher level of
fork asymmetry than WT cells, indicating that replication restart is less efficient in
mutant cells as compared to WT cells (Figure 19). Overall, these results suggest that
through its interaction with TOPBP1, BLM is involved in control of origin firing and
replication fork recovery in response to DSBs.
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IdU
90 min

CldU
15 min

Figure 18. Top – schematic of the DNA fibre labelling experiment investigating DNA replication
restart in response to challenge. Below – quantification of the frequency of new origin firing in
DT40 WT, BLM-/-, BLM-/-+BLM WT and BLM-/- + BLM S251A cell lines following treatment with
2.5 µM CPT (* P £ 0.05, ** P £ 0.01, Student’s t-test, calculated from 3 independent
experimental repeats with a minimum of 100 replication structures per cell line, per repeat).
The bars represent ± s.e.m.
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2.5μM CPT
IdU
90 min

CldU
15 min

Figure 19. Top – schematic of the DNA fibre labelling experiment investigating DNA replication
restart in response to challenge. Below – dot blot showing the distribution of CldU tract length
ratios of bi-directional forks in DT40 WT, BLM-/-, BLM-/-+BLM WT and BLM-/- + BLM S251A cell
lines following challenge with 2.5 µM CPT (** P £ 0.01, **** P £ 0.0001, Mann-Whitney test,
calculated from 3 independent experimental repeats with a minimum of 30 bi-directional forks
per cell line). The bars represent ± s.e.m.
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3.3 Investigating the checkpoint response following nucleotide depletion
Bloom syndrome patient cells lines have previously been shown to be sensitive to
inhibition of DNA replication (Davies et al. 2004). HU inhibits replication by blocking the
active site of ribonucleotide reductase , thus the nucleotide pool becomes depleted and
replication progression is prevented (Slater 1973; Yarbro 1992). Initial treatment with
HU leads to fork stalling, unlike treatment with CPT which can lead to immediate fork
collapse, although prolonged exposure to HU does eventually lead to collapse into a DSB
(Petermann, Orta, et al. 2010; Zellweger et al. 2015). Therefore, HU was used to
investigate if checkpoint activation in response to fork stalling, as opposed to fork
collapse, requires the TOPBP1-BLM interaction.

3.3.1 Investigating the checkpoint response following replication inhibition
To induce replication stress, cells were treated with 1 mM HU for 1 or 2 hours and
harvested for western blot (Figure 20). Both WT and BLM-S251A cells show robust
induction of ATR activity following 1 hour of HU treatment. However, after two hours
of treatment, phosphorylation of CHK1 is no longer detectable in BLM-S251A cells but
is still present in WT cells. Notably, BLM-/- cells are unable to phosphorylate CHK1 at any
of the time points investigated, suggesting that full-length BLM is required for the initial
phosphorylation of CHK1, as well as the maintenance of the signal. BLM-S251A cells are
able to induce a checkpoint response but are unable maintain ATR signalling and the
checkpoint during prolonged challenge. It may be that the BLM-S251A mutation can
facilitate the stimulation of ATR through a TOPBP1-independet mechanism, e.g. through
an interaction with ETAA1, and that activation through this alternative mechanism is
impossible when the full-length BLM is lost (Bass et al. 2016). Such alternative
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stimulation of ATR could be enough to stimulate initial ATR signalling activity but may
not be enough to maintain the signal. In line with this, one study has demonstrated that
in Schizosaccharomyces pombe the AAD domain of TOPBP1 homologue Rad4 is not
required for initial Rad3 (ATR homologue) activation, but is rather required for
checkpoint amplification (Lin et al. 2012).

Interestingly, it has been demonstrated that CHK1-S345 is dephosphorylated by protein
phosphatase 2A (PP2A), suggesting that during unchallenged conditions this
dephosphorisation ensures a low basal level of phosphorylated CHK1 in cells (LeungPineda et al. 2006). The loss of CHK1 phosphorylation seen in BLM-S251A cells in this
experiment could therefore be explained by initial ATR activation through a secondary
ATR-activation mechanism. The phosphorylation resulting from this initial ATR
activation is depleted over time by PP2A, and as BLM-S251A cells are unable to activate
ATR through TOPBP1 the pool of phosphorylated CHK1 is not replenished, resulting in
loss of phosphorylation of CHK1 over time.
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Figure 20. BLM-/- and BLM-S251A cells are less able to activate ATR signalling in response to HU
challenge. DT40 WT, BLM-/-, BLM-/-+BLM WT and BLM-/- + BLM S251A cell lines were treated with
1mM HU for the indicated times before harvesting for SDS-PAGE and western blotting with the
antibodies as indicated.
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3.3.2 Assessing DNA replication in response to HU
To investigate the effect of HU treatment on DNA replication, cells were labelled
consecutively with IdU and CldU for 20 minutes. 200 µM HU was added alongside the
second label. This allows for the analysis of continued replication when cells are
subjected to replication stress.

Initially, the tract length ratio was used to assess the ability of cells to continue
replication in the presence of HU. In this setup both labels are added to cells for the
same amount of time. If no replication stress was present it would be expected that the
ratio between the first and second label would be approximately 1. With the addition
of HU in the second label, replication may stall or slow in order to deal with any potential
lesions or stresses arising from the challenge. Addition of HU may therefore result in a
tract length ratio of <1 (Figure 21).
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Figure 21. Schematic illustrating the changes tract length ratio as predicted following replication
fork stalling.
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As expected, analysis of tract length in WT cells resulted in a ratio <1, indicating that
replication has slowed due to the replication stress (Figure 22). Conversely, results from
BLM-/- and BLM-S251A cell lines give a higher average tract length ratio, indicating that
BLM mutant cells are continuing replication, despite the presence of replication stress.

Next, the frequency of replication structures in the cells lines was assessed. HU
treatment resulted in a reduction in fork stalling and an increase of origin firing in BLMS251A cells compared to WT cells (Figure 23). However, assessment of fork symmetry
uncovered that bi-directional forks in BLM-/- and BLM-S251A cell lines are more
asymmetrical than those in WT cells (Figure 24), suggesting that mutant cell lines are
stalling more frequently than WT cells, contrasting with observations from the
quantification of the frequency of replication structures. These findings support the
notion that TOPBP1-BLM interaction is required for the efficient control of the
replication programme under the conditions of diverse replication stress, but the
observations regarding fork stalling are not fully explained by these experiments.
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200μM HU
IdU
20 min

CldU
20 min

Figure 22. Top – schematic of the DNA fibre labelling experiment investigating continued DNA
replication in response to challenge. Below – dot blot showing the ratio between the first and
second labels of elongating forks in DT40 WT, BLM-/-, BLM-/-+BLM WT and BLM-/- + BLM S251A
cell lines following challenge with 200 µM HU (**** P £ 0.0001, Mann-Whitney test, calculated
from 3 independent experimental repeats with a minimum of 30 elongating forks measured per
cell line, per repeat). The bars represent ± s.e.m.
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200μM HU
IdU
20 min

CldU
20 min

Figure 23. Top – schematic of the DNA fibre labelling experiment investigating continued DNA
replication in response to challenge. Below – quantification of the frequency of new origin firing
and stalled replication forks in DT40 WT, BLM-/-, BLM-/-+BLM WT and BLM-/- + BLM S251A cell
lines following treatment with 200 µM HU (* P £ 0.05, ** P £ 0.01, *** P £ 0.001, **** P £
0.0001, Student’s t-test, , calculated from 3 independent experimental repeats with a minimum
of 100 replication structures per cell line, per repeat). The bars represent ± s.e.m.
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200μM HU
IdU
20 min

CldU
20 min

Figure 24. Top – schematic of the DNA fibre labelling experiment investigating continued DNA
replication in response to challenge. Below – dot blot showing the distribution of CldU tract
length ratios of bi-directional forks in DT40 WT, BLM-/-, BLM-/-+BLM WT and BLM-/- + BLM S251A
cell lines during challenge with 200µM HU (** P £ 0.01, ** P £ 0.01, Mann-Whitney test,
calculated from 3 independent experimental repeats with a minimum of 20 bi-directional forks
measured per cell line). The bars represent ± s.e.m.
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3.4 BLM-S251A cells complete replication through dormant origin firing
The data presented so far suggest that BLM-S251A cells are unable to properly activate
the S-phase checkpoint and continue to carry out DNA replication despite the presence
of a variety of DNA replication stress factors. However, it is not clear how replication is
completed in these cells. Two possible scenarios were proposed; BLM-S251A cells could
be more able to recover stalled replication forks, hence completing replication.
Alternatively, mutant BLM cell lines could be relying on firing dormant origins to
conclude replication. Both scenarios could explain the increased tract length ratio
observed in BLM-S251A cells. The result could arise from efficient recovery of stalled
forks, or a new origin may fire in close proximity to the original fork, that is now stalled
due to replication stress. If a new origin fires in close proximity of the original fork, this
would also result in a red and green tract following labelling, giving the impression that
it is an elongating fork. As increased origin firing was observed with replication
challenge, it is hypothesised that BLM mutant cells are likely to be relying on origin firing
to complete replication.

