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Abstract

Screening for inhibitors of and novel proteins within the homologous

recombination DNA repair pathway.

Guy L Kingham, Linacre College. DPhil Radiobiology, Hilary term 2012

The homologous recombination (HR) pathway of DNA repair is essential

for the faithful repair of double-stranded DNA breaks (DSBs) in all organisms

and as such helps maintain genomic stability. Furthermore, HR is instrumen-

tal in the cellular response to exogenous DNA damaging agents such as those

used in the clinic for chemo- and radiotherapy. HR in humans is a complex,

incompletely understood process involving numerous stages and diverse bio-

chemical activities. Advancing our knowledge of the HR pathway in humans

aids the understanding of how chemo- and radiotherapies act and may be

used to develop novel therapeutic strategies. Recent studies have identified

inhibition of HR as one of the mechanisms via which a number of recently

developed chemotherapeutics have their effect. Accordingly, the clinical po-

tential of HR inhibitors is under investigation. My work has centred around

the identification of both novel HR proteins and novel, small molecule HR in-

hibitors. To further these aims, I have successfully employed high-throughput

RNAi and small molecule screening strategies. RNAi screens are commonly

used to identify genes involved in a given cellular process via genetic loss of

function, whilst small molecule, cell based screens are a powerful tool in the

drug discovery process.
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Chapter 1

Introduction

1.1 DNA damage and its repair

DNA within all cells is subject to constant damaging processes threatening

to compromise the genetic stability of the host organism. Direct damage to

individual nucleotides may arise from metabolic processes within the cell that

generate reactive oxygen species or reactive compounds capable of forming

DNA adducts. Alternatively, perturbation of DNA replication can lead to

single or double stranded DNA breaks (SSBs or DSBs). Nucleotide damage,

replication stress and direct induction of SSBs and DSBs may also form as

a result of exposure to exogenous agents including UV light, ionising radi-

ation (IR), tobacco smoke and numerous chemotherapeutics [197]. Whilst

all lesions may be mutagenic, those leading to breaks in the phosphodiester

backbone of DNA are the most serious and are potentially toxic to the cell.

Repair of damaged DNA is, therefore, not just essential for maintainence of
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the genetic code but also for cellular survival.

Responding to the spectrum of DNA lesions generated in the cell are a

host of specialised DNA repair pathways conserved from bacteria to humans

that vary in complexity from enzymatic mechanisms that directly reverse sim-

ple base modifications to elaborate, tightly regulated biochemical responses

to complex damage. My work is primarily concerned with the repair, in

human cells, of potentially cytotoxic DSBs.

In order to mount a response to a DSB, the cell must first identify dam-

age and initiate a signaling cascade. These DNA damage dependent signaling

events will culminate in the appropriate cellular responses which include not

only repair of the damage but activation of cell cycle checkpoints, and mod-

ulation of the transcriptional and replication machinery. The first event of

the DNA damage response is the direct recognition of the DSB and imme-

diate chromatin modification. Two protein kinases have been shown to play

a redundant signaling role at this stage - ataxia-telangiectasia mutated ki-

nase (ATM) and DNA-dependent protein kinase (DNA-PK), the catalytic

subunit of which is referred to as DNA-PKcs [189] (see below for further de-

tail). The immediate target of these phosphatidylinositol 3-kinase (PI3K) re-

lated kinases (PIKKs) is the histone variant H2AX, which is phosphorylated

within minutes of damage induction at serine 139 to produce phospho-H2AX

(γH2AX) [170], which now serves as a platform for both the accumulation of

repair factors and the transmission of damage signaling. The damage recog-

nition and initial signaling processes must all occur within the context of
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the chromatin surrounding the DSB. The assembly of repair and signaling

mediator proteins at such a site is ordered, rapid and hierarchichal [12].

DSBs may result from multiple processes: replication across a SSB, colo-

calisation of two SSBs, enzymatic activity and physical or mechanical stress

[113] It is of paramount importance that cells repair DSBs, ideally with-

out loss of genetic content, before cell division. This repair may broadly be

grouped into two types, (i) direct ligation of DNA ends and (ii) homology

directed repair. Direct ligation is simpler, occurs throughout the cell cycle

and may result in the loss of genetic information. Homology directed repair

is more complex, can only occur in S and G2 phases of the cell cycle due

to the requirement of homologous DNA provided by the sister chromatid

and is high-fidelity. An overview of the signaling and repair events following

damage recognition in humans is included below with a focus on homology

directed repair.

1.1.1 Damage recognition and signaling in the chro-

matin context

The chromatin, within which DNA is complexed, not only serves as a natural

barrier to any DNA manipulation, but provides both a physical platform for

recruitment of repair factors as well as a supportive environment for damage

signaling and signal amplification. Multiple, sequential post-translational

modifications converge on the chromatin surrounding a DSB and serve to

both enable and regulate repair.
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Central to the recognition and damage signaling process are the three

PIKKs (Fig 1.1), namely the ATM and ATM- and Rad3-related (ATR)

kinases and DNA-PKcs. Recruitment and subsequent activation of these

PIKKs to sites of DNA damage in all cases is mediated by an evolutionar-

ily conserved motif [46]. Both ATM and DNA-PKcs, along with the MRN

complex (described below) are the primary recognition factors for, and are

activated by, double stranded DNA breaks [194, 60, 111]. In the case of

DNA-PKcs, this recognition is mediated by its binding partner, the DSB

binding Ku70/80 heterodimer (see below for further details). In contrast to

both ATM and DNA-PKcs, which bind to DSBs [194, 60], ATR (in complex

with its interaction partner, ATRIP) responds to the accumulation of single-

stranded DNA (ssDNA) [233] following either replication stress or DNA re-

section at the DSB. This ssDNA is quickly complexed by the ssDNA binding

protein RPA forming the ssDNA:RPA complex that activates ATR (see be-

low for further details).

ATM has been shown to facilitate DSB repair in regions of compacted

(hetero-)chromatin [38] via phosphorylation of proteins required for hete-

rochromatin formation, such as KAP-1 and HP1[58, 38]. The assembly of

repair proteins is also activated by phosphorylation. ATM and DNA-PKcs

generate γH2AX, which recruits the mediator protein MDC1 [192], itself

constitutively phosphorylated by Casein Kinase 2 (CK2). Phospho-MDC1

may now bind those components required for further damage signaling and

break site processing; RNF8 and NBS1 (part of the MRN complex essen-
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tial for initiating homologous recombination or HR, see below) respectively

[185, 132, 103] - see below for further details.

Further damage induced post-translational modifications are not limited

to phosphorylation. Though a spectrum of modifications are generated in

response to DNA damage, of particular recent interest is the ligation of ubiq-

uitin and small ubiquitin like modifier (SUMO) proteins to the chromatin

surrounding the break site as well as the poly-ADP-ribosylation catalysed

by poly-ADP-ribose polymerase 1 (PARP1).

Ubiquitination has a well defined role in the labeling of proteins for

degradation via the 26S proteasome, in addition, either mono- or poly-

ubiquitination/SUMOylation may serve as signaling and/or recruitment moi-

eties. Both modifications result from multi-step processes requiring the se-

quential action of activating (E1), conjugating (E2) and ligase (E3) activities

with the E2 and E3 enzymes conferring substrate specificity upon the reac-

tion [73].

Recent studies have illuminated the importance of the E3 ubiquitin lig-

ases RNF8 and RNF168 and the RNF8 interaction partner HERC2 in the

early stages of repair foci formation [83, 103, 127, 222, 188]. RNF8 is one of

the first proteins recruited to γH2AX via phospho-MDC1, where it interacts

with HERC2. The RNF8-HERC2 complex guides RNF8 to its E2 conju-

gation partner UBC13 [11]. The resultant histone H2A and H2AX poly-

ubiquitination surrounding the break site facilitates recruitment of RNF168,

which also partners with UBC13 to raise H2A and H2AX ubiquitination levels
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to an appropriate level to recruit the downstream repair proteins 53BP1 and

BRCA1 (via its ubiquitin binding interaction partner RAP80) [41, 188]. The

physiological relevance of post damage histone ubiquitination is emphasised

by studies showing RNF168 mutation in a patient with the radiosensitising

RIDDLE syndrome [188]. The roles of BRCA1 ubiquitination activity have

been further expanded with the proposal that BRCA1 mediated ubiquitina-

tion of histone H2A in vivo protects genome integrity via the maintenance

of heterochromatin structure [232](DNA in its highly compacted heterochro-

matic form is not accessible to DNA repair factors [58]) . This finding pro-

vides an extra layer of mechanistic understanding to the well documented

tumour suppressive role of BRCA1.

In parallel to ubiquitination, SUMOylation (ligation of the small ubiqui-

tin like modifying protein to a given target) following DNA damage is also

instrumental to a successful cellular response to DSBs [230]. The SUMO

ligases PIAS 1 and PIAS 4, similarly to RNF8 and RNF168, are required for

recruitment and SUMOylation of 53BP1 and BRCA1 to sites of DSBs, where

these repair factors are themselves SUMOylated [143, 54]. Moreover, it ap-

pears that SUMOylation of histones H2A and H2AX by PIAS1 and PIAS4

is required upstream of RNF8/RNF168 ubiquitylation in the repair process

[54].

The theme of enzymatic polymerisation surrounding the break site is

further exemplified by the action of PARP1. This multifaceted enzyme com-

petes with the KU70/80 heterodimer for the binding of free DNA ends at
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the break site, serving both to promote the DNA damage response via ATM

activation as well as HR repair by mediating the recruitment of the MRN

complex [74, 63, 64]. The clinical relevance of PARP1 and its role in DNA

repair is addressed at the end of this chapter.

The concerted action of the ubiquitin and SUMO ligases as well as PARP1,

together with other post-translational histone modifications in the region of

a DSB, culminates with the recruitment of SUMOylated BRCA1 to a DSB

(via its ubiquitin binding interaction partner RAP80), as well as recruitment

of SUMOylated 53BP1, through less clear mechanisms [54]. These repair fac-

tors, together with the MRN complex recruited via phospho-MDC1, enable

the initiation of HR repair.

1.1.2 DNA damage and cell cycle checkpoints

The initial recognition of DNA damage, as detailed above, serves not only

to recruit and activate the repair machinery but to initiate a diverse and

essential series of events within the cell to limit the effects of the damage and

ensure the health and genetic integrity of the organism.