To test this hypothesis and differentiate between these two possibilities, cells were
treated with roscovitine, a cyclin-dependent kinase targeting CDK2, CDK7, CDK9 and
others (Meijer et al. 1997). The addition of the inhibitor blocks the firing of new origins,
whereas forks that are already progressing are unaffected by the treatment (Figure 25).
If mutant cells are more able to recover stalled forks then the addition of roscovitine to
this setup should reduce origin firing in BLM-S251A and BLM-deficient cells to a level
comparable to that observed in WT cells, however, the tract length ratio would remain
the same. If mutant cells are dependent on origin firing to complete replication both
100

origin firing, and tract length ratio levels should revert to wildtype levels with the
addition of roscovitine.
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+ Roscovitine treatment

Fork recovery

Stalled replication

X
Dormant origin ﬁring

Figure 25. Schematic illustrating, middle – the proposed scenarios for completion of replication, and right – the effect of the addition of roscovitine in
differentiating between these scenarios.
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The setup for this experiment was the sequential addition of IdU and CldU for 20
minutes, with the addition of 200 µM HU with the second label. Roscovitine was present
throughout the labelling process at a concentration of 100 µM. The assessment of the
frequency of replication structures demonstrated that the level of origin firing in BLM-/and BLM-/--S251A cells had been reduced to a level equivalent to that of WT cells
following roscovitine treatment (Figure 26). The calculation of the tract length ratio in
BLM-/- and BLM-/--S251A cells revealed that the ratio was reduced to levels
indistinguishable from BLM-WT cell lines following roscovitine treatment (Figure 27).
These results provide evidence that BLM-S251A cells complete replication by the firing
of new origins in conditions of replication stress.
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200μM HU
IdU
20 min

CldU
20 min

100μM Roscovitine

Figure 26. Top – schematic of the DNA fibre labelling experiment investigating the mechanism
for completing DNA replication in response to challenge. Below – quantification of the
frequency of new origin firing in DT40 WT, BLM-/-, BLM-/-+BLM WT and BLM-/- + BLM S251A cell
lines following treatment with 200 µM HU in the presence of 100 µM roscovitine. The leftmost
bar labelled DT40 WT signifies WT cells treated with HU, but without roscovitine (ns. P> 0.05,
Student’s t-test, calculated from 3 independent experimental repeats with a minimum of 100
replication structures per cell line, per repeat).). The bars represent ± s.e.m
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200μM HU
IdU
20 min

CldU
20 min

100μM Roscovitine

Figure 27. Top – schematic of the DNA fibre labelling experiment investigating the mechanism
for completing DNA replication in response to challenge. Below – dot blot showing the ratio
between the first and second labels of elongating forks in DT40 WT, BLM-/-, BLM-/-+BLM WT and
BLM-/- + BLM S251A cell lines following challenge with 200 µM HU in the presence of 100 µM
roscovitine. The leftmost data points labelled DT40 WT signifies WT cells treated with HU, but
without roscovitine (ns. P> 0.05, Mann-Whitney test, calculated from 3 independent
experimental repeats with a minimum of 30 elongating forks measured per cell line, per repeat).
The bars represent ± s.e.m
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3.5 Rescuing checkpoint and replication phenotypes by the fusion of TOPBP1
ATR activating domain to BLM-S251A
Results so far have demonstrated that there is a clear checkpoint and DNA replication
defect in DT40 cells when the interaction between TOPBP1 and BLM has been
abrogated. Previous findings from others have established that the TOPBP1 ATR
activating domain (AAD) is required to stimulate ATR activity and a single mutation
within this domain is sufficient to abrogate this stimulation(Kumagai et al. 2006). To
investigate if the defects observed when the TOPBP1-BLM interaction was disrupted
could be rescued by the presence of the minimal TOPBP1 fragment required for ATR
activation, expression plasmids containing BLM-S251A fused with either the WT
TOPBP1-AAD domain or TOPBP1-AAD-W1145R, which is unable to activated ATR were
generated by Jadwiga Nieminuszczy and the resulting constructs used to complement
BLM-/- cells (Kumagai et al. 2006).

3.5.1 Restoring replication phenotypes with the addition of TOPBP1-AAD to BLM-S251A
The experimental setup with HU was used to assess the tract length ratio in BLM-S251AAAD fusion cells. The addition of TOPBP1-ADD reduced the tract length ratio to a level
indistinguishable from WT cell lines, whereas the addition of the mutant AAD resulted
in a tract length ratio similar to that observed in BLM-/- cells (Figure 28).

Evaluation of the frequency of replication structures revealed that the fusion of the AAD
to BLM-S251A was sufficient to return levels of origin firing and stalled forks to WT
levels. Cells expressing the AAD-mutant mimicked the levels of origin firing and fork
stalling observed in BLM-/- cells (Figure 29). Together, these results confirm that the
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phenotypes observed in BLM-S251A cells can be rescued by re-activating the ATR
kinase. Thus, the inability of BLM to interact with TOPBP1 prevents proper control of
the replication programme.

To investigate if the fusion of the TOPBP1-AAD to BLM-S251A also restores ATR
signalling the BLM-S251A-AAD fusion cell lines were exposed to replication stress, and
the phosphorylation of CHK1-S345 was monitored. This experiment was carried out by
Jadwiga Nieminuszczy and is presented here with her permission. In this experiment
cells were exposed to 1µM of aphidicolin for 24 hours to induce replication stress.
Aphidicolin inhibits DNA polymerase a by preventing the binding of dCTP to the DNA
polymerase a binding site, thus preventing replication progression (Baranovskiy et al.
2014; Krokan et al. 1981). The result of this experiment demonstrated that the fusion
of BLM-S251A to TOPBP1-AAD can rescue the ATR signalling defect previously observed
in BLM-/- and BLM-S251A cells, whereas the fusion with TOPBP1-AAD-W1145R could not
restore ATR signalling. This experiment provides evidence that BLM interacts with
TOPBP1 to stimulate ATR signalling.
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200μM HU

IdU
20 min

CldU
20 min

Figure 28. Top – schematic of the DNA fibre labelling experiment investigating DNA replication
in response to challenge. Below – dot blot showing the ratio between the first and second labels
of elongating forks in DT40 WT, BLM-/-, BLM-/- - S251A – AAD and BLM-/- - S251A – AAD W1145R
cell lines following challenge with 200 µM HU (**** P £ 0.0001, Mann-Whitney test, calculated
from 3 independent experimental repeats with a minimum of 30 elongating forks measured per
cell line per repeat). The bars represent ± s.e.m
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200μM HU

IdU
20 min

CldU
20 min

Figure 29. Top – schematic of the DNA fibre labelling experiment investigating continued DNA
replication in response to challenge. Below – quantification of the frequency of new origin firing
and stalled replication forks in DT40 WT, BLM-/-, BLM-/- - S251A – AAD and BLM-/- - S251A – AAD
W1145R cell lines following treatment with 200 µM HU (* P £ 0.05, ** P £ 0.01, *** P £ 0.001,
Student’s t-test, calculated from 3 independent experimental repeats with a minimum of 100
replication structures per cell line per repeat). The bars represent ± s.e.m.
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53 kDa

53 kDa

Figure 30. The ATR signalling defect observed in BLM-S251A cells can be rescued by fusing BLMS251A to TOPBP1-AAD. The phenotype cannot be rescued by fusion to the mutated TOPBP1AAD. DT40 WT, BLM-/-, BLM-/- + BLM S251A, BLM-/- + BLM S251A + AAD and BLM-/- + BLM S251A
+ AAD – W1145R cell lines were treated with 1µM aphidicolin for the indicated times before
harvesting for SDS-PAGE and western blotting with the antibodies as indicated. Western blot
curtesy of Jadwiga Nieminuszczy.
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4. Introducing the BLM-S304A mutation into human cell lines

One of the objectives of this project was to investigate the role of BLM in ATR activation,
thus contributing towards the understanding of the development of disease phenotypes
in Bloom syndrome patients. To achieve this, attempts were made to generate a human
cell line carrying the BLM-S304A mutation.

4.1 Generating a BLM-S304A human cell line by CRISPR/Cas9
To establish a human cell line with the BLM S304A mutation the CRISPR/Cas9 system
was utilised. The strategy to introduce the point mutation relied upon repairing the DSB
introduced by Cas9 by HR. A template oligo containing the BLM-S304A mutation was
introduced alongside the nuclease to act as a repair template (Figure 31). The strategy,
designed by Dr Andrew Blackford, also introduced a Acu1 restriction enzyme site to
allow for rapid screening of clones.
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Figure 31. Top – CRISPR/Cas9 targeting strategy for introducing BLM-S304A mutation to human
cells (red) and a restriction enzyme recognition site (red). The restriction enzyme cut site is
indicated with red arrows. Second – restriction enzyme digest of PCR product from BLM-S304A
targeted HeLa cells. Third – sequencing result from HeLa BLM CRISPR cl 5, the targeted residues
highlighted within the red box. Fourth - sequencing result from HeLa BLM CRISPR cl 10, the
targeted residues highlighted within the red box.
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The CRISPR/Cas9 construct was transfected into cells, and single clones expanded. To
test if the point mutation had been introduced into cells, genomic DNA was extracted
and PCR carried out, generating a product of 805 base pairs. The PCR product was
screened by restriction enzyme digest for the incorporation of the restriction enzyme
site, which would be indicative of the integration of the BLM-S304A mutation.
Successful digestion would generate two products, one of 593 base pairs and the second
of 212 base pairs following PCR. This strategy was applied to both HeLa and RPE1 cell
lines and over 100 clones were screened. No RPE1 BLM-S304A clones screened by this
strategy were recovered, suggesting that the point mutation had not been successfully
introduced.

Following screening of BLM-S304A CRISPR clones in HeLa cell lines, one potentially
positive clone was identified, referred to as clone 5 (Figure 31). From the restriction
enzyme digest, there are two clear bands visible in the agarose gel. The upper band
corresponds to the full-length PCR product, the second to the larger of the two digest
fragments. The smaller fragment is not visible in the image. This result could have arisen
in two ways; the first possibility was that the BLM-S304A has been successfully
introduced but the digest was incomplete, explaining the residual full-length PCR
product. The second possibility was that the BLM-S304A mutation had been introduced
at one allele only, giving a heterozygote cell line with both the mutant and wildtype
alleles present. In order to determine if clone 5 was homo- or heterozygous for the BLMS304A mutation the PCR product was sequenced. The sequencing data showed a double
sequencing read at the positions that would have been mutated by the introduction of
the BLM-S304A mutation and the restriction enzyme site (Figure 31). This result
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suggests that the cell line is heterozygous at the BLM locus, with one copy of the WT
BLM locus still being present. This cell line can therefore not be used to study the effect
of the BLM-S304A on checkpoint signalling in human cells.