Sensing and initial signaling of DNA damage is performed chiefly by the

DNA-PKcs, ATM and ATR kinases. For DSBs such as those induced by

IR, the MRN complex, which is required for processing of the break site

in HR (see below) recruits and activates ATM [111]. In the case of ATR,

as well as its role in signaling following resection (outlined below), it is also

activated at sites of replication stress. In such situations, the continued action
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Figure 1.1: Overview of the initial events following DSB induction. (a) Dam-

age is recognised by either ATM or DNA-PKcs leading to phosphorylation of

histone H2AX to yield γH2AX. PARP1 also recognises damage at this stage.

Binding of phospho-MDC1 provides a docking site for the MRN complex

and RNF8. A series of recruitment events leads to histone H2A modification

by SUMO and ubiquitin ligases of the PIAS and RNF families, respectively,

culminating in the recruitment of SUMOylated BRCA1 and 53BP1. (b)

Following damage, the sensor kinases ATM and ATR are activated which,

via mediator kinases, lead to activation of damage effectors exerting control

over the cell cycle, apoptosis and DNA repair activation.
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of the MCM replicative helicase following replication fork stalling reveals

regions of ssDNA, which serve to recruit the ssDNA binding protein RPA.

The RPA coated ssDNA provides a platform for both the recruitment ATR

and its catalysis of the phosphorylation of the RAD17-RFC clamp loader.

The phosphorylated RAD17-RFC clamp loader is then responsible for loading

of the DNA damage specific 9-1-1 (RAD9-RAD1-HUS1) clamp complex and

subsequent TOPBP1 binding. The assembly of these signaling components

in response to replication stress further activates ATR kinase activity and

downstream checkpoint activation [69].

With damage recognition signaling initiated, be it for a DSB or stalled

replication fork, signal amplification and downstream effects are controlled

by the checkpoint kinases CHK1 and CHK2, which are primarily activated

by ATR and ATM, respectively. Once activated, CHK1 is free to diffuse away

from the chromatin sites of DNA damage [152] driving events throughout the

cell. One of the primary roles of CHK1 and CHK2 is in halting the cell cycle

following DNA damage. Their key targets to effect this response are the

CDC25 group of phosphatases [176, 47] required for activating CDK2 and

CDK1 and driving cells through the G1-S and G2-M stages of the cell cycle

respectively [42, 186]. CDC25 phosphorylation targets these CDK regulators

for swift destruction via the 26S proteasome, thus increasing the levels of

CDK1 and CDK2 in their inactive, phosphorylated state. This cell cycle

inhibitory action is further reinforced by the CHK1 mediated phosphoryla-

tion and activation of the WEE1 CDK targeting kinase, reviewed in [32].
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Cell proliferation in the presence of DNA damage is also countered by the

activation of p53 mediated apoptosis through CHK2 [231].

Recent work [169] has established that CHK1 and CHK2 are not the only

effector kinases of the DNA damage checkpoint. The p38MAPK signaling

axis, well characterised as a general cellular stress response, is also acti-

vated following DNA damage [167] via phosphorylation of the TAO MAP

kinase kinase kinase (MAPKKK) directly by ATM. These events culminate

in inactivation of CDC25C, mirroring the CHK1/2 dependent pathway [134].

Further work has established that in the absence of p53, the kinase directly

responsible for cell cycle arrest in S phase via ATM/ATR driven CDC25

inactivation, is the p38MAPK binding partner, MK2 [169].

With the downstream targets of the ATM/ATR dependent checkpoint sig-

naling pathway delinieated into three separate pathways, it is also important

to appreciate that CHK1 directly influences the repair machinery. Promi-

nent such examples include CHK1 phosphorylation of RAD51 to promote

HR [184] and the control of crosslink repair through CHK1 phosphorylation

of FANCD2 [164]. CHK1 also serves as part of the replication stress check-

point by regulating replication origin firing [49]. It has been demonstrated

that there is an enrichment of the initiation of late DNA replication origins in

CHK1 inhibitor (UCN-01) treated cells following replication stress [49] and

it is proposed that CHK1 acts to arrest the normal origin firing programme

in cells undergoing replication stress.

The relevance of the DNA damage response is best appreciated when con-
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sidering its physiological role as an anticancer barrier [8]. This role has been

brought to light upon the consideration of two key observations: firstly in-

duction of the DNA damage response in tumour cell lines with overexpressed

oncogenes [205] and secondly the induction of the DNA damage response in

tumour cells isolated from patients in a preadjuvant setting [39]. Based upon

these findings, a model has been proposed [8] in which activated oncogenes

generate replication stress, activating the ATM and ATR signaling pathways

and chanelling a response to the master tumour supressor p53 driving cell

cycle arrest, senescence [9, 59, 10, 23], or apoptosis [27]. In this manner, cells

that are prone to genomic instability are removed from the dividing popu-

lation, protecting the organism from tumourigenesis. This model is broadly

supported when one considers the prevelance of mutations in key DNA dam-

age response proteins in cancer patients (Table 1.1).

1.1.3 Direct ligation of double strand breaks - end join-

ing

The classical non-homologous end joining (NHEJ) pathway is predominantly

responsible for DSB repair in the absence of homologous, undamaged DNA to

act as a repair template i.e. in the G1 phase of the cell cycle. Although there

is growing evidence for alternative end joining pathways, these are outside

the scope of this brief overview. Successful, classical end joining requires five

distinct biochemical functions, namely:

1. Recognition, binding and tethering of free DNA ends.
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Figure 1.2: Non-homologous end joining: Following induction of a double

stranded DNA break (DSB) and initial DSB recognition by the Ku70/80

heterodimer, DNA-PKcs is recruited whereupon it autophosphorylates. The

KU70/80:DNA-PKcs holoenzyme (DNA-PK) then provides the platform for

end processing by the Artemis nuclease, members of the POLX polymerase

family and the PNK kinase/phosphatase. Following end processing, restora-

tion of dsDNA is mediated by LigaseIV and XRCC4.
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2. Signaling of damage status and recruitment of repair proteins.

3. Nucleolytic processing and cleaning of irregular ends.

4. DNA polymerase filling of DNA gaps.

5. Ligation of clean ends.

The NHEJ pathway (Fig 1.2) contains members responsible for each of

these functions and is initiated by the recognition of the free DNA ends of

a DSB by the highly abundant KU70/80 heterodimer (KU), which binds

tightly to DNA ends[113]. The toroidal structure of KU, as revealed by X-

ray crystallography [211], rationalises its ability to bind dsDNA and facilitate

recruitment of other NHEJ pathway members. These may be recruited to

the KU:DNA complex in any order [122], but will be dealt with here in the

order outlined in the above list.

The signaling component of NHEJ is provided by the largest kinase in

biology, DNA-PKcs. With analogy to Ku, this 469kDa kinase forms a gapped

ring structure [181], which is likely to tether the two ends of a DSB. DNA-

PKcs forms a complex with Ku:DNA, which together is referred to as DNA-

PK. The kinase activity of DNA-PKcs is activated upon binding to dsDNA

ends [66] and is required for NHEJ activity [107]. Upon activation, DNA-

PKcs autophosphorylates more than 16 sites. Though the roles of all these

phosphorylation events are incompletely understood, some of this activity is

believed to be involved in promoting disassembly of the DNA-PK holoenzyme

following damage repair [126].
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Once the free DNA ends have been tethered, they may require nucleolytic

processing to remove nucleotide overhangs and damaged bases. The Artemis

nuclease interacts with DNA-PKcs and fulfills this role by virtue of its mul-

tiple activities, including 5’- and 3’- endonucleolytic and 5’-exonucleolytic

activities [113]. The blunt DNA ends are now amenable to further process-

ing by the dual function polynucleotidekinase (PNK), which prepares DNA

ends for ligation by exploiting both its 5’ kinase and 3’ phosphatase activ-

ities. PNK has also been shown to interact with phosphorylated XRCC4,

part of the ligase machinery [101].

Artemis activity at the DSB may lead to 3’ or 5’ DNA overhangs, these

require filling by specialised DNA polymerases of the POL X family (POL

µ, POL λ). The nature of the damage site necessitates the unique poly-

merase characteristics displayed by POL µ and POL λ, such as synthesis

using dNTPs or rNTPs, the ability to synthesise across a discontinuous gap

and template-independent synthesis [113].

Finally, with the DNA ends prepared for ligation, a complex including

DNA ligase IV restores the structural integrity of the damaged DNA. Ligase

IV is required for the ligation reaction and is found in complex with XRCC4,

which acts to stabilise it and stimulate its activity. Similar to XRCC4, which

has no known enzymatic activity, is XLF. Along with XRCC4, XLF stimu-

lates ligase IV activity - both these ligation accessory proteins are required

for NHEJ [126].
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1.1.4 Homology directed repair of double strand breaks

- homologous recombination

Similarly to NHEJ, a number of essential steps are required for homology

directed repair of a double strand break by HR. Successful repair requires

a repair template, provided by the non-damaged sister chromatid. Accord-

ingly, HR can only occur within the S and G2 phases of the cell cycle. Aside

from this general requirement, HR requires 3’-overhanging ssDNA generated

by resection, recombinase activity, DNA synthesis and repair structure res-

olution factors for completion. HR is necessarily more complex than NHEJ

and this fact is reflected at each stage of the repair process:

1. DNA end processing and 5’-3’ resection.

2. Joint molecule formation and repair synthesis.

3. Repair structure dissolution or resolution.

DNA end processing and 5’-3’ resection

With analogy to the damage recognition process outlined above, resection at

the double strand break site is a stepwise, sequential process. Resected DNA

ends (3’ ssDNA overhangs) become coated by RPA and this complex serves

as both a substrate for HR and as an HR signaling platform via activation

of ATR and its downstream target kinase CHK1 [90]. Resected DNA is,

therefore, a prerequisite for HR.
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The initial steps in resection are performed by the multi-component MRN

(MRE11-RAD50-NBS1) complex (Fig 1.3), whose roles in damage recogni-

tion have been introduced above. In vivo, MRE11 forms a MRE112RAD502

core complex to which two monomers of NBS1 bind via interactions with

MRE11 [109]. Whilst it must be borne in mind that MRN functions as a

complex, it is informative to distill it into its constitutive components for in-

dividual consideration. The MRE11 nuclease can bind to and synapse DNA

ends [217], whilst its endo- and exonuclease activities are believed to be re-

sponsible for initial processing of the break site [109]. It is important to note,

however, that the requisite 5’-3’ exonuclease activity for initiation of HR has

not been detected in MRE11, leaving an essential role for further nucleases

to play, such as EXO1 and DNA2, discussed below. RAD50 provides a struc-

tural role within the complex, with an ATP binding cassette coupled to an

extensive coiled coil domain facilitating tethering of two DNA molecules [35],

for example damaged DNA and a repair template [109]. The Walker A and

Walker B boxes reside at the N- and C-terminals of this extended protein,

but form a bi-partite ATPase that is capable of limited dsDNA terminus un-

winding [76]. NBS1 has been described above to localise the MRN complex

to γH2AX via interaction with phospho-MDC1 and also stimulates the ac-

tivity of both MRE11 and RAD50 [160]. The key physiological role of these

(and other) repair factors in maintaining genomic stability is underscored

by the observation that mutation of MRE11, NBS1 and RAD50 have all

been associated with predisposition to cancer (as well as other phenotypes)
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in ataxia-telangiectasia like disease (A-TLD), Nijmegen Breakage Syndrome

(NBS) and an NBS-like condition, respectively [187, 212, 207]. The role in

human disease of numerous proteins from almost the whole spectrum of DNA

repair pathways is highlighted in Table 1.1 at the end of this Chapter.

The MRN complex senses (via the MRE11 dimer and its DNA end

brigding activity [217]) and rapidly localises to DSBs [137] where it is also

required for ATM activation [20]. With MRN in place and initial processing

of the break complete, resection may now proceed, to which end the CTIP

protein is recruited. Structural studies with the fission yeast CTIP homo-

logue (Ctp) and yeast Nbs1 have clarified the mechanism of this recruitment,

with Ctp tethered to a flexible arm of Nbs1 [216]. Once recruited to a DSB,

the CTIP endonuclease complements the endonuclease activity of MRN and

also leads to ssDNA generation, RPA recruitment and ATR activation [177].

It has recently been proposed from studies in fission yeast and chicken cells

that CTIP, assisted by its interaction partner BRCA1, collaborates with the

MRN complex to remove covalently trapped protein:DNA complexes at DSBs

- exemplified by topoisomerases immobilised following topoisomerase poison

treatments [70, 151]. Further development of this idea has been provided

by work in Schizosaccharomyces pombe showing that both Mre11 nucelase

activity and Ctp1 are required for the removal of the Ku70-80 heterodimer

and the MRN complex from DSBs in order to facilitate RPA loading and

successful resection [110].

With resection now initiated via MRN and CTIP, processive tracts of
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3’ overhanging ssDNA appropriate for HR must be generated. Consistent

with the roles played by their homologues in S.cerevisiae, the cooperation

of the Bloom’s syndrome helicase (BLM) and EXO1 5’-3’ exonuclease allows

processive resection [61]. The role of such a helicase/nuclease partnership

in generating ssDNA for HR is a conserved theme across evolution. It has

recently been shown that there are multiple such activities in humans with

the two exonucleases EXO1 and DNA2 playing central roles. In a series of

illuminating in vitro studies, Nimonkar et al [153] reconstitute the resection

machinery and highlight the separate roles of BLM-DNA2-RPA-MRN and

EXO1-BLM-RPA-MRN complexes in long range (greater than 1kb) resec-

tion. In both complexes, the helicase activity of BLM is of central impor-

tance, with the helicase activity of the DNA2 dual function helicase-nuclease

being dispensible. Both complexes are capable of processive resection. The

EXO1 complex, in particular, requires the stimulation of nuclease activity

through its interaction with MRN.

Recent work conducted in S.cerevisiae using covalently blocked DSB ends

generated by the topoisomerase-like transesterase Spo11 has shed light upon

the coordination of Mre11 and Exo1 in resection [55]. Exploiting both Mre11

and Exo1 mutant yeast strains, the authors propose a model in which Mre11

or Sae2 (S.cerevisiae CTIP homologue) endonuclease activity generated nicks

flanking the ends of a DSB. These nicks serve as initiation sites for bidirec-

tional resection by Exo1 and/or Sgs1-Dna2 away from the DSB (5’-3’), and

by Mre11 towards the DSB end (3’-5’). This model is depicted in Fig 1.3
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Figure 1.3: The MRN complex and resection (a) The MRN complex, com-

prising MRE11, RAD50 and NBS1. The MRE11 monomers bind at the DSB

via interaction with NBS1. Donor DNA is tethered to the DSB via RAD50.

The RAD50 ATP binding cassette binds to and catalyses limited dsDNA

unwinding of the donor DNA. (b) Overview of resection with end processing

followed by extensive resection providing a substrate for HR. (c) Resection

is initiated (according to a recently proposed model in S.cerevisiae [55]) by

Mre11 and Sae2 (S.cerevisiae CTIP homologue) endonuclease activity. Ex-

onuclease activity then proceeds from this endonucleolytic nick mediated by

Mre11 in the 3’-5’ direction and by Exo1/Sgs1-Dna2 in the 5’-3’ direction to

reveal fully resected DNA at the DSB site. Sgs1 is the S.cerevisiae orthologue

of the BLM helicase.
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and whilst not yet demonstrated in human cells, provides a cell based model

to relate to the in vitro studies described above [153].

It is critically important to regulate the generation of ssDNA downstream

of CTIP recruitment to avoid inappropriate HR and this is achieved on mul-

tiple levels. Firstly, cell cycle dependent transcriptional control of CTIP ex-

pression, in part due to CTIP’s ability to activate its own promoter via the

E2F/RB pathway [115], ensures minimum levels during the G1 phase of the

cell cycle [227]. CDK phosphorylation at the conserved Thr847 also controls

the resection-promoting role of CTIP [84]. Further regulatory fine tuning,

targeting to break sites and commitment to the HR pathway is achieved by

the BRCA1 tumour suppressor, an E3 ubiquitin ligase commonly mutated

in breast cancer [218, 228, 229]. This interaction is controlled by CDK-

dependent CTIP phosphorylation. More recent work [95] has uncovered the

role of the lysine deacetylase SIRT6 in activating CTIP in response to DSBs

and thereby promoting resection and HR. This discovery reinforces the im-

portance of resection regulation through CTIP and it seems likely that further

players in this process await discovery and characterisation.

Joint molecule formation and repair synthesis

With 3’ overhanging ssDNA revealed and stabilised by interaction with RPA,

the path is cleared for the RAD51 recombinase to be loaded with the assis-

tance of BRCA2 (see below and Fig 1.4) and direct the homologous pairing

of resected DNA with the donor DNA that will provide the repair template.
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RAD51 displaces RPA to polymerise around ssDNA to form a helical nucleo-

protein filament in which the ssDNA exists in an extended conformation [13],

aiding the search for and pairing with donor DNA. RAD51 is the sole mitotic

recombinase in humans and is highly conserved from E.coli and throughout

evolution [174]. RAD51 is a DNA-dependent ATPase [13] and although ATP

hydrolysis is not required for recombination [144], it has been shown to play a

role in dissociation of the RAD51:DNA complex following homologous pair-

ing [24]. An overview of the strand invasion process is provided in Fig 1.4.

Though the strand invasion process requires only RAD51, there are five

RAD51 paralogues (RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3),

which assist in RAD51 nucleofilament formation [225]. The paralogues form

two distinct biochemical complexes (i) RAD51B, C, D and XRCC2 in the

’BCDX2’ complex and (ii) RAD51C together with XRCC3. This biochemical

distinction may be related to a proposed separation of roles for the paralogues

downstream of nucleofilament formation [225]. The BCDX2 complex has

affinity for branched DNA and DNA nicks whilst the RAD51C:XRCC3 com-

plex has been associated with Holliday junction resolvase activity [174, 118].

The assembly of RAD51 onto resected DNA requires the concerted action

of a number of factors, since RPA-coated ssDNA presents a physical barrier

to RAD51 nucleofilament formation, which must be surmounted with the

aid of mediators. In humans, this mediation is controlled by the tumour

suppressor BRCA2, mutations in which (along with mutations in BRCA1,

see above) lead to genomic instability and predisposition to breast, ovarian
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Figure 1.4: The core initiating steps of HR. Following resection, the

RPA:ssDNA complex must be processed by removal of RPA and concomit-

tant RAD51 loading to produce a ssDNA:RAD51 nucleoprotein filament,

which then initiates strand invasion of the double stranded, homologous,

donor DNA template. Mediators of each of these key processes are boxed in

green. The strand invasion process results in both joint molecule and D-loop

formation.
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and other cancers [75]. Since the cloning and sequencing of this pre-eminent

DNA repair gene [220, 203], it has been clear how important BRCA2, along

with BRCA1, is in cancer development. It has taken some time and great

effort to begin to understand the mechanisms by which BRCA2 facilitates

HR.

Initial work on BRCA2 served to identify the presence, conservation and

importance of multiple repeat domains (BRC domains) with RAD51 binding

activity [16, 219], whilst yeast two-hybrid experiments verified this interac-

tion [219]. Further work established the likely role of BRCA2 in HR with

similar DNA repair defects in BRCA2 disrupted cell lines to RAD51 knock-

out cells [29, 159, 142] and the demonstration of compromised RAD51 foci

formation in response to DNA damage in BRCA2-truncated cells [226].

Notwithstanding the knowledge base already established on BRCA2 func-

tion, the greatest strides in defining the activity of BRCA2 in humans have

come very recently with long anticipated purification of this giant 384kDa

protein by three different groups using human and yeast expression systems

[92, 204, 117]. These triumphs have given unprecedented biochemical insight

into how BRCA2 interacts with RPA, DNA and RAD51 in vitro to promote

strand exchange.

This wealth of information is collated and interpreted in a recent review

[75], which provides a convenient framework for considering BRCA2 function.

Crucially and unsurprisingly, given the level of previous knowledge, all of the

studies support the role of BRCA2 in promoting strand exchange by RAD51.
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The ability of BRCA2 to act as an HR mediator is also demonstrated, BRCA2

facilitates the interaction of RAD51 with the RPA:ssDNA complex [92, 117],

although not necessarily by direct interaction with RPA. It is also proposed

[92] that BRCA2 stabilises the RAD51:ssDNA filament by inhibiting RAD51

ATPase activity.