4.2 Identifying a BLM deficient human cell line
The second strategy to obtain a human cell line to investigate BLM-S304A was to identify
a BLM knockout cell line and complement this cell line with BLM-WT or BLM-S304A
cDNA, generating a system similar to the DT40 system already used. The CRISPR
approach used to generate the point mutant could also give rise to BLM knockout cell
lines due to other genetic alterations. The restriction enzyme digest of BLM CRISPR cl10
in HeLa suggested that some genetic changes, including insertions, were likely to have
taken place in this clone (Figure 31, cl10). The PCR product from this cell line was
therefore sequenced. The results of the sequencing showed that although some genetic
changes had arisen as a result of the cutting activity of CRISPR/Cas9, the wildtype allele
was still present at at least one of the alleles in this cell line, and the cell line was
therefore not a full knockout (Figure 31, bottom panel).

To further screen the HeLa clones to identify a knockout, the cell lines generated by the
CRISPR/Cas9 targeting of BLM were screened by western blot to evaluate the BLM
protein levels expressed in each cell line (Figure 32). Although some clones were
expressing a lower level of BLM, all cell lines were expressing WT BLM at some level.
Figure 32 shows cl10, discussed above. It is clear from the higher exposure of the blot,
marked with an asterisk, that there is a very low level of BLM still expressed in cl10, in
addition to a larger protein product probably resulting from an insertion. Several other
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clones, cl1, cl12, cl21 (Figure 32) appear to express lower levels of BLM and could be
used for later targeting to generate the point mutant or a full knockout.
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Figure 32. Investigation of BLM expression levels in HeLa clones resulting from BLM-S304A
CRISPR targeting. Clones were harvested for SDS-PGE and western blotting with the antibodies
as indicated.
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The same strategy as above was adopted to screen clones generated by CRISPR-Cas9
targeting of BLM in RPE1. From this screen three potential BLM knockout cell lines were
identified in collaboration with Drs Carl Morrow and Samuel Jones (Figure 33). In order
to verify the clones as true BLM knockouts the clones, referred to as C7, D3 and E7, were
tested for sister chromatid exchanges. An increased level of sister chromatid exchanges
is a hallmark of Bloom syndrome and is used as a diagnostic tool for the disease (German
et al. 1965). Therefore, if one or more of the cell lines displays increased SCEs this would
be classed as a BLM knockout cell line. Cells from each of the potential BLM knockout
cell lines and the wildtype parent cell line were labelled with BrdU and stained for SCEs.
The results of the SCE analysis showed that of the three cell lines analysed, only D3
displayed a distinctive increase in SCEs when compared to the WT cells. Chromosomes
from this cell line were riddled with crossover events, characteristic of the Bloom
syndrome phenotype (Figure 34). The cell line RPE1-D3 was therefore classed as BLM
deficient cell line and used in further experiments.
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Figure 33. Investigation of BLM expression levels in RPE1 clones resulting from BLM-S304A
CRISPR targeting. Clones were harvested for SDS-PGE and western blotting with the antibodies
as indicated.
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Figure 34. Top – representative image of SCEs in RPE1-D3, below – quantification of SCEs in
three potential BLM-deficient RPE1 cell lines (**** P £ 0.0001, Mann-Whitney test, calculated
from 2 independent repeats, a minimum of 15 metaphases quantified per cell line, per repeat).
The bars represent ± s.e.m.
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4.3 Complementing human cell lines with BLM-WT or BLM-S304A cDNA
To generate a system allowing for the study of the role of TOPBP1-BLM interaction in
human cells both the BLM deficient RPE1-D3 cell line and wildtype HeLa cells were
transfected with either BLM-WT-GFP or BLM-S304A-GFP cDNA, with the aim of
establishing stable cell lines expressing these constructs. As endogenous BLM is not
expressed in the RPE1-D3 clone, this clone could be used for experiments if
complementation was successful. As a backup strategy, wildtype HeLa cells were also
complemented. If successful, this strategy would require the endogenous BLM to be
knocked down with siRNA targeting the BLM 5’ untranslated region (UTR) prior to
experiments being carried out.

RPE1-D3 and HeLa cells were transfected with either BLM-WT-GFP or BLM-S304A-GFP
cDNA and expanded whilst under selection. Once expanded, cells were sorted to single
clones based on expression of GFP and left to grow on. Clones were harvested, and
protein expression tested by western blot.

The western blot analysis of RPE1-D3 complemented clones identified four clones that
had been successfully complemented with the BLM-WT-GFP construct. However, there
was no immediately identifiable clone that had been successfully complemented with
BLM-S304A-GFP (Figure 35). Following blotting for GFP, a faint band was seen in the
BLM-S304A-GFP cl2 sample, and the total protein level in this sample, determined by
CHK1 levels, was substantially lower compared to WT complemented samples. In order
to determine if this clone was indeed expressing the transgene, the cell line was
assessed by FACS analysis with the help of Mr Kevin Clark (WIMM FACS facility). D3120

S304A cl2 was assessed alongside RPE1-D3 as well as D3-WT cl2. This WT complemented
cell line was selected as it was the clone with the lowest expression of the transgene,
and therefore most likely to be suitable as a pair for BLM-S304A cl2. FACS analysis of
the cell lines showed that although BLM-WT cl2 was expressing the transgene, a large
number of the cells were not (Figure 36). Furthermore, the sample prepared from D3S304A cl2 was only weakly positive for GFP, and not expressing the transgene at a level
that was usable for experiments. One possible option to improve this would be to sort
for and expand GFP-positive cells from both transfected cell lines, then testing for
expression of the transgene.
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Figure 35. Investigation of BLM-WT-GFP or BLM-S304A-GFP expression levels in BLM-deficient
RPE1 D3 cell line following transfection with BLM-WT-GFP or BLM-S304A-GFP cDNA. Clones
were harvested for SDS-PGE and western blotting with the antibodies as indicated.
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Figure 36. FACS analysis of BLM-WT-GFP or BLM-S304A-GFP expression levels in BLM-deficient
RPE1 D3 cell line following transfection with BLM-WT-GFP or BLM-S304A-GFP cDNA.
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When analysing the HeLa complemented clones, three clones expressing BLM-S304AGFP were identified by the presence of a double band by western blot. The lower band
signifies the endogenous BLM and the higher band the GFP-tagged transgene (Figure
37). However, no clones expressing a similar level of BLM-WT was found. Therefore, no
usable pair of BLM-WT-GFP and BLM-S304A-GFP expressing cell lines was identified
using this strategy.
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Figure 37. Complementation of HeLa cells with either BLM-S304A or BLM-WT cDNA. The lower
band signifies endogenous BLM, the upper band is expression of the transgene.
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5. Investigating the checkpoint response in BLM-deficient human
cells

5.1 The checkpoint response in BLM-deficient RPE1 cells
In order to establish whether the phenotypes seen in DT40 cells can also be detected in
BLM deficient human cells, RPE1-D3 cells were used to assess the checkpoint response
in human cells. WT RPE1 and BLM-/- RPE1-D3 cells were treated with CPT or HU to induce
replication stress and harvested for western blot. As in DT40 experiments, the
phosphorylation of ATR target CHK1-S345 was used as a readout of checkpoint activity.
ATR has a large number of additional targets, that are not conserved in chicken, but can
be assessed in human cells. These targets include ATR-Thr1989, an autophosphorylation event, MCM2-S102, NBS1-S343, RPA-S33 and SMC1-S966 (Cortez et al.
2001; Nam et al. 2011; A. Y. L. Lee et al. 2007; Olson et al. 2006; Wang & Qin 2003).
Assessment of additional ATR downstream targets could reveal whether BLM
contributes to the direction of ATR kinase activity towards all or a subset of its targets.
This may uncover if BLM is involved in ATR activation in certain circumstances, or in
response to particular lesions. As a further control, the ATR inhibitor AZ20 was used to
assess phosphorylation levels in the absence of ATR.

To investigate the ability of BLM deficient RPE1 cells to respond to DSBs, D3 and WT
cells were treated with 100 nM CPT for 20 or 60 minutes and the phosphorylation of
ATR targets assessed (Figure 38). Under these conditions the ATR inhibitor AZ20
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reduced the level of phosphorylation of all ATR targets investigated. A reduction in the
level of MCM2 S102 and CHK1 S345 phosphorylation was seen in D3 cells, comparable
to what was observed in WT cells treated with the ATR inhibitor.
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Figure 38. Top – RPE1 and RPE1-BLM-/- cell lines were treated with 100 nM CPT for the indicated
times before harvesting for SDS-PGE and western blotting with the antibodies as specified.
Acting as a control, the ATR inhibitor AZ20 at a final concentration of 3 µM was added to WT
RPE1 cells 30 minutes prior to HU treatment. Below – quantification of the phosphorylation of
MCM2 pS102 and CHK1 pS345 as a ratio with total CHK1 (quantified from two independent
experimental repeats, error bars represent s.e.m.).
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Next, WT and D3 RPE1 cells were treated with 1 mM HU for 1 or 2 hours. Following HU
treatment both MCM2 S102 and CHK1 S345 had been phosphorylated in WT cells
(Figure 39). The addition of the ATR inhibitor dramatically reduced the phosphorylation
of these sites. The loss of BLM in D3 cells results in reduced phosphorylation of ATR
targets MCM2 S102 and CHK1 S345.

129

RPE1
+iATR

RPE1
HU, 1mM (hrs)

0 1

2 0

1 2

RPE1
BLM-/0

1 2

BLM

170 kDa

MCM2 pS102

130 kDa

130kDa

93 kDa

CHK1 pS345

53 kDa

CHK1

53 kDa

18 kDa
14 kDa

Figure 39. Top – RPE1 and RPE1-BLM-/- cell lines were treated with 1 mM HU for the indicated
times before harvesting for SDS-PGE and western blotting with the antibodies as specified.
Acting as a control, the ATR inhibitor AZ20 at a final concentration of 3 µM was added to WT
RPE1 cells 30 minutes prior to HU treatment. Below – quantification of the phosphorylation of
MCM2 pS102 and CHK1 pS345 as a ratio with total CHK1 (quantified from two independent
experimental repeats, error bars represent s.e.m.)..