With BRCA2 now firmly established as an essential mediator of RAD51

dependent strand invasion, it is worth noting that this activity is not achieved

in isolation. Various BRCA2 partners have been identified, which serve to

stabilise and stimulate BRCA2 activity. Amongst the recent work using pu-

rified, full length BRCA2, it has been shown that DSS1, a known interaction

partner of BRCA2 [128] stimulates the BRCA2 mediated binding of RAD51

to RPA:ssDNA [117]. Another BRCA2 binding partner, PALB2 both main-

tains the stability of BRCA2, directs its proper localisation within the nucleus

and colocalises with BRCA2 to sites of DNA damage [223]. The importance

of this particular interaction is demonstrated by the association of mutation

of PALB2, a Fanconi anaemia gene, with familial cancers [45, 166]. A recent

and intriguing addition to the the list of RAD51-interacting proteins is Cy-

clin D1, which directly binds RAD51 and is recruited to DSBs in a BRCA2

dependent manner [93], the precise mechanistic role of this interaction is

yet to be uncovererd but illustrates the, at times, surprising complexity of

BRCA2-mediated RAD51 loading process.

Though it is clear that BRCA2 plays an irreplaceable role as a RAD51-

RPA:ssDNA mediator, it is perhaps surprising that RAD52 (which serves
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the mediator function in yeast, which lacks BRCA2) does not exhibit an

equivalent role in humans. Recent work has, however, shone some light on

the importance of RAD52 in the absence of BRCA2 [51]. The authors show

that RAD52 is synthetic lethal with BRCA2 and that RAD52 colocalises

with RAD51 at sites of DNA damage in a BRCA2 independent manner.

The authors go on to suggest that RAD52 is required for HR in cells lacking

functional BRCA2.

Through the coordinated action of BRCA2 and its interacting proteins,

the 3’ hydroxyl group of the resected DNA is placed via the RAD51 nucle-

oprotein filament in a position to prime repair synthesis using homologous

DNA as a template. It is, however, unclear precisely which polymerases per-

form this task in vivo [174], although recent work has shown that a complex

containing the trans-lesion synthesis polymerase POLζ and REV1 is required

for resistance to DSB inducing agents and that this protein complex is re-

quired for efficient HR [179]. The proposed role for POLζ in HR is consistent

with the identification of the POLζ subunit REV3 as a candidate tumour

suppressor with a significant reduction of Rev3 gene expression discovered in

74 colon carcinomas [18] .

The formation of the joint molecule structure, or synapsis followed by

initiation of repair synthesis marks the successful initiation of HR. Further

HR proteins are now required to complete repair in the post synaptic stages.

Key activities at this point include branch migration of the junction formed

by strand invasion as new DNA is synthesised, the remodelling of chromatin
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surrounding the repair site and the resolution/dissolution of the repair struc-

ture to yield fully repaired double stranded DNA (see below).

One remarkably versatile protein reviewed in [130] is involved in nearly

all of the processes outlined above. RAD54 is an ATP-dependent dsDNA

translocase and chromatin remodeller of the SF2 family of helicases. It is

capable of interacting with and stimulating RAD51, facilitating D-loop for-

mation, promoting DNA synthesis and branch migration, as well as having

roles in the removal of RAD51 from double stranded DNA post repair and

stimulating the activity of the MUS81-EME1 nuclease that is involved in

collapsing the repair structure. With proposed roles throughout HR, genetic

data in yeast have pointed towards its importance downstream of RAD51

i.e. post-synapsis [199].

Similarly to RAD51, RAD54 has paralogues, both in yeast and mammals.

Its paralogue in humans, RAD54B, exhibits similar biochemical activities

such as interactions with RAD51, dsDNA dependent ATPase activity and

the ability to promote D-loop formation by RAD51 [174]. Mouse knockout

models have allowed the placing of RAD54B in HR, demonstrating that it

only plays a role in the absence of RAD54 [215].

Through a succession of events catalysed and regulated by the key HR

players RAD51 and BRCA2 and their partners, processive, template directed

DNA repair is initiated. The final stages of HR are no less remarkable, or

simple, and are outlined below.
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Repair structure dissolution or resolution.

There are numerous routes for repair to take following resection and joint

molecule formation, these are illustrated in Fig 1.5. Briefly and with ref-

erence to [195, 174] and Fig 1.5, there are three core homology-directed

pathways: gene conversion (GC), single strand annealing (SSA) and break-

induced replication (BIR), which share common initiating stages but differ in

their outcomes. All pathways are initiated by resection, as described above.

A key intermediate in some of these pathways is the Holliday junction, formed

following crossing over of the invading strand with the donor strand. The

two dsDNA molecules of the repair process are now covalently joined, this

structure must be resolved for repair completion (see below).

Gene conversion repairs two-ended DSBs and is subdivided into two path-

ways. In synthesis dependent strand annealing (SDSA), following D-loop

formation and initial repair synthesis, the repaired strands can re-anneal.

Although a Holliday junction is formed, the newly synthesised strands may

re-anneal without resolvase activity and accordingly non-crossover products

are formed. In the alternate mechanism (DSBR), D-loop migration facili-

tates the capture of the second resected end. Repair synthesis and ligation

leads to double Holliday junction formation. The restoration of two dsDNA

molecules now requires either the dissolution of the double Holliday junc-

tion by topoisomerase-mediated decatenation, specifically the partnership

between the BLM helicase and TOPO3A [221], or its resolution by structure

specific endonuclease activity. The nucleolytic resolution of the double Hol-
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liday junction by structure specific endonucleases (see below) acting in the

horizontal or vertical planes yields either crossover or non-crossover prod-

ucts. A far simpler repair pathway termed single strand annealing (SSA)

may be used in regions of DNA containing repetitive sequence elements. In

these cases, resection reveals intrachromosomal homology, which may be ex-

ploited as a repair template requiring no DNA synthesis. The pairing of the

complementary strands revealed by resection leaves 3’ ssDNA flap structures

Figure 1.5 (following page): Gene conversion (GC) - Following D-loop

formation, the GC pathway diverges. In the absence of double Holliday junc-

tion formation, repair can continue via synthesis-dependent strand anneal-

ing (SDSA) to give non-crossover products. Alternatively, repair synthesis,

D-loop migration and ligation can lead to double Holliday junction forma-

tion. The dissolution or resolution (by double strand break repair (DSBR))

of these structures leads to non-crossover (cleavage marked by blue arrows)

and crossover products (cleavage marked by yellow arrows). Single strand

annealing (SSA) - repeat sequences (shown in blue) facilitate local, in-

tra chromosomal homology-driven pairing and generation of 3’ ssDNA flaps,

which are removed by nuclease activity. Ligation restores dsDNA with con-

sequent loss of genetic information. Break-induced replication (BIR)

- following D-loop formation, repair synthesis continues in two directions

along the whole of the donor chromosome, Holliday junction resolution may

be needed to finish repair.
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which must be removed nucleolytically. SSA leads to loss of sequence infor-

mation. The final repair mechanism that has been characterised occurs at

single ended DSBs, such as those formed at collapsed replication forks and

uses repair synthesis and D-loop migration along the whole of the undam-

aged chromosome to give a crossover product - this is termed break-induced

replication (BIR).

As is now clear, HR produces numerous genetic outcomes. Aside from

subpathway selection, the nature of restoring the joint molecule structure to

its two constituent dsDNA molecules is the key to this variability. Since the

proposal of the Holliday junction recombination intermediate in 1964, there

has been the realisation that nuclease activity is required for the resolution of

a number of proposed HR intermediates. Early studies identified enzymatic

activities, or resolvases, capable of Holliday junction resolution in prokaryotes

and T4 bacteriophage [139, 28, 88] with the prototypical resolvase charac-

terised in E.coli and comprising three proteins: a motor (RuvB) and asso-

ciated partner (RuvA) together with the RuvC nuclease, reviewed in [178].

The search for the eukaryotic equivalents of these model resolvases proved to

be less immediately rewarding with no single candidate standing out. Per-

haps due to the increased complexity of eukaryotic DSB repair there appears

to be more flexibility and redundancy of endonuclease activity higher up the

evolutionary tree. Aside from nucleases, there are likely to be a number of

other necessary activities for Holliday junction resolution. Some intriguing

candidates are the RAD51 paralogues RAD51C and XRCC3, cells deficient
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in which having been demonstrated to exhibit reduced Holliday junction re-

solvase activity [118].

With reference to Schwartz et al [178], the spectrum of structure specific

endonucleases involved in eukaryotic HR may be grouped into four superfam-

ilies (i) XPF, (ii)MUS81/EME1, (iii) GEN1 and (iv) SLX1-SLX4. A great

deal of characterisation work on these nucleases has been conducted in yeast,

however, where possible I will focus on their human counterparts. With anal-

ogy to the bacterial RuvA,B,C machinery, the eukaryotic resolvases generally

take the form of a nucleolytic and non-nucleolytic subunit.

The XPF superfamily is named after the XPF-ERCC1 complex. XPF

is a member of the Xeroderma pigmentosum complementation group and

is mutated in patients with this genetic condition, sensitising them to UV

light and rendering them susceptible to cancers, especially of the skin [195].

Whilst not characterised as a Holliday junction resolvase, this complex is

nonetheless important in DSB repair [4]. The S.cerevisiae orthologues of

XPF-ERCC1 (Rad1-Rad10) remove non-homologous 3’ flaps at DSBs by 5’

endonucleolytic activity [157] and equivalent activity in XPF-ERCC1 has

been deemed responsible for its role in facilitating HR in mammalian cells

by SSA and GC [5].

The MUS81-EME1 complex is a further example of an endonuclease with

multiple endonuclease activities required for HR, primarily at stalled replica-

tion forks and inter-strand crosslinks [67], that possesses 3’-flap and stalled

fork structure endonuclease activities but not resolvase avtivity [26]. It is pos-
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sible that the observed interaction and cooperativity of MUS81 with RAD54

[129] may target it to certain recombination structures.

The long quest for the mammalian resolvase was recently bolstered by

the discovery of human GEN1 by mass spectrometry following the extensive

fractionation of HeLa cell-free extracts and their screening for HJ resolvase

activity [86]. GEN1 is a nuclease capable of a RuvC like symmetrical Holliday

junction resolution as well as 5’-flap and model replication fork structure

cleavage [86]. It seems unlikely, however, that this protein represents the

sole human Holliday junction resolvase. Knockdown of GEN1 in human cells

yields little phenotypic response to crosslinking agents, with a similar lack of

phenotype demonstrable in yeast and C.elegans [178].

The final superfamily currently described is SLX1-SLX4, which was iden-

tified in S.cerevisiae by virtue of its synthetic lethality with the BLM or-

thologue Sgs1 [147]. The human SLX4 orthologue has recently been charac-

terised by a number of groups [149, 50, 196]. Initial characterisation [149]

demonstrated the interaction of SLX4 with, and its stimulatory activity upon,

the structure specific endonuclease family members SLX1, XPF-ERCC1 and

MUS81-EME1 together with cleaved branch structure binding activity. This

study identified human SLX4 by virtue of its homology to its yeast counter-

part. The authors demonstrated the interaction of endogenous SLX4 with

SLX11 and suggest that it acts as a scaffold for SLX4 stimulated SLX1

dependent HJ resolvase activity [149]. This assertion of SLX4 providing a

docking site for SLX1, XPF-ERCC1 and MUS81-EME1 nucleases has been
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supported by studies showing that SLX4 interacts with SLX1 and XPF via

yeast two-hybrid and immunoprecipitation assays and that SLX4-SLX1 com-

plexes may be isolated from human cells and perform HJ resolution in vitro

[50]. A third study identified SLX4 via different means [196] and solidifies the

role of SLX4 and its binding partners as both HJ resolvases and structure-

specific endonucleases capable of cleaving numerous DNA structures arising

during replication fork stalling and HR. The authors [196] mined data from

a proteomic screen using pulled down HA-tagged SLX4 complexes to iden-

tify its central position within different endonuclease complexes (identical to

those already outlined above). The expanding role of SLX4 as a key com-

ponent of the versatile nuclease toolkit within the cell is also beginning to

come into focus with its function in interstrand crosslink repair being regu-

lated by the Fanconi anaemia pathway (see below) and mutations of SLX4

now found in patients with Fanconi anaemia [190, 99]. All the above studies

[196, 50, 149], though focused upon the identification of SLX4 containing

complexes and their in vitro activity with respect to DNA structures arising

during DSB repair and replication fork stalling, also demonstrate the broad

cellular importance of SLX4 with its depletion sensitising human cells to a

range DSB inducing agents.

It is increasingly evident that no single nuclease is required for HR in

humans, however some recent work [214] goes some way to delineating the

hierarchy of the competing Holliday junction resolution pathways. Using

BLM (and therefore Holliday junction dissolution) deficient cells, the au-
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thors demonstrate that depletion of either MUS81 and GEN1 or SLX4 and

GEN1 leads to severe chromosomal aberrations i.e. impaired Holliday junc-

tion resolution [214]. The lack of such a phenotype in MUS81 and SLX4

depleted cells suggests GEN1 alone may be able to compensate for the other

nucleases [214]. What is certain is that the spectrum of structure specific

nucleases in humans work together, in multiple pathways to ensure proper

repair, and that disregulation of this activity can lead to severe consequences,

such as Fanconi anaemia.

1.1.5 Crosslink repair and Fanconi anaemia

An additional DNA repair pathway that is both highly clinically relevant

and intricately linked with HR is the Fanconi anaemia (FA) repair pathway

(Figs 1.6, 1.7), discussed at length in [96] and [148]. The FA pathway is re-

quired for direct repair of interstrand DNA crosslinks, which are particularly

toxic due to their prevention of the separation of the two strands of ssDNA.

The FA genomic instability syndrome is characterised by bone marow fail-

ure, developmental abnormalities and predisposition to cancers, with patient

derived cells exhibiting chromosomal instability [7] and a profound sensi-

tivity to DNA interstrand crosslinking agents such as nitrogen mustards and

mitomycin C [21, 87]. With analogy to the other repair pathways already dis-

cussed, interstrand crosslink repair by the FA pathway requires recognition of

an interstrand crosslink with concomitant activation of checkpoint signaling

and recruitment and activation of repair factors. The crosslink itself is then
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’unhooked’ by endonuclease activity exerted by multiple structure specific

endonucleases before removal by the nucleotide excision repair (NER) path-

way. The damage site may then be bypassed by translesion DNA synthesis,

for example by POLζ or POLN, with ligation restoring dsDNA (Fig 1.6).

Alternatively, the removal of an ICL at the site of a stalled replication fork

can lead to the generation of a single-ended DSB which can be repaired by

the BIR subpathway of HR (Fig 1.7) [148]. The ICL unhooking and removal

process is likely to induce distortion of the DNA double helix, the relief of

which will require helicase activity. Recent work has established a physical

and functional interaction between the FA complementation group helicase,

FANCJ and BLM [193] which may provide just such a helicase activity at

the site of an ICL. The authors find that FANCJ and BLM interact upon

a DNA substrate with a polyglycol linkage and suggest that this interaction

may enable the specific unwinding of the DNA duplex in the lesion bearing

region.

The study of patients with FA has allowed the identification of at least

fourteen FA genes (termed FANCX) and more are being discovered as our

understanding of DNA repair and genomics advances. Some key members

of the family are discussed below, although very few have had any enzy-

matic activity ascribed to them. The initial events following DNA damage

sensing are the recruitment of the FA core complex, comprising FANC-A,-

B,-C,-E,-F,-G,-M, which harbours E3 ubiquitin ligase activity responsible for

the mono-ubiquitination of FANCD2 and FANCI. This single modification of
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FANCD2 is required for a functional FA pathway and governs its colocalisa-

tion with BRCA1 in response to damage induced foci [56], as well as serving

to recruit the FA nuclease, FAN1 [123, 105, 183] and translesion polymerase,

POLN (see below) [37].

Of central importance within the FA pathway is the highly versatile

FANCM. A member of the FA core complex, FANCM facilitates core com-

plex formation on chromatin in response to DNA damage as well as being

implicated in FANCD2 monoubiquitination and the checkpoint response to

interstrand crosslinks [131, 145, 81]. Notably, FANCM is also one of only

two proteins known in the genome that code for both a DNA translocase

and a nuclease in the same polypeptide chain (the other being XPF) [6] and

can bind synthetic Holliday junctions and replication forks as well as har-

bouring branch migration activity [57]. Intriguingly, FANCM-deficient cells

show a phenotype reminiscent of Bloom syndrome cells with increased sister

chromatid exchange [22]. This similarity has been explained by the abil-

ity of FANCM to interact with a BLM-containing complex and target it to

replication forks [36].

FA research is a fertile area, with a host of new pathway members being

discovered recently. A key new FA component is the FAN1 nuclease respon-

sible for the second of two incision steps required to complete the unhooking

of a crosslink - the first being performed by MUS81-EME1. The FAN1

nuclease was identified by sequence conservation with prokaryotic ubiquitin

binding DNA repair associated proteins, interaction with MLH1, as well as
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Figure 1.6: Interstrand crosslink repair by the FA pathway and (inset) FA

coupled HR. An ICL is recognised by FANCM, allowing recruitment of the FA

core complex and monoubiquitination of FANCI and FANCD2. The ICL is

unhooked by the endonuclease activities of MUS81-EME1 and XPF-ERCC1

and removed by NER and dsDNA restored by translesion synthesis (e.g. by

POLζ) and subsequent ligation. Alternatively (inset) HR may be activated

following fork stalling by the accumulatiopn of ssDNA-RPA activating ATR.
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Figure 1.7: Interstrand crosslink repair and HR. ICL repair at a stalled

replication fork may proceed initially via the FA repair pathway with le-

sion recognition and FA core complex assembly as shown in Fig 1.6. The

lesion unhooking mediated by the endonuclease activities of MUS81-EME1

and XPF-ERCC1, ICL removal by NER and trans-lesion synthesis (e.g. by

POLζ) then leads to the generation of a single ended DSB. This structure

may act as a substrate for HR for the completion of repair via the BIR

pathway (Fig 1.5).
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in a genetic screen for proteins involved in repair of interstrand crosslinks

[123, 105, 183]. FAN1 has been shown in these initial studies to be required

for interstrand crosslink repair, to be recruited to sites of DNA damage via

interaction with monoubiquitinated FANCD2, and to possess 5’ flap endonu-

clease activity and 5’ exonuclease activity.

With recombinogenic structures being formed as intermediates of FA

pathway repair, for example via replication fork regression after stalling, one

could expect some interplay with HR. This expectation is increasingly be-

ing realised as the FANCM interaction with the BLM helicase demonstrates.

Other notable additions to the FA pathway that emphasise the crosstalk with

HR include: the SLX4 nuclease - FANCP [99, 190], BRCA2/FANCD1 [77],

its binding partner PALB2/FANCN [168], the BRCA1 associated helicase

BACH1/FANCJ [114] and RAD51C, tentatively assigned as FANCO [209].

Recent developments in the FA field are serving to develop not just the

knowledge of the mechanism of crosslink repair but also to strengthen the

ties between the FA and HR repair pathways, which are increasingly difficult

to consider in isolation of each other.

1.2 DNA double strand breaks, their repair

and cancer

With the exception of surgery, the majority of cancer treatments exploit the

toxic effect of DSBs induced either directly by radiotherapy or indirectly
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via replicative stress or the replicative processing of DNA lesions generated

by alkylating agents, DNA crosslinkers or topoisomerase poisons [72]. Since

DSB induced cell kill is the principle mechanism for so many chemothera-

peutics, appreciating how the cell repairs this damage gives us the power to

understand existing treatments in more depth and to devise new ones.

It becomes obvious, when considering the literature on hereditary cancers,

just how important functional DNA damage repair and repair signaling are in

restraining cancer developent 1.1. Prominent examples of medical conditions

resulting from mutation to a member/members of the DNA damage repair

family, which include amongst their symptoms a predisposition to cancer that

have been cited throughout this introduction include: Ataxia-telangectasia,

Fanconi anaemia, RIDDLE syndrome, Nijmegen break syndrome and familial

breast and ovarian cancers. All of these diseases share a defect in some

component of the DSB repair pathways.