130

The findings presented here suggest that BLM does play a role in the activation ATR in
response to replication stress induced by both HU and CPT treatment, supporting results
from DT40 BLM-/- and BLM-S251A cells. Overall, these results demonstrate a defect in
the checkpoint response due to BLM depletion in human cells, which is in support of
findings from Bloom syndrome patient lines (Davies et al. 2004).

5.2 Assessing the checkpoint response in human cell lines using siRNA
against BLM
To further investigate if the role of BLM in checkpoint activation, HeLa and U2OS cells
were depleted of BLM using siRNA targeting the BLM 5’ UTR. This avenue of
investigation could reveal if the ATR-activation defect observed in BLM-deficient RPE1
cells can be observed in other human cell lines.

HeLa WT and BLM depleted HeLa cells were treated with HU in the same way as RPE1D3 clones, allowing for comparison of the response of the cell lines to replication stress.
HeLa WT cells are able to phosphorylate all ATR targets examined (Figure 40). BLM
depletion in HeLa cells results in the reduced ability to phosphorylate MCM2 S102 and
CHK1 S345 in response to HU. Similarly, the phosphorylation of ATR targets is induced
in WT U2OS following replication challenge, however, the depletion of BLM in these
cells resulted in the reduced ability of ATR to phosphorylate the same targets (Figure
41).
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Figure 40. HeLa cells were transfected with either siControl or siBLM 72 hrs prior to treatment
with 1 mM HU for the indicated times. Cells were harvested for SDS-PGE and western blotting
with the antibodies as specified. Below – quantification of the phosphorylation of MCM2 pS102
and CHK1 pS345 as a ratio with total CHK1 (quantified from two independent experimental
repeats, error bars represent s.e.m.).
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Figure 41. U2OS cells were transfected with either siControl or siBLM 72 hrs prior to treatment
with 1 mM HU for the indicated times. Cells were harvested for SDS-PGE and western blotting
with the antibodies as specified. Below – quantification of the phosphorylation of MCM2 pS102
and CHK1 pS345 as a ratio with total CHK1 (quantified from two independent experimental
repeats, error bars represent s.e.m.).
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The results obtained using siRNA knockdown of BLM in U2OS and HeLa are in support
of results gained from the investigation of RPE1-D3 BLM-deficient cells.

The findings presented in this chapter demonstrate that depletion of BLM in human cell
lines results in reduced ATR activity towards some of its targets following replication
stress, causing an S-phase checkpoint defect. This indicates that the findings from DT40
are also conserved in human cells. However, the results do not provide information
about the contribution of the TOPBP1-BLM interaction to the defect. Confirmation of
the importance of this interaction in checkpoint activation would require establishing a
human cell line with the point mutation, either through CRISPR/Cas9 or
complementation of BLM-deficient cell lines.

It would also be necessary to extend the investigation of the replication phenotype
displayed by BLM-S251A DT40 cells using DNA fibre in human cells to assess the
evolutionary conservation of this mutation. To do this it would be essential to establish
a robust DNA fibre technique in human cell lines. Wildtype RPE1 cells were utilised when
attempting to set up the DNA fibre technique in human cells. Cells were labelled with
IdU and CldU consecutively for 20 minutes, with or without HU added alongside the
second label in the same way as in the DT40 experiments (Figure 42). Results from this
trial experiment established a protocol for visualising DNA replication in RPE1 cells.
These data that the DNA fibre technique can be used to investigate the replication
dynamics in human RPE1 cells.
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Figure 42. Top – schematic of the DNA fibre labelling experiment investigating DNA replication
in unchallenged conditions (left) or investigating DNA replication during ongoing challenge
(right). Below - representative images of actual DNA fibres from RPE1 cells during unchallenged
replication (left) and during ongoing replication challenge (right).
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6. Establishing novel DNA fibre technique variants in human cells

The final objective of this project was to establish and build upon existing techniques to
further investigate the role of BLM-TOPBP1 interaction in DNA end-resection and
processing of collapsed replication forks. To establish these techniques, experiments
were carried out in wildtype HeLa cells and HeLa cells deficient for the nuclease EXD2.

EXD2 deficient cell lines display resection defects, spontaneous chromosomal instability
and sensitivity to agents introducing replication stress (Broderick et al. 2016). Similarly,
BLM has been demonstrated to promote resection of DBSs and genome instability is a
hallmark of BLM-deficient cells (Gravel et al. 2008; Chaganti et al. 1974). In addition,
work presented here has demonstrated that BLM-deficient cells, as well as cells with
abrogated TOPBP1-BLM interaction are sensitive to a variety of DNA damaging agents.
The EXD2 deficient cells were therefore used as a positive control to establish DNA fibre
techniques, which can then be implemented to study the impact of BLM-S304A
mutation on the processing of stressed replication forks.

6.1 Introduction
6.1.1 EXD2 in homologous recombination
Up until recently HR was been described to be initiated by the endonuclease activity of
MRN complex with the support of CTIP, allowing for the initial incision into DNA and
initiation of HR (Cannavo & Cejka 2014; Sartori et al. 2007). MRE11 can then facilitate
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short-range resection, generating short stretches of ssDNA (Huertas & Jackson 2009;
Mimitou & Symington 2008; Nicolette et al. 2010). These stretches are further extended
by long-range resection carried out by EXO1 or DNA2 nucleases, supported by the
helicases BLM and WRN (Zhu et al. 2008; Cejka, Cannavo, et al. 2010; Nimonkar et al.
2011; Sturzenegger et al. 2014). The ssDNA generated through resection is then coated
with RPA, which is subsequently displaced by BRCA2, facilitating Rad51 filament
generation and strand invasion, necessary for HR (San Filippo et al. 2008).

EXD2 was first identified as a putative 3’ – 5’ exonuclease through a screen for proteins
involved in supressing sensitivity to mitomycin C (Smogorzewska et al. 2010). Previous
observations have provided some indication that MRE11 required one or more
interactions with other proteins to stimulate its nuclease activity and allow for efficient
resection, which is otherwise limited (Paull & Gellert 1998; Sartori et al. 2007). New
findings from Broderick and colleagues have established EXD2 as a novel HR factor.
EXD2 functionally interacts with the MRN complex, utilising its exonuclease activity to
accelerate resection of DSBs and facilitate HR (Broderick et al. 2016). However, EXD2
was not found to be involved in the initial sensing of the break and is therefore likely to
function downstream of MRE11. The authors go on to hypothesise that EXD2 may
promote initial short -range resection to generate short 3’overhangs, which in turn may
promote long-range resection by acting as a substrate for BLM-EXO1 or BLM-DNA2 thus
promoting HR.

Earlier this year a second study identified EXD2 as predominantly localising to the
mitochondria and is required for mitoribosome integrity and efficient mitochondrial
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mRNA translation (Silva et al. 2018). The authors of this study demonstrate that EXD2
depleted cells displayed multiple metabolic defects, decreased respiration and
increased reactive oxygen species (ROS). Although Silva and colleagues confirm the 3’ 5’ exonuclease activity of EXD2, they contradict that EXD2 is a nuclear protein and did
not find that loss of EXD2 conveys sensitivity for DNA damaging agents. However, the
author and others have noted that a possible role of EXD2 in DDR cannot be eliminated,
as differences in experimental approaches may have prevented the detection of this
role (Silva et al. 2018; Zid & Kapahi 2018). Work is ongoing to establish if EXD2 does
have a dual role, one in the mitochondria and a separate function in the nucleus. A dual
function for DDR proteins in the nucleus and the mitochondria is not a novel idea.
Previously published work has established a role for ATR in the mitochondria, suggesting
that ATR localises to the mitochondria following UV damage (Hilton et al. 2015). This
study suggests that ATR localisation to the mitochondria could prolong the cell survival
rate, thus allowing DNA repair to take place. It is possible that EXD2 also has a dual role
similar to this.

6.2 DNA fibre analysis of untreated HeLa and EXD2 deficient cells
To further probe into the resection phenotype observed by Broderick et al, the DNA
fibre technique was employed in HeLa and two EXD2 deficient clones. Firstly, untreated
cells were used to investigate if EXD2 plays a role in unchallenged replication. To this
end, cells were labelled sequentially with IdU and CldU for 20 minutes. There was no
significant difference in the frequency of replication structures between WT and EXD2138