Of unique interest is how understanding the molecular basis of breast

and ovarian cancers, specifically loss of BRCA1 and BRCA2 function, has

led to a novel and highly successful treatment strategy in cancer patients, the

exploitation of synthetic lethality (explained below). Pioneering studies in

two separate laboratories demonstrated the exquisite ability of inhibitors of

the poly-ADP-ribose polymerases (PARPs), in particular PARP1, to specif-

ically kill BRCA1 and BRCA2 deficient cells in vitro and BRCA2 deficient

tumours in vivo [19, 48]. These observations led to the fast tracking of PARP

inhibitors into the clinic where they have proven effective in the treatment
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of breast and ovarian cancers. This interaction between PARP inhibition

(which generates recombinogenic lesions) and BRCA defect is described as

synthetic lethal. Either PARP inhibition or BRCA inactivation alone are not

lethal, but in combination they lead to the accumulation of DSBs that the

cell cannot repair by HR and hence drive toxicity.

Exploiting the non-essential role of PARP in the cell, Olaparib (small

molecule PARP inhibitor) treatment as a monotherapy has in a recent Phase

I clinical trial shown reduced side effects in comparison with conventional

chemotherapy and exhibits antitumour activity in cancer associated with

BRCA1 or BRCA2 mutation [53]. A phase II clinical trial with a different

small molecule PARP inhibitor (Iniparib) in conjunction with chemotherapy

has also shown clinical benefit and increased patient survival in metastatic

triple-negative breast cancer without significantly increased toxic effects [156].

The success of PARP inhibitors in the clinic has helped to bolster the

acceptance that HR and related repair pathways, such as the FA pathway,

are key players in mediating patient responses to numerous chemotherapies

[71]. For example, the response of ovarian cancers to platinum based (DNA

crosslinking) chemotherapy has been correlated with decreased expression of

BRCA1 and FANCF [33, 202] or mutations in BRCA1 and BRCA2 [171, 198].

Furthermore, secondary BRCA1 and BRCA2 mutations in women with so-

matically mutated BRCA1 and BRCA2 may also be used to predict their re-

sponse to chemotherapy [155]. An additional HR mediated resistance mech-

anism to etoposide has been uncovered in small cell lung cancer cells due to
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their high RAD51 levels [68]. It seems reasonable to suggest, in light of these

discoveries, that specific inhibition of HR may be a useful tool for surmount-

ing tumour resistance to standard DNA damaging chemotherapeutics.

The application of HR inhibitors is beginning to be realised in light of

our developing understanding of the mechanism of action of a selection of

recently developed, novel, chemotherapeutics. Much has been written of the

efficacy of the kinase inhibitor Imatinib in the treatment of chronic myeloge-

nous leukemia and gastrointestinal stromal tumours via its selective inhibi-

tion of BCR-ABL, cKIT and PDGFR tyrosine kinases, however there is an

increasing body of evidence to suggest that Imatinib also impairs HR. Ima-

tinib reduces RAD51 expression levels and CTIP activation (and accordingly

resection) in BCR-ABL expressing cells [25, 173].

The impairment of HR by kinase inhibition is not unique to Imatinib, with

both Erlotinib and Gefitinib (targeting EGFR tyrosine kinase domains) be-

ing shown to reduce HR activity, the latter via reducing RAD51 mRNA levels

when used in combination with DNA damaging chemotherapeutics [112, 100].

Nor is this phenomenon restricted to the inhibition of signaling pathways.

Drugs with proven anti-tumour activity targeting a diverse group of pro-

teins that influence protein stability and chromatin dynamics have all been

shown to influence HR. Both the proteasome inhibitor Bortezomib/Velcade

and the heatshock-protein 90 (HSP90) inhibitor 17-AAG influence the sta-

bility of recombination proteins, RAD51 and BRCA2 respectively [150, 154].

Both these agents have been successfully used in the clinic with favourable

62



responses in patients: Bortezomib for multiple myeloma and 17-AAG in com-

bination with Trastuzamab in HER2 positive breast cancers [175, 140].

Chromatin modification also appears to be a relevant clinical target for

cancer treatment. The broad spectrum histone deacetylase (HDAC) inhibitor

PCI-24781 shows promising antitumour activity in combination with radia-

tion in vitro and in human xenograft models and is currently in ongoing

clinical trials for its antitumour properties [1, 120, 201]. In parallel to those

examples listed above, PCI-24781 treatment reduces RAD51 expression lev-

els, leading to HR inhibition [1, 120]. Supportive of the information so far

gathered pertaining to PCI-24781 is the observation that both HDAC9 and

HDAC10 are involved in HR [104].

Though not necessarily the primary mechanism for the observed anti-

tumour effects of these drugs in the clinic, it is intriguing that they share

the ability to limit HR activity in cells, perhaps explaining their utility in

combination with DSB inducing chemotherapeutics. This inhibition of repair

is also brought about in most cases through similar mechanisms - regulating

the expression levels/stability of the core HR factors RAD51 and BRCA2,

suggesting a possible, novel, therapeutic target.

1.3 Project aims

In light of the realisation that HR is crucial for organismal development

and the day to day maintenance of genomic integrity, and given its pivotal

role in cancer development and perhaps even treatment, it is of particular
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interest to fully understand all the factors that influence successful HR repair.

Furthermore, it may be of use to preclinical and eventually clinical studies

to discover and develop compounds that are capable of specifically inhibiting

HR. With these aspirations in mind, my project has been targeted towards

two specific aims:
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1. The identification of novel proteins involved in homologous recombina-

tion.

2. The identification of small molecule inhibitors of homologous recombi-

nation.

1.3.1 The identification of novel proteins involved in

homologous recombination

HR is complex, highly regulated and comprises a host of different proteins

acting at multiple stages throughout the cell. It would be näıve to assume

that we have a complete knowledge of such an intricate system and as such,

new players in HR and related pathways are being described with some reg-

ularity. There are different approaches to identify potential HR proteins,

notable successes in describing new DNA repair proteins have come from

genetic approaches working on heritable conditions predisposing patients to

cancer and demonstrating hypersensitivity to DNA damaging agents. An

alternative approach is to exploit recent developments in RNA interference

(RNAi) knockdown technologies and employ high-throughput screens aimed

at dissecting out those proteins that are required for repair. RNAi relies on

the intracellular processing of long, double stranded RNAs by the DICER en-

donuclease to generate short interfering RNAs (siRNAs) of 21-22 nucleotides

in length, which, through complementarity to cellular mRNA, mediate spe-

cific degradation of their target gene transcripts [52, 14, 44].

I opted to exploit RNAi to screen for novel HR proteins and accordingly
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set out to develop a high throughput RNAi compatible cellular assay capable

of identifying proteins required for HR. This approach draws on a number

of caveats: (i) the availablity of a specific assay for HR activity, (ii) its suit-

ability for manipulation by RNAi and (iii) its scalability for high-throughput

screening. All these conditions had to be satisfied before running the screen

as will be detailed in the subsequent chapters of this thesis.

RNAi screening, though a relatively new science, is not short of success-

ful examples, even within the DNA repair field [183, 85, 182, 121, 133, 161].

Numerous groups have identified novel DNA repair proteins through RNAi

screens and though the assays differ markedly, the results speak for them-

selves. Some illustrative examples applying a variety of RNAi technologies

and readout assays are provided below.

Perhaps the most straightforward RNAi assay involves monitoring RNAi

mediated changes to cell growth/survival. Reliable, high-throughput cell

survival assays, often relying on luminescence or fluorescence, give easily in-

terpretable data. Such assays may be used to identify genes required for resis-

tance or sensitivity to DNA damaging agents; Lord et al [121] used such a set

up with an siRNA library to identify novel determinants of PARP inhibitor

sensitivity. Analagous studies have used cells stably infected with viral par-

ticles bearing shRNAs. Cells are infected with pools containing thousands of

barcoded short-hairpin RNAs (shRNAs, see below for further explanation)

and left to grow in the presence or absence of DNA damaging agents. Within

the cell population, shRNAs specifically depleted in response to treatment
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may be identified by microarrays for the barcoded shRNAs. Such DNA-

damaging agent dependent shRNA depletion identifies those shRNAs that

may target the knockdown of candidate DNA repair gene transcripts. Genes

responsible for resistance to IR and camptothecin have been characterised

in such studies [183, 85]. Other screens have exploited high-throughput mi-

croscopy of immuno-fluorescent readouts to identify genes required for cell

cycle arrest [31, 133]. These studies used antibodies to phosphorylated hi-

stone H3 as a marker for mitotic cells and for the subsequent calculation

of mitotic index. In this way they were able to identify novel proteins re-

quired for the S-phase (RHINO, as part of the 9-1-1 complex [31]) and G2-M

(BRCA2-PALB2 [133] cell cycle checkpoints

The above summary serves to focus attention on two important considera-

tions for RNAi screens. Firstly, the RNAi technology to be used and secondly,

the assay readout. Whilst the latter is down to the imagination and resources

available to the individual researcher, the selection of an RNAi technology

is more restricted. The primary methods of introducing short RNAs into a

cell have all been used in the above examples and employ siRNA, shRNA

and endoribonuclease prepared siRNA (esiRNA). Most RNAi technologies

use a pool of multiple RNAs against each gene target to maximise transcript

knockdown whilst minimising any possible off-target effects of any members

of the pool.

Perhaps the most straightforward to use, siRNAs are duplex RNA oligonu-

cleotides requiring no cellular processing that may be transfected into a cell
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using standard liposome based methodologies. Alternatively, shRNAs may

be encoded into a plasmid and expressed following transfection or viral infec-

tion of DNA constructs and subsequent transcription. The shRNA undergoes

limited processing to remove the hairpin region and reveal an siRNA within

the cell. Finally, a large pool of siRNAs can be generated from a long double

stranded RNA in vitro by endoribonuclease activity. Such a pool of esiRNAs

provides many siRNAs capable of targeting a gene of interest and goes some

way to mitigating the deleterious off target effects that may be seen by using

one or a few siRNAs against a particular gene [224].

Each RNAi technology offers its own specific advantages and disadvan-

tages, which must be considered when interpreting screen data from any

RNAi study. Briefly, simple transfection of siRNA is easy to control but

gives only a transient protein knockdown, whilst stably integrated, inducible

shRNAs may provide more stable knockdown. Certain advantages may be

conferred to RNAi experiments by using a viral system to infect cells with

shRNAs. Such systems have the ability to generate a large pool of viral parti-

cles representing a genome-wide RNAi library to infect a population of cells;

see [85, 183] for examples. Barcoding of the shRNAs provides each shRNA

with a unique nucleotide sequence which may be specifically identified with

a complementary sequence upon a custom micro-array. The barcoding sys-

tem thus allows highthroughput micro-array based analysis of shRNA screen

data. Thousands of shRNA bearing viral particles may be used to infect one

population of cells in a single experiment alleviating the problem of thou-
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sands of single transfections required for an equivalent siRNA based study.