deficient cells (Figure 43), suggesting that overall DNA replication is not affected by
EXD2 depletion. However, the analysis of bi-directional forks revealed that EXD2-/- cells
were more asymmetric than wildtype cells, suggesting that individual forks are more
prone to stalling in these cells (Figure 44). This could indicate that EXD2 plays a role in
repair of endogenous lesions arising during normal DNA replication.
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Figure 43. Top – schematic of the DNA fibre labelling experiment unchallenged continued DNA
replication. Below – quantification of the frequency of occurrence of replication structures in
unchallenged HeLa WT and HeLa EXD2-/- cell lines (ns. P> 0.05, Student’s t-test, calculated based
on 3 independent experimental repeats, a minimum of 100 structures counted per cell line, per
repeat). The bars represent ± s.e.m
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Figure 44. Top – schematic of the DNA fibre labelling experiment investigating DNA replication
in unchallenged conditions. Below – dot blot showing the distribution of CldU tract length ratios
of bi-directional forks in unchallenged HeLa WT and HeLa EXD2-/- cell lines (*** P £ 0.001, ****
P £ 0.0001, Mann-Whitney test, calculated based on 3 independent experimental repeats, a
minimum of 20 bi-directional forks measured per cell line, per repeat). The bars represent ±
s.e.m.
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6.3 Investigating the DNA replication phenotypes of EXD2-deficient cells
following replication fork collapse
EXD2 depleted cells have been demonstrated to be sensitive to a number of DNA
damaging agents, including MMC, CPT and phleomycin, which induces both single and
double strand breaks in DNA (Sleigh 1976; Belenguer et al. 1995; Smogorzewska et al.
2010; Broderick et al. 2016). Cells were treated with 4 mM HU for four hours, in order
to replication fork collapse in order to gain understanding the involvement of EXD2 in
response to replication fork collapse (Sirbu et al. 2013). Under these conditions EXD2
deficient cell lines were found to have a decreased percentage of elongating forks and
increased percentage of stalled forks compared to WT HeLa cells (Figure 45). In fact, the
percentage decrease in elongating forks of approximately 10% in EXD2-/- cells when
compared to WT, corresponds to the 10% increase of stalled forks seen in EXD2 deficient
cells. Consistent with replication forks stalling more frequently in unchallenged EXD2-/-,
these results suggest that EXD2-/- cells are less able to recover collapsed forks.
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Figure 45. Top – schematic of the DNA fibre labelling experiment investigating the cellular
response to replication fork collapse. Below – quantification of the frequency of elongating and
stalled replication forks HeLa WT and HeLa EXD2-/- cell lines following replication fork collapse
(* P £ 0.05, ** P £ 0.01, Student’s t-test, calculated based on 3 independent experimental
repeats, a minimum of 100 structures counted per cell line, per repeat). The bars represent ±
s.e.m
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When assessing fork symmetry in cells treated with HU it was clear that there were very
few bi-directional forks which could be quantified following fork collapse. It is possible
that this could be attributed to the high overall level of fork stalling in EXD2-deficient
cells with this dose of HU, as demonstrated in Figure 45. Thus, the likelihood of two
forks restarting following the treatment may be very small, resulting in a small number
of these structures to be visualised. Although the small number of bi-directional forks
investigated in these experiments indicate a trend of increased fork stalling in the two
mutant HeLa cell lines, the insufficient data set precludes from drawing a firm
conclusion (Figure 46).
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Figure 46. Top – schematic of the DNA fibre labelling experiment investigating the cellular
response to replication fork collapse. Below – dot blot showing the distribution of CldU tract
length ratios of bi-directional forks in HeLa WT and HeLa EXD2-/- cell lines following replication
fork collapse. (based on 3 independent experimental repeats) The bars represent ± s.e.m.
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6.4 Evaluating DNA resection of stressed replication forks in HeLa and EXD2
deficient cells
As EXD2 has been found to be involved in efficient DNA end resection and proposed to
support the MRN complex to generate the initial stretches of ssDNA to initiate HR, the
DNA fibre technique was used to further assess the resection in EXD2 deficient cells
(Broderick et al. 2016). To allow for the evaluation of DNA resection of stressed
replication forks, the cells were labelled consecutively with each IdU and CldU for 20
minutes. Cells were subsequently treated with 4 mM of HU for 4 hours, causing
replication fork collapse and allowing resection to take place.

The ratio between the red and green track was used to assess the extent of resection
taking place. In this case the length of the first label (IdU) is divided by the length of the
second (CldU). The track from the first label, in this case red, is unaffected by the
treatment and resection. The red track therefore signifies unperturbed replication and
acts as the control track in the calculation. The second label, in green, will vary in length
depending on the extent of resection taking place (Figure 47) (Nieminuszczy et al. 2016).
If resection is taking place, the green track will become shorter during the HU treatment,
leaving only a short green label after the treatment, resulting in a ratio larger than 1. In
the case where replication stalls and the fork is not restarted the ratio would remain at
1. Finally, if the replication is unaffected by the drug treatment or replication is
recovered during treatment then the green track will be longer than the red, giving a
ratio lower than one.
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IdU
20 min
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Ratio after HU treatment

IdU : CldU

Longer green label:

Equal ﬁrst and second label:

Shorter second label:

Continued replication
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Resection

Ratio < 1

Ratio = 1

Ratio > 1

Figure 47. Top – schematic of the DNA fibre labelling experiment investigating DNA endresection. Below – schematic illustrating the predicted change in the ratio between the first and
second label of elongating forks following treatment with HU and possible resection.
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When this setup was used and visualised in wildtype and EXD2-deficient HeLa cells, the
results showed that the ratio between IdU and CldU was higher in both EXD2-/- mutants
when compared to WT HeLa (Figure 48). These results suggest that there is increased
fork resection in EXD2-deficient cell lines compared to WT HeLa cells. As EXD2 was
hypothesised to contribute to the efficient resection of DNA breaks, it is surprising that
loss of EXD2 results in increased resection under these conditions. One possible
explanation for this is that EXD2 also plays a role in preventing excessive resection by
other nucleases, and its depletion therefore results in extensive resection. Long-range
resection may not be initiated efficiently in EXD2 deficient cells; thus, the over-resection
phenotype may have been missing in earlier studies where resection was monitored
after a shorter interval of time. This could be further investigated by looking at resection
at shorter time points.
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Figure 48. Top – schematic of the DNA fibre labelling experiment investigating DNA endresection. Middle – representative images of HeLa WT and HeLa EXD2-/- cell lines following
labelling and HU treatment as above. Bottom – dot blot showing the ratio between the first and
second labels of elongating forks in HeLa and HeLa-EXD2-/- cell lines following challenge with 4
mM HU (**** P £ 0.0001, Mann-Whitney test, calculated based on 3 independent experimental
repeats, a minimum of 30 elongating forks measured per cell line, per repeat). The bars
represent ± s.e.m
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6.5 Investigating DNA resection in EXD2-/- cells co-depleted with BRCA2 or
MRE11
As EXD2 has been tied to initiation of HR, the next objective was to establish if
simultaneous loss of EXD2 and depletion of known HR factors MRE11 or BRCA2 would
further affect the resection phenotype observed in EXD2-/- cells. EXD2 has been
demonstrated to interact with the MRN complex and thus accelerate resection,
therefore the co-depletion of EXD2 and MRE11 could provide further insight into the
mechanism of efficient resection. Considering the increased resection observed in EXD2/-

cells, the aim was to investigate whether the depletion of MRE11 in EXD2-/- would

reverse this phenotype, preventing resection all together.

BRCA2 is essential in regulating RAD51 function during HR, and acts downstream of
EXD2 in the HR pathway, as well as being required to protect of stressed forks against
unscheduled, pathological resection (Davies et al. 2001; Schlacher et al. 2011;
Chaudhuri et al. 2016). It has been demonstrated that BRCA2 is involved in blocking the
degradation of stalled replication forks from MRE11-dependent degradation (Schlacher
et al. 2011; Lomonosov et al. 2003). This raises the question if depletion of BRCA2
alongside loss of EXD2 could lead to further resection.

Firstly, HeLa and EXD2-/- cell lines treated with control siRNA were compared. The same
increase in resection was observed in HeLa and EXD2-/- cells lines treated with siRNA as
when evaluating the cells without siRNA. This result demonstrated that the siRNA
treatment in itself did not affect the experimental result (Figure 49). Next, HeLa
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wildtype cells treated with siControl, siBRCA2 or siMRE11 were compared. Findings
demonstrated that depletion of BRCA2, but not MRE11, resulted in an increased level
of resection compared to the control (Figure 50). Considering the known role of MRE11
in the initiation of resection, it is unsurprising that depletion of MRE11 does not increase
resection (Cejka 2015). Furthermore, the loss of BRCA2 resulting in increased resection
could be due to a putative role in preventing DNA degradation at the fork (Schlacher et
al. 2011; Lomonosov et al. 2003).
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IdU
20 min

CldU
20 min

4mM HU
4 hrs

Figure 49. Top – schematic of the DNA fibre labelling experiment investigating DNA endresection. Below – HeLa and HeLa-EXD2-/- cell lines were transfected with siControl 72 hrs prior
to labelling and treatment as indicated above. The dot blot shows the ratio between the first
and second labels of elongating forks in HeLa and HeLa-EXD2-/- cell lines (**** P £ 0.0001, MannWhitney test, calculated based on 3 independent experimental repeats, a minimum of 30
elongating forks measured per cell line, per repeat). The bars represent ± s.e.m
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IdU
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CldU
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Figure 50. Top – schematic of the DNA fibre labelling experiment investigating DNA endresection. Below – HeLa cells were transfected with siControl, siBRCA2 or siMRE11 72 hrs prior
to labelling and treatment as indicated above. The dot blot shows the ratio between the first
and second labels of elongating forks in HeLa cells depleted for either BRCA2 or MRE11 (**** P
£ 0.0001, Mann-Whitney test, calculated based on 3 independent experimental repeats with a
minimum of 30 elongating forks measured per cell line, per repeat) The bars represent ± s.e.m.
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When EXD2-/- cell lines were depleted for BRCA2, the resection phenotype seen due to
EXD2 deficiency alone was not further enhanced (Figure 51). In fact, the level of
resection in EXD2-/-, HeLa-siBRCA2 and EXD2-/--siBRCA2 cells were indistinguishable,
supportive of BRCA2 and EXD2 acting in the same pathway, and loss of BRCA2 does not
allow for further resection beyond what is seen in EXD2-/- cells. Another possible
explanation may be that there is a limit to the amount of resection that is permitted
within a collapsed fork as part of HR. Therefore, the abolition of a parallel pathway may
not increase resection, but perhaps affect the ability of cells to recover resected forks
and thus further compromising genome stability.

Depletion of MRE11 nuclease has been shown to rescue the pathological resection
observed in BRCA1/2 deficient cells (Schlacher et al. 2011; Chaudhuri et al. 2016). To
assess if MRE11 is also driving resection of stressed replication forks in the EXD2-/- cells,
siRNA targeting MRE11 was employed. Depleting HeLa WT cells of MRE11 did not affect
the resection profile of the cells. Depletion of MRE11 in EXD2-/- cells did not result in
increased resection in cells beyond what was seen in EXD2-/- cells (Figure 52). These
results suggest that resection seen in EXD2-/- cells is not dependent on the activity of
the MRE11 nuclease and is most likely driven by other nucleases. A good candidate for
this activity would be the DNA2 nuclease and/or EXO1 (Thangavel et al. 2015).
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IdU
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Figure 51. Top – schematic of the DNA fibre labelling experiment investigating DNA endresection. Below – HeLa cells were transfected with siControl or siBRCA2 72 hrs prior to labelling
and treatment as indicated above. The dot blot shows the ratio between the first and second
labels of elongating forks in HeLa WT and HeLa-EXD2-/- cell lines depleted for BRCA2 (ns P > 0.05,
**** P £ 0.0001, Mann-Whitney test, calculated from 3 independent experimental repeats with
a minimum of 25 elongating forks measured per cell line and condition, per repeat). The bars
represent ± s.e.m
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IdU
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CldU
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Figure 52. Top – schematic of the DNA fibre labelling experiment investigating DNA endresection. Below – HeLa cells were transfected with siControl or siMRE11 72 hrs prior to labelling
and treatment as indicated above. The dot blot shows the ratio between the first and second
labels of elongating forks in HeLa WT and HeLa-EXD2-/- cell lines depleted for MRE11 (** P £
0.01**** P £ 0.0001, Mann-Whitney test, calculated from 3 independent experimental repeats
with a minimum of 25 measured events per cell line and condition, per repeat). The bars
represent ± s.e.m
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6.6 Concluding remarks
The results presented in this chapter demonstrate that EXD2-deficient cells are more
prone to replication stalling following replication fork collapse. Furthermore, EXD2-/cells exhibit an over-resection phenotype following replication fork collapse caused by
prolonged exposure to a high dose of HU. Together these results suggest that EXD2 has
a role in the control of resection and preventing fork stalling. The long stretches of
ssDNA resulting from over-resection have been suggested to be susceptible to clustered
mutations that can underlie cancer development, suggesting EXD2 could have a role in
preventing cancer development (Roberts et al. 2012; Karanja et al. 2014). It is possible
that the increased resection in EXD2-/- cells could make it problematic to restart
replication, hence accounting for the increased levels of fork stalling observed in the
work presented here.

The results shown here contrast publish results suggesting that EXD2 loss results in
reduced resection following irradiation (Broderick et al. 2016). It is however possible
that EXD2 can play a dual role in resection by encouraging efficient initiation or
resection, and secondly preventing excessive resection by other nucleases through a yet
unknown mechanism. It is possible that such a preventative role of EXD2 in resection
only becomes apparent after the long stretches of ssDNA that are required for efficient
HR have been generated (Rubnitz & Subramani 1984). Furthermore, the depletion of
MRE11 did not further increase resection as seen in EXD2-/- cells, suggesting that the
resection seen in these cells is carried out by other nucleases, possibly EXO1 of DNA2.
Further investigations into the resection phenotype would be required to address
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questions arising from this work, possibly including the knockdown of additional
nucleases in parallel to EXD2 to investigate if this could rescue the resection phenotype
seen in EXD2-/- cells.

6.6.1 Use in the further investigations of the TOPBP1-BLM interaction
The results presented in this chapter demonstrate that the DNA fibre technique can be
efficiently implemented in human cells to evaluate a multitude of DNA replication
phenotypes, including resection of stressed replication forks. Furthermore, these
applications of the technique can be used in cells following knockdown of genes using
siRNA.

As BLM has a known function in DNA resection, it would be interesting to investigate if
the TOPBP1-BLM interaction affects this role of BLM. There is some evidence suggesting
that EXO1 and BLM work in parallel pathways in DNA resection, and the depletion of
both factors together resulted in a distinct resection defect (Gravel et al. 2008). By
utilising the techniques outlined in this chapter, it would be possible to gain further
insight into how BLM cooperates with other proteins to facilitate DNA end resection and
if its interaction with TOPBP1 is involved in this.
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7. Discussion and concluding remarks

Work presented in this thesis further expands on work published by Blackford et al 2015,
where the interaction between TOPBP1 BRCT 4-5 and the phosphorylated BLM S304
was first identified and outlined. Here, findings confirm and expands upon the function
of the interaction between TOPBP1 and BLM in the suppression of chromosomal
instability. In particular, this work demonstrates the importance of TOPBP1-BLM
interaction in promoting ATR checkpoint signalling and hence supporting faithful DNA
replication and the maintenance of genome stability.

Previous work from our lab and others identified the interaction between TOPBP1 and
BLM as required for genome stability (Blackford et al. 2015; Wang et al. 2013).
However, the S338 of BLM suggested by Wang and colleagues to be important in
mediating this interaction and regulating BLM protein levels is poorly conserved and in
fact, not required to facilitate the interaction (Blackford et al. 2015; Sun et al. 2017).
Accordingly, the crystal structure of a BLM peptide encompassing the BLM-S304 residue
interacts with BRCT4-5 of TOPBP1 when phosphorylated, consistent with the known
mode of function of BRCT domains (Sun et al. 2017). The evidence presented here
provides further support of the role of TOPBP1-BLM interaction mediated by BLM-S304
in promoting efficient genome duplication.
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7.1 BLM is required for full checkpoint activation and faithful DNA replication
in DT40 cells
It has previously been shown that BLM localised to sites of DNA damage following
irradiation (Bischof et al. 2001). Additionally, there are a multitude of papers presenting
evidence supporting a role for BLM in S-phase checkpoint activation(Frei & Gasser 2000;
Gravel et al. 2008; Davies et al. 2004; Davies et al. 2007). However, the molecular
mechanism underpinning this phenotype remains unclear. Moreover, these results
have been generated using BLM-depleted cells, thus not distinguishing between the
enzymatic (helicase) function of BLM from other potential functions (i.e. structural).
Therefore, the molecular mechanism behind this phenomenon has not been defined.
Results presented here establish a possible non-enzymatic function of BLM in promoting
the intra-S-phase checkpoint by facilitating full ATR activity through its interaction with
TOPBP1.

7.1.1 TOPBP1-BLM interaction is required for efficient ATR signalling in DT40 cells
The data presented here show that interaction between BLM and TOPBP1 is crucial in
the efficient signalling through ATR. In DT40 cells the disruption of the TOPBP1-BLM
interaction through the mutation of BLM S251 resulted in the reduced ability of cells to
phosphorylate ATR downstream targets in response to genotoxic stress. In particular,
the phosphorylation of ATR target CHK1 was severely impaired by BLM-S251A mutation,
supporting the notion that BLM is required in TOPBP1 dependent stimulation of ATR
kinase activity. This finding would be further strengthened by the addition of analysis of
the cell cycle profile of the BLM-/- and BLM-S251A mutant cells lines. Such analysis would
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reveal if the ATR signalling defect observed is indeed caused by the loss of the
interaction between TOPBP1 and BLM and not due to cells accumulating in other cell
cycle phases. However, in support of findings presented here, previously published work
utilising BLM-/- DT40 cells demonstrated only a slight increase in cells in G2-M phase
when compared to wild type, suggesting that the cell cycle is not dramatically affected
by the loss of BLM (Wang et al. 2000).

7.1.2 Faithful DNA replication requires BLM interaction with TOPBP1
ATR has been shown to play a role in DNA replication control (Shechter et al. 2004). In
particular, the S-phase checkpoint has been demonstrated to supress dormant origin
firing, hence ensuring that replication only progresses once repair of DNA damage is
completed (Maya-Mendoza et al. 2007). Furthermore, the interaction between TOPBP1
and ATR is required to promote the recovery of replication forks in response to
replication stress (Mordes et al. 2008).

Results generated through the use of the DNA fibre technique revealed that BLM plays
a key role in controlling DNA replication in response to replication stresses. The
investigation of the ability of replication to progress in the presence of DNA damaging
agents, either by studying fork recovery or ongoing replication during replication stress,
demonstrated that BLM-S251A cells were more able to recover or continue replication
when challenged. Analysis of the frequency of replication structures further revealed
that BLM-S251A cells are firing more dormant origins and are stalling less than wildtype
cells, indicating that both BLM-/- and BLM-S251A can continue replication despite
replication stress, at the expense of genome stability. These phenotypes could be
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reversed by the fusion of the TOPBP1-AAD to BLM-S251A but not the TOPBP1-AAD
mutant that is unable to activate ATR. This confirmed that the phenotypes observed
were caused by the failure of BLM to interact with TOPBP1, hence disrupting ATR
signalling. Furthermore, these findings suggest that replication in the absence of ATR
signalling is completed by increasing origin firing. These results are consistent with
studies investigating the effect of ATR and CHK1 on checkpoint activation. These studies
demonstrated that depletion of CHK1 or ATR resulted in reduced replication velocity
and increased origin firing or reduced distance between origins (Petermann et al. 2006;
Maya-Mendoza et al. 2007; Petermann, Woodcock, et al. 2010; Técher et al. 2016;
Sanjiv et al. 2016). Interestingly, the abrogation of TOPBP1-BLM interaction did not
affect fork progression or origin firing in untreated cells, suggesting that BLM is not
required for maintenance of DNA replication under normal conditions. This finding is
inconsistent with results from Bloom syndrome patient cell lines, where the loss of BLM
resulted in reduced replication fork speed and inter-origin distances, as was observed
in CHK1 and ATR deficient cells (Rao et al. 2007). This inconsistency may be caused by
the differences in experimental systems and emphasises the importance of generating
a human cell line that contains the BLM-S304A mutation to further investigate the
replication phenotypes observed in chicken cells.