Analysis of the whole cell population and comparison with other populations

(such as drug treated) is then possible using the micro-array technology. As

described above, both siRNA and shRNA technologies may suffer from off-

target effects, as only a limited number of sequences are used to target each

gene of interest. esiRNA avoids this problem by having large numbers of

siRNAs against each gene. This does not remove the possibility of off-target

effects but prevents the dominant effect of a small number of off-target effects

in a small siRNA pool from excessively influencing results.

1.3.2 The identification of small molecule inhibitors of

homologous recombination

The identification of novel small molecule inhibitors of any pathway is a non-

trivial task. Broadly, there are two opposing techniques that may be relied

upon; either cell based or biochemical screens. I opted for the former. Fur-

thermore, since the requirement for high-throughput compatibility is shared

with the proposed RNAi screen, the same assay may be used for both the

RNAi and small molecule screens.

High-throughput screens inevitably involve compromise, by electing to

perform a cell-based as opposed to biochemical screen, it is immediately

apparent that defining the target of any compounds selected from the screen

will be far from straightforward. Bearing this in mind, it is important to

note some specific advantages of a cell-based screen, particularly applicable
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to the search for HR inhibitors, not offered by a biochemical counterpart.

Firstly, where HR is concerned, there is such a plethora of key players

that to limit oneself to a single target in the search for an effective HR in-

hibitor would be to miss inhibitory opportunities elsewhere in the pathway.

The diversity of the targets of those drugs, which have been shown to in-

hibit HR (detailed above) reinforces this point. Secondly, by definition, any

compound that has an effect in a cell based assay already possesses the nec-

essary chemical properties (solubility, partition coefficient) to penetrate the

cell membrane and retain stability long enough to exert an effect. Such prop-

erties will not necessarily be selected for in a biochemical assay and whilst

an investigator may well discover novel, potent and selective compounds for

their given target, these will be of no practical use if they are not cell pen-

etrable and metabolically stable. Just such a situation has been played out

in the search for selective inhibitors of members of the histone demethylase

family by biochemical screening, with numerous promising hit compounds

being unable to penetrate into the cell [N.Rose, C.Schofield - personal com-

munication].

In addition to those compounds that indirectly affect HR reviewed above,

there are some recent examples of compounds successfully discovered/developed

as specific HR inhibitors. These studies have employed a range of techniques

that are illustrative of the spectrum of approaches that may be engaged to

identify inhibitors of such a complex pathway. The work of Hall et al [65] has

exploited the knowledge that the BRC domains of BRCA2 bind to RAD51
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to guide the design of BRC domain based peptide aptamers that when ec-

topically expressed in Trypanosoma brucei, both inhibit DNA damage repair

and sensitise to DNA damaging agents. Other approaches have relied upon

biochemical activity assays. The identification of a specific inhibitor of the

RAD51 recombinase [80] used an in vitro assay with recombinant RAD51

employed to displace, with an unlabelled ssDNA, a quencher labelled ssDNA

from its complementary, fluor labelled strand. Successful RAD51 strand dis-

placement was thus detected by the appearence of fluorescence. An in vitro

WRN helicase activity assay [2] has also been used for the discovery of spe-

cific WRN helicase inhibitors capable of sensitising cells to DNA damage

inducing agents. A futher alternative has applied a Xenopus laevis egg ex-

tract system recapitulating the ATM and MRN dependent response to DNA

damage to successfully identify the MRN inhibitor Mirin [43]. Finally, a cell

γH2AX focus formation assay has yielded inhibitors of the early stages of

the DNA damage response [98]. Whilst still not yet clinically applicable,

these studies serve as a proof of principle for the successful application of a

wide spectrum of techniques to the task of developing specific inhibitors of

homologous recombination.
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Table 1.1: DNA repair and human disease. Disorders

caused by mutations in DNA repair proteins, together

with the DNA repair pathways within which they func-

tion. With reference to [27].

Disorder Mutated protein(s) Pathway(s) effected

Ataxia telangiectasia ATM DNA damage signaling

Ataxia telangiectasia-

like disorder

MRE11 DNA damage signaling,

HR, alt-NHEJ

Bloom syndrome BLM HR

Breast cancer, ovarian

cancer

BRCA1, BRCA2, RAD51C HR

Cockayne syndrome CSA, CSB, XPB, XPD,

XPG

TC-NER

Familial breast cancer ATM, BRCA1, BRCA2,

BRIP1, CHK2, NBS1,

PALB2, RAD50, RAD51C

HR

Fanconi anemia FANCA-C, FANCD1, D2,

FANCE-G, FANCI, J, L-N

ICL repair, HR

Fanconi anemia like

disorder

RAD51C ICL repair, HR

Hereditary nonpoly-

posis colorectal cancer

MSH2, MSH6, MLH1,

PMS2

MMR
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Li-Fraumeni syn-

drome

TP53 DNA damage signaling

Ligase I syndrome LIG1 NER, SSB repair

Ligase IV syndrome LIGIV NHEJ

Nijmegen breakage

syndrome

NBS1 DNA damage signaling

Nijmegen break-

age syndrome-like

disorder

RAD50 DNA damage signaling

Radiosensitive severe

combined immunode-

ficiency

ARTEMIS NHEJ

RIDDLE syndrome RNF168 DNA damage signaling

Rothmund Thomson

syndrome

RECQL4 BER, HR

Seckel syndrome ATR DNA damage signaling

Werner syndrome WRN BER, HR

Xeroderma pigmento-

sum

XPA-G, POLH NER
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Chapter 2

Materials and Methods

Unless otherwise stated, all compounds sourced commercially were purchased

from Sigma. PCI-24781 was acquired by MTA from Pharmacyclics.

2.1 Mammalian cell culture

Cell maintenance

With reference to Table 2.2, all cell lines were grown under identical con-

ditions in plasticware supplied by Corning. All cells were maintained in

T175 flasks in 20 ml Dulbeccos modified minimal essential medium (DMEM)

(Gibco, Invitrogen) supplemented with 10% foetal bovine serum (FBS -

Gibco, Invitrogen), 100 U penicillin, and 0.1 mg/ml streptomycin (referred

to hence as complete media). Cells were grown at 37°C in a humidified at-

mosphere with 5% carbon dioxide and 20% oxygen.

Cells were split every 2-4 days (or when near 100% confluency) by as-
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Table 2.1: Commonly used buffers throughout this study.

buffer

lysis buffer 2X lysis buffer (5ml), 10mM NaF (100µl), 5mM NaPPi

(500µl), H2O (3ml), 1.4ml 7X protease inhibitor (Roche)

2X lysis buffer 25mM Tris-HCl (pH7.6), 150mM NaCl, 1% NP-40, 1%

sodium-deoxycholate, 0.1% SDS

10X MOPS 0.2 M MOPS, 10 mM EDTA, 50 mM NaOAc

1X PBS 1 X phosphate buffered saline tablet per 100ml, 0.01M

Ponceau Red 0.2% Ponceau red and 1% acetic acid in H2O

1X TBS 25 mM Tris, 150 mM NaCl, 2 mM KCl in H2O, pH8.0

TBS-T 1X TBS, 0.1% (v/v) Tween

transfer buffer 1X tris-glycine buffer, 10% methanol (v/v)

1X tris-glycine 25 mM Tris, 192 mM glycine in H2O, pH 8.3

4% PFA 4% paraformaldehyde (w/v) in 1X PBS, dissolved

overnight at 70°C

4 % PFA, 0.1% Triton-X 4% PFA in 1X PBS with 0.1% Triton-X (v/v)

0.3% Triton-X 0.3% Triton-X (v/v) in 1X PBS

3% BSA 3% bovine serum albumin in 1X PBS
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piration of the existing media followed by washing with 10ml 1X PBS and

once with 2ml 1X trypsin-EDTA (0.25% trypsin, 0.53mM EDTA) solution

(made up in 1X PBS from 10X stock; SAFC). Following 5 minutes incuba-

tion at 37°C, trypsinised cells were re-suspended in complete media ready for

seeding.

Thawing and freezing

Liquid nitrogen stocks were rapidly thawed at 37°C for 2 minutes, and the

cell suspension diluted with 10 ml complete media. The cells were pelleted

by centrifugation at 1000g for 5 minutes, the supernatant aspirated and the

cell pellet resuspended with 10ml complete media at 37°C and transferred to

a T25 flask.

Cell lines to be frozen were grown to around 90% confluency in T175

flasks and trypsinised as described above. The cells were re-suspended in 15

ml complete DMEM containing 10% (v/v) tissue culture ready DMSO. 1.5

ml aliquots were then prepared in cyrotubes and frozen at -80°C overnight

before being transferred into liquid nitrogen.

Preparation of cell line clones

Two hundred cells were seeded in a 10cm dish and left to grow for 12-14

days in selective, complete DMEM until visible colonies of cells had formed.

Individual, discreet, colonies were then selected, separately trypsinised and

transferred to 24-well plate where they were grown in selective DMEM until

confluent. Confluent cells were then trypsinised and transferred to T25 flasks
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Table 2.2: Cell lines used throughout this study, together with the species,

tissue of origin and source from which they were derived.

cell line species tissue source

U2OS

human

osteosarcoma ATCC

U2OS-DRGFP cl.1 (UGFP1) osteosarcoma U2OS

MRC5-DRGFP (MGFP) lung fibroblast H.Bryant

MRC5-DRGFP cl.6 (MGFP6) lung fibroblast MRC5-DRGFP

A11 (PARP1-/-)
mouse

embryonic fibroblast N.Curtin

A19 (PARP1wt) embryonic fibroblast N.Curtin

for expansion and further work.

Cell cycle synchronisation

For preparation of S-phase cells, cells were first synchronised in G1 phase by

overnight treatment with 350µM mimosine (dissolved in complete DMEM).

Cells were then released from G1 block by washing with 1X PBS and addition

of complete DMEM. Cells were isolated at 6 hours following mimosine release

to allow for entry into S-phase.