Analysis of fork symmetry following replication challenge revealed that BLM-S251A cells
are increasingly asymmetric compared to WT cells. Contrary to the investigation of
overall replication structures, this result suggested that individual replication forks in
BLM-/- and BLM-S251A cells are more prone to stalling than forks in WT cells. Although
these results appear contradictory, the likely explanation is that the assay investigating
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fork symmetry is a more sensitive measure of fork stress than analysis of replication
structures. Accordingly, investigation of the mechanism of completion of replication in
BLM-S251A cells provided some explanation to this apparent conflict. The treatment of
cells with the broad-spectrum cyclin-dependent kinase inhibitor roscovitine revealed
that both BLM-/- and BLM-S251A cells were relying upon the firing of dormant origins to
complete replication. This result is supported by the increase of origin firing seen in BLM/-

and BLM-S251A cells. Furthermore, as more origins are firing, it is possible that some

stalled forks are masked by the firing of a new origin proximal to the stalled fork,
resulting in what appears to be an elongating fork, thus reducing the number of
observable stalled forks. It is therefore possible that

BLM-/- and BLM-S251A are in fact

less able to recover stressed replication forks. It follows, that replication in this genetic
background is therefore completed through the firing of dormant origins.

These results provide evidence for a non-enzymatic role of BLM in genome stability via
the activation of ATR signalling and DNA replication control. This is consistent with work
by others, linking BLM deficiency to increased replication origin firing and reduced fork
stability and restart, and again are consistent with findings from experiments
investigating DNA replication in CHK1 and ATR deficient of depleted cells (Rao et al.
2007; Davies et al. 2007; Petermann et al. 2006; Petermann, Woodcock, et al. 2010;
Sanjiv et al. 2016; Técher et al. 2017). Furthermore, results presented here suggest that
the abrogation of TOPBP1-BLM interaction results in cells being less able to respond to
replication stress. Previous work has demonstrated that loss of interaction between
TOPBP1 and ATR also results in this phenotype (Mordes et al. 2008). This further
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strengthens the hypothesis that BLM contributes to the stimulation of ATR activity
through its interaction with TOPBP1.

As mentioned above, the fusion of BLM-S251A to TOPBP1 AAD was sufficient to rescue
ATR signalling in DT40 cells, providing additional confirmation that BLM is involved in
stimulating ATR activity through its interaction with TOPBP1. To further add to this
work, it would be imperative to establish if the TOPBP1-AAD on its own could stimulate
ATR signalling activity. It is noteworthy that a previous study has utilised the TOPBP1AAD fused to the oestrogen receptor in a screen for ATR inhibitor. When this construct
was translocated to the nucleus it resulted in the generalised activation of ATR, allowing
for easy identification of potent ATR inhibitors (Toledo et al. 2011). To draw a firm
conclusion and rule out the possibility that the use of the TOPBP1-AAD alone could
stimulate ATR in the experiments presented here, it would be necessary to include a
further control cell line expressing TOPBP1-AAD alone. However, the results presented
here suggest that the BLM-S251A-AAD fusion does not constitutively activate ATR, as
was seen in the system used by Toledo and colleagues. No ATR activation through the
phosphorylation of CHK1 was seen in untreated DT40 cells expressing the BLM-S251AAAD construct, providing evidence that the construct only activates ATR in response to
replication stress and does not constitutively activate ATR.

To establish if the ATR signalling defects and replication phenotypes observed here are
conclusively due to the abrogation of the interaction between TOPBP1 and BLM, further
investigations into the possible contribution of the BLM helicase would be necessary.
By carrying out these experiments with additional control cell lines, including a BLM
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helicase mutant and a BLM-S251A/BLM helicase double mutant, it would be possible to
establish how the BLM-S251A mutation affect the helicase function of BLM. This is
particularly interesting as the BLM-S251A cells display an intermediate level of SCEs, a
phenotype commonly attributed to the loss of BLM helicase activity in HR (Blackford et
al. 2015; Bizard & Hickson 2014). It is therefore possible that the mutation of the S251
residue of BLM affects the helicase domain of BLM, preventing its normal function, and
that this could account of some of the phenotypes observed here. However, it is
noteworthy that the mutation of TOPBP1-K704, a residue critical for the function of the
BRCT5 domain and interaction with BLM, also results in increased levels of SCEs,
suggesting that this phenotype could be attributed to the abrogated interaction
between TOPBP1 and BLM, and thus defective ATR activity (Blackford et al. 2015).

7.2 BLM deficiency in human cells results in an S-phase checkpoint defect
The results from BLM DT40 cell lines provide evidence that BLM plays a non-enzymatic
role in S-phase checkpoint activation and replication control through its interaction with
TOPBP1. However, the DT40 system has limitations; the availability of antibodies
recognising phosphorylated ATR targets is limited, resulting in a restricted insight into
the possible role of BLM in ATR signalling. Furthermore, given the role of replicative
stress in driving tumourigenesis and the high incidence of cancer observed amongst
Bloom syndrome patients, it would be of great benefit to determine the significance of
BLM-TOPBP1 interaction in a mammalian system.
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7.2.1 Identification of a BLM-deficient RPE1 cell line
Although CRISPR/Cas9 targeting of the BLM-S304 residue did not yield clones with the
BLM-S304A mutation, it did result in the identification of the potential BLM knockout
cell lines. Investigation of the level of SCEs in these three cell lines revealed that one of
the three clones displayed elevated levels of SCEs, a feature characteristic of Bloom
syndrome (German et al. 1965; Chaganti et al. 1974). Given that BLM protein was not
detected in the other two clones by western blot analysis, but the level of SCEs in these
clones was normal, it is possible that only a very low level of BLM is sufficient to suppress
the SCE phenotype. A second explanation could be that some off-target effect of the
CRISPR strategy has resulted in a mutation of a second gene, compensating for the SCE
phenotype seen in BLM-/- cells. These two options could explain why although the two
clones appeared to be deficient for BLM by western blot, levels of SCEs were not
elevated. Sequencing of the clones could reveal if either of these two scenarios could
explain the result obtained here.

7.2.2 BLM-deficient RPE1 cells exhibit an ATR signalling defect
A striking observation is that the BLM-/- RPE1 cells displayed a defect in ATR signalling
following replication challenge. This defect was found to be similar to that observed
when ATR was inhibited, suggesting that BLM, likely through its interaction with
TOPBP1, plays an important role in checkpoint activation. To further expand on this
analysis, it would be beneficial to examine if the TOPBP1-BLM interaction is required to
direct ATR activity to additional targets, including NBS1-S343, RPA-S33 or even BLM
itself (Davies et al. 2004). This would further address the question if TOPBP1-BLM
interaction is required to stimulate ATR activity towards all or a subset of its substrates.
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7.2.3 BLM function in ATR signalling is conserved in other human systems
The results obtained from the RPE1 BLM-/- cell line, discussed above, support a role for
BLM in ATR activation. This finding is further reinforced by comparable results using
siRNA to knockdown the expression of BLM in HeLa and U2OS cell lines. Again, depletion
of BLM in these cells resulted in the decreased phosphorylation of ATR targets following
replication stress. Furthermore, these results demonstrate that the role for BLM in the
activation of the S-phase checkpoint is evolutionarily conserved, at least from chickens
to humans.

Interestingly, a previous study of depletion of BLM in U2OS cells identified no
impairment of the phosphorylation of CHK1-S345 following treatment with 1 µM CPT
for 1 hour (Gravel et al. 2008). Only upon co-depletion of BLM and EXO1 was a defect
observed. It is however conceivable that the difference in experimental setup and drug
does used could account for the differing results. The above-mentioned study utilised a
CPT at a dose that would readily induce DSBs, whereas the results presented here rely
upon HU, which does not lead to an immediate collapse of replication forks following
treatment (Zellweger et al. 2015). It is likely that the two drug treatments would result
in the generation of different replication structures at the fork, which in turn could
result in different checkpoint responses. Notably, evidence suggests that low doses of
HU induce replication fork stalling and only at higher doses would result in fork collapse
(Ray Chaudhuri et al. 2012; Zellweger et al. 2015). The dose of CPT used by Gravel and
colleagues will generate double strand breaks (Zellweger et al. 2015). The different
treatment conditions are likely to result in different amounts of RPA-coated ssDNA,
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required for ATR activation, thus the ATR activation in response to lesions generated
could be expected to distinct (Recolin et al. 2014). It is therefore tempting to speculate
that the interaction between TOPBP1 and BLM is needed only in response to certain
types of replication stresses, and that other mechanisms could trigger ATR activity in
other situations. It is possible that the newly discovered ETAA1 could respond to certain
types of DNA damage, either instead of or in parallel to TOPBP1, to give a robust
checkpoint response (Haahr et al. 2016).

The results presented here are consistent with findings from Bloom syndrome patient
cell lines, where the Bloom syndrome patient cells were found to be hypersensitive to
HU (Davies et al. 2004). Furthermore, work in yeast has demonstrated that the BLM
homologue Sgs1 stimulates the checkpoint kinase Rad53p upon depletion of the
nucleotide pool by HU (Bjergbaek et al. 2005). Consistent with the findings of this thesis,
this role of Sgs1 in Rad53 activation did not require the function of the helicase domain.
This supports the notion of a non-catalytic role for BLM in S-phase checkpoint and opens
up the possibility that mechanistically, this non-enzymatic function of BLM in promoting
efficient activation of the replication checkpoint, is conserved from yeast to humans.
Further experiments, including DNA fibre analysis of BLM depleted cell lines and
experiments using a BLM-S304A mutant cell line would give additional insight into the
mechanism of the structural role of BLM in ATR activation.
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7.3 Developing tools to further study the involvement of BLM in checkpoint
signalling and DNA replication in human cells
BLM has well-defined functions in HR, including in resection and dHJ dissolution.
However, the role of the TOPBP1-BLM interaction in HR remains mostly unexplored.
Previous work from the lab has demonstrated that the BLM-S251A mutation results in
an intermediate increase in SCEs, between WT and BLM-/- cells, suggesting that TOPBP1BLM interaction contributes to the role of BLM in genome stability maintenance and HR
(Blackford et al. 2015).

To explore the contribution of TOPBP1-BLM interaction in resection of DSBs resulting
from collapsed replication forks, the DNA fibre resection assay was successfully set up
in human cells. Additionally, a technique of assessing replication fork collapse was
implemented in HeLa cells. These techniques allow for the investigation of replication
phenotypes beyond replication structures traditionally used and would provide
additional insight into the contribution of TOPBP1-BLM interaction in the maintenance
of genome stability.

7.4 Questions arising from this work
Work presented in this thesis has uncovered a structural, non-enzymatic role for BLM
in the activation of the S-phase checkpoint and genome stability. BLM is involved in the
stimulation of ATR activity via an interaction with TOPBP1, hence ensuring faithful DNA
replication and suppression of genome instability. However, to gain further mechanistic
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insight into this novel role of BLM in this process, a number of outstanding issues need
to be addressed in future studies.

7.4.1 The contribution of TOPBP1-BLM interaction in Bloom syndrome phenotypes
The work presented here has provided new insight into the role of BLM maintaining
genome integrity. However, it remains unclear how the interaction between BLM and
TOPBP1 contributes towards the development of disease phenotypes in Bloom
syndrome sufferers.

It is well established that inactivation of BLM causes cancer, and cancer is the most
serious medical complication observed in sufferers of Bloom syndrome and is the most
common cause of death amongst affected individuals (Cunniff et al. 2017). The majority
of Bloom syndrome patients have homozygous mutations in BLM suggested to
inactivate the BLM gene, either in the form of nonsense mutation or small
insertion/deletion resulting in a premature stop codon within or in advance of the
helicase core of the protein (Ellis et al. 1994; Li et al. 1998; Ellis et al. 1998; Straughen et
al. 1998). It is therefore not surprising that the majority of mutations of BLM in cancer
are found within the helicase domains, spanning the residues 658-1197 (Bennett & Keck
2004; Hickson 2003; Cunniff et al. 2017). However, the cancer predisposition phenotype
in individuals with Bloom syndrome has mainly been attributed to BLM as a helicase and
its role in multiple steps of recombination-targeted repair (Watt & Hickson 1996;
Mohaghegh & Hickson 2001; Croteau et al. 2014). Interestingly, a recent study
suggested that heterozygous carriers of certain germline BLM mutations were at
increased risk of early-onset colorectal cancer emphasising the role of BLM in cancer
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development in the general population (De Voer et al. 2015). Furthermore, somatic
mutations in BLM have been identified in some cancers, confirming that BLM can play
a part in tumorigenesis and tumour progression. No mutations of the S304 residue of
BLM, investigated in this thesis, have been observed in sporadic cancers (data from the
COSMIC

catalogue,

made

available

by

Wellcome

Trust

Sanger

Institute,

http://cancer.sanger.ac.uk/cosmic). This observation raises the question if the role of
BLM in ATR activation does contribute to the cancer predisposition seen in Bloom
syndrome sufferers. Although BLM-S304 mutation has not been observed in cancers so
far, mutations have been found in the region surrounding S304 (+/- 20bp), and it is
possible that these mutations could disrupt the binding of TOPBP1 to BLM by changing
the confirmation of this region of the protein. A further interesting line of investigation
would be to look into if the BLM mutations found in cancers affects TOPBP1-BLM
interaction and can capitulate phenotypes seen in cells where the TOPBP1-BLM
interaction has been disrupted.

In addition to work in human cells, it would be valuable to investigate the role of
TOPBP1-BLM interaction on an organismal level. Work is currently underway to develop
a mouse model where the TOPBP1-BLM interaction has been disrupted to further
investigate the potential disease phenotypes tied to the disruption of this interaction.
Considering the ATR signalling defect demonstrated in the work presented here it is
tempting to draw parallels between Bloom and Seckel syndromes. The two syndromes
have some overlapping phenotypes, including growth defects, which could suggest
some overlap in disease development (Ciccia & Elledge 2010). However, in contrast to
Bloom syndrome, Seckel syndrome is not characterised by a predisposition to cancer,
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suggesting that the disruption of ATR signalling could in some instances protect against
cancer development (Brown & Baltimore 2000; Murga et al. 2009). This, together with
the observation that BLM S304 has yet to be found to be mutated in human cancers,
puts into question if the role of BLM in ATR signalling established here contributes to
the cancer incidence in Bloom syndrome. Investigation of a mouse with a disrupted
TOPBP1-BLM interaction could go some way in addressing the contribution of the role
of BLM in ATR signalling on Bloom syndrome phenotypes, including the broad cancer
incidence. It is tempting to speculate that the BLM-S309A (mouse equivalent to the
human BLM S304 residue) mice may not develop cancer, similarly to Seckel mice (Brown
& Baltimore 2000; Murga et al. 2009). Interestingly, attempts to generate a mouse
model carrying the TOPBP1-AAD W1147R mutant that is unable to activate ATR
revealed that this mutation is embryonically lethal (Zhou et al. 2013). This work went
on to demonstrate that inactivation of TOPBP1-AAD in MEFs resulted in compromised
CHK1 signalling following UV irradiation. These findings demonstrate a critical role for
TOPBP1-dependent ATR activation in mice, and it follows from this that if BLM is
involved in activation of ATR through TOPBP1 this may lead to critical phenotypes in
mice. However, as BLM-deficient mice are viable, it is not likely that abrogating TOPBP1BLM interaction in mice will be lethal (Warren et al. 2010). This mouse line would also
provide insight into the role of TOPBP1-BLM in the development of other phenotypes
of Bloom syndrome. In particular, it is possible that the abrogation of the interaction
could affect the development of the mice, resulting in phenotypes such as growth
retardation also seen in Seckel syndrome (Zeman & Cimprich 2014).
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Some published work has suggested that the level of ATR signalling is crucial in
protecting against cancer development, with heterozygous ATR mice display a slight
increase in tumorigenesis (Brown & Baltimore 2000). Results presented here suggest
that the disruption of the interaction between TOPBP1 and BLM does not completely
abolish ATR signalling. In addition, previous work concerning the disruption of this
mutation demonstrated that the disruption of the TOPBP1-BLM interaction resulted in
increased numbers of SCEs and chromosomal aberrations (Blackford et al. 2015). These
findings could be linked to a predisposition to cancer, and it is therefore possible that
the mice could develop cancer.

7.4.2 BLM may interact with ETAA1 to activate ATR
Recently ETAA1 was discovered as a novel activator of ATR, providing a second
mechanism for ATR activation and adding another layer of complexity to the network
(Bass et al. 2016; Haahr et al. 2016; Feng et al. 2016). Interestingly, ETAA1 and TOPBP1
co-deficiency is synthetically lethal, demonstrating that ETAA1 and TOPBP1 underpin
parallel pathways to ATR activation and together ensure a robust response to
replication challenges (Haahr et al. 2016). It has been shown that TOPBP1 and ETAA1
are recruited to DNA damage through different mechanisms to activate ATR, suggesting
that ETAA1 and TOPBP1could activate ATR in response to different types of challenges
(Bass et al. 2016). It is also therefore a possibility that the remaining ATR signalling seen
in the experiments here are due to activation through from ETAA1 rather than TOPBP1.

Interestingly, ETAA1 has also been shown to interact with BLM and the other
components of the Bloom complex, and ETAA1-depleted cells display a 2.5 fold increase
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in SCE levels compared to the 10-fold increase seen in BLM-depleted cells (Bass et al.
2016). It is therefore clear that ETAA1 interacts with BLM, however the mechanism for
this interaction is not yet know. It would be interesting to establish if BLM is also
involved in ATR activation through ETAA1, perhaps through a different mechanism than
its interaction with TOPBP1.

7.4.2 The phosphorylation BLM and its recruitment to chromatin
To gain further insight into the regulation of TOPBP1-BLM interaction it would also be
crucial to uncover the kinase responsible for phosphorylating BLM at S304. The residue
sits within a potential CDK consensus motif, suggesting that the phosphorylation may
be a cell-cycle dependent event.

In addition, it remains unclear how BLM and TOPBP1 would be recruited to chromatin,
in order to facilitate ATR activation. A potential candidate to facilitate BLM recruitment
to chromatin is FANCM. FANCM has been found to interact with BLM binding partner
TOP3A, and has been linked to the maintenance of replication fork stability, ATR
activation and conservation of genome integrity (Deans & West 2009; Schwab et al.
2010; Blackford et al. 2012). TOPBP1 is known to interact with a number of proteins
present at chromatin following DNA damage, including Rad9 and MDC1 (Wang et al.
2011; Blackford et al. 2015; Burtelow et al. 2000; Yan & Michael 2009). It is therefore
possible that TOPBP1 is recruited to chromatin by one of these proteins.
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Concluding remarks
Work carried out and presented in this thesis has identified the first non-catalytic role
of BLM in the maintenance of genome stability. Furthermore, findings demonstrate the
importance of maintaining the interaction between TOPBP1 and BLM in order to
facilitate a checkpoint response to genotoxic stress (Figure 53). It is tempting to
speculate that this previously undocumented role of BLM could contribute towards the
phenotypes observed in Bloom syndrome patients, including the developmental
abnormalities and broad cancer incidence seen in these patients. In addition, this study
has provided novel insight into the molecular mechanism by which cells protect their
genome in the face of replicative stress. The findings presented here advance our
understanding of how cells maintain genome stability, thus providing insight into
tumourigenesis in the human population. In the future, such knowledge has the
potential to contribute to the discovery and development of new cancer treatment
strategies.
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Figure 53. Model of the activation of ATR kinase activity. BLM and TOPBP1 are independently
recruited to chromatin, possibly through interactions with FANCM and MDC1 respectively. This
brings TOPBP1 and BLM together, interacting via TOPBP1 BRCT4-5 and the phosphorylated
BLM-S304 residue. Thus, allowing for efficient ATR stimulation and S-phase checkpoint
activation.
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