Cell cycle analysis

Highthroughput cell cycle analysis in 96-well plate was conducted by cell

sorting of propidium iodide (PI) stained cells using the Becton Dickinson
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FACSCalibur cytometer. All volumes are per well. Prior to cytometry, cells

were trypsinised in situ with 20µl 3X trypsin (0.75% trypsin, 1.59mM EDTA)

for 20mins at 37°followed by permeabilisation and PI staining by addition of

40µl serum and antibiotic free medium containing 0.75% (v/v) Tween and

0.15µl of 1mg/ml PI.

Low throughput cell cycle analysis was conducted on BrdU labelled and

PI stained cells by flow cytometry. Cells grown in 6-well plates were first

labelled with 20µM BrdU for 20 minutes followed by trypsinisation using the

standard cell culture trypsinisation protocol. Trypsinised cells were collected

and harvested by centrifugation at 1000g for 5 minutes before resuspension

in 100µl 1X PBS and fixation by dropwise addition, with mixing, of ice cold

70% ethanol.

Fixed cells were then processed for FACS by Dr M. Woodcock, as follows:

centrifugation at 700g for 5 minutes followed by resuspension in 1ml of 2M

HCl containing 0.1mg/ml pepsin and incubation at room temperature for 20

minutes. Centrifugation was repeated at 700g for 5 minutes prior to washing

with 1X PBS before a further centrifugation step and resuspension of cells

in 1ml 1X PBS containng 0.5% FBS and 0.5% Tween and 20µl of 10mg/ml

RNase. After an additional centrifugation, cells were resuspended in 100µl

1X PBS containing 2% FBS and 1µl mouse anti-BrdU monoclonal antibody

(Becton Dickinson) and incubated for 90 minutes at room temperature. Sec-

ondary antibody staining was conducted by addition of 2µl goat anti-mouse

Alexa 488 antibody (Invitrogen) and incubation for 60 minutes at room tem-
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perature in the dark. Antibody-stained cells were centrifuged at 700g for

5 minutes before resuspension in 2ml 1X PBS containing 5µl 1mg/ml PI,

incubated for 30 minutes at room temperature and then analysed by flow

cytometry.

2.2 Transfections

PEI plasmid transfections

For the screen optimisation, running and initial post-screen work with the

DR-GFP assay, the transfection reagent polyethylenimine (PEI) was used.

A 100mg/ml stock was made up in water and diluted to a 1mg/ml working

stock, each stock was filter sterilised and the pH adjusted to 7.0 with 5M

HCl. All transfection mixtures were made in a tissue culture hood.

With reference to Table 2.5, cells at 80-90% confluency in 96-well plate

were transfected as follows: Per well, PEI was added to 50µl of optiMEM

(Gibco, Invitrogen), vortexed and left for 5 minutes at room temperature.

To this mixture was added plasmid DNA followed by vortexing. The PEI-

plasmid-optiMEM mixture was left to incubate for 25 minutes at room tem-

perature allowing PEI:DNA complexes to form, before the 50µl solution was

added, dropwise to cells in 100µl antibiotic free DMEM. 24 hours following

transfection, the cells were washed with 1X PBS before addition of 200µl

complete DMEM. Depending on the assay, cells were analysed 48 hours fol-

lowing transfection. In those cases where 384-well plates were used, the
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Table 2.3: Lipofectamine 2000 transfection conditions used in this study with

Lipofectamine abbreviated to ’lipo’ and optiMEM to ’opti’.

plate cell no. (k) lipo(µl) opti(µl) DNA(µg) opti(µl) DMEM (µl)

6 well 350 10 250 4 250 2000

24 well 75-100 2 50 0.8 50 500

96 well 8-15 0.5 25 0.2 25 100

protocol above was adapted by changing the reagent volumes and amounts

(per well) as follows; cells were resuspended in 30µl antibiotic free DMEM

and added to optiMEM 15µl containing DNA (0.09µg) and PEI (0.1125µg)

made up in the same manner as the 96-well plate protocol.

Lipofectamine 2000 plasmid transfections

The majority of post-screening work was conducted with Lipofectamine 2000

(Invitrogen) according to the manufacturer’s protocol. This was deemed in-

appropriate for the screen due to its expense. Transfections were conducted

in 96-, 24- and 6- well plates, depending on the experiment. The reagent

volumes varied depending on the plate/dish used and are shown in Table

2.3. Cells were seeded 24 hours before transfection, or reverse transfected

with siRNA 48 hours before transfection (see below). The transfection mix

was produced in two stages, with separate mixing of the Lipofectamine 2000-

optiMEM and DNA-optiMEM components before incubation for 5 minutes
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Table 2.4: siRNA reverse transfection conditions used in this study with

DharmaFECT abbreviated to ’DF’ and optiMEM to ’opti’.

plate cell no. (k) cell vol. (µl) DF mix (µl) siRNA(µl) opti(µl)

10cm 1300 4000 500 25 475

6 well 350 1600 200 10 190

96 well 8-12 80 10 0.5 9.5

at room temperature. Each of these two mixtures was then combined, vor-

texed and left to incubate for a further 25 minutes at room temperature

before being added dropwise to cells, which had been placed in antibiotic

free DMEM immediately prior to transfection.

siRNA reverse transfections

For all siRNA transfections, the reverse transfection protocol was used; siRNA-

transfection reagent mixture is first plated out with subsequent addition of

trypsinised, suspended cells. This serves to reduce the total time of a ’for-

ward’ transfection protocol by 24 hours as cells do not need to be plated in

advance. In all cases DharmaFECT (Dharmacon) transfection reagents were

used, specifically DharmaFECT 1 or 2. In either case, an identical protocol

was used.

Similarly to the Lipofectamine 2000 plasmid transfections, transfections

were conducted in 96- and 6- well plates as well as 10cm dishes, depending on
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the experiment (Table 2.4). The transfection mix was produced in two stages,

with separate mixing of the DharmaFECT-optiMEM and siRNA-optiMEM

components before incubation for 5 minutes at room temperature. Each of

these two mixtures was then combined, vortexed and left to incubate for a

further 25 minutes at room temperature before being plated into empty wells.

Trypsinised cells were then resuspended and added in the relevant volume of

antibiotic free DMEM to the transfection mix.

2.3 DR-GFP assay

The DR-GFP assay (Fig 2.1 (a)) was run in accordance with the original

publication [165], but modified for 96-well plate. The DR-GFP construct

contains two GFP coding regions; one, full length sequence bearing a prema-

ture stop codon and an I-SceI endonuclease target sequence and the second,

a truncated sequence. Induction of a site-specific double strand break by

the I-SceI endonuclease in the first GFP sequence provides a DSB for HR.

The HR machinery may then use the second, truncated, GFP sequence as a

repair template to generate full length GFP and produce fluorescent cells.

With reference to Fig 2.1 (b), cells bearing the DR-GFP reporter (e.g.

MGFP6, UGFP1 cells) were first treated with compounds or siRNAs and

incubated before a site specific double strand break was introduced into the

reporter. This was achieved by transfection of the cells with a vector encod-

ing the rare cutting I-SceI endonuclease. 24 hours later, cells were washed

with 100µl 1X PBS and 200µl complete DMEM was added. Two days fol-
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Figure 2.1: (a) The DR-GFP HR assay. The GFP reporter consists of two

GFP sequences, the first bearing a premature stop codon within an I-SceI

endonuclease cutting site and the second a truncated GFP sequence. Intro-

duction of a DSB within the first DNA sequence is acheived by transfection

with the I-SceI endonuclease. Successful HR recombines the full length GFP

gene and fluorescence results. The siRNA and small molecule treatment

protocols are shown in (b). For the siRNA protocol, protein knockdown

was acheived by reverse siRNA transfection (48 hours) followed by I-SceI

transfection. GFP-positive cells were counted by FACS 48 hours after I-SceI

treatment. For the small molecule protocol, cells were seeded 24 hours before

a combined compound treatment and I-SceI transfection and GFP-positive

cells were counted by FACS 48 hours thence.
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Table 2.5: DR-GFP assay conditions used in this study with respect to siRNA

and I-SceI transfections. The DharmaFECT transfection reagent is abbrevi-

ated to ’DF’.

cell line [siRNA] (nM) % DF (v/v) DF1/2 I-SceI (µg) PEI (µg)

MGFP 50nM, 20nM 0.100 DF1 0.25 0.50

MGFP6 10nM 0.075 DF2 0.25 0.25

UGFP1 10nM 0.100 DF1 0.25 0.25

lowing I-SceI transfection, the cells were trypsinised as follows: following

washing with 100µl 1X PBS, 30µl 3X trypsin was left on the cells for 20

minutes at 37°C, cells were resuspended either in 1X PBS or 4% PFA. Cells

were then analysed by flow cytometry in a Becton Dickinson FACScalibur

FACS machine with high-throughput capability. CellQuest Pro software was

used to select healthy cells (based on their side- and forward- scatter prop-

erties) for gating and quantifying the percentage of GFP-expressing cells.

The percentage of green fluorescent cells acts as a readout of HR efficiency.

Any compound or siRNA that inhibits HR will lead to a reduction in the

percentage of GFP-expressing cells as measured by FACS. For 384-well plate

experiments, trypsinisation was as above but with the following changes in

volumes: 3X trypsin at 5µl and 1X PBS or 4% PFA at 5µl. Transfection con-

ditions for the DR-GFP assay together with siRNA transfection conditions

for each cell line are given in Table 2.5.
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2.4 Clonogenic and cell viability assays

Clonogenic survival assays

All clonogenic survival assays were conducted with siRNA reverse transfected

cells according to the 6-well plate protocol outlined in Table 2.4. 24 hours fol-

lowing siRNA transfection, cells were trypsinised and seeded in 6-well tissue

culture plates in 2.5ml of complete DMEM. Depending on the concentration

of drug/dose of ionising radiation being applied, non-targeting siRNA trans-

fected cells were seeded at 200, 400 or 600 cells/well. Test siRNA transfected

cells were seeded at 400 cells/well and RAD51 siRNA transfected cells were

seeded at 2500 cells per well due to intrinsically poor colony formation effi-

ciency. siRNA transfected, plated cells were left for 24 hours before drug or

ionising radiation treatment. Drug treated cells were washed after 24 hours

with 1X PBS and 2.5ml fresh, complete DMEM was applied. Cells were then

left to grow for 10 days before removal from the incubator, washing with 1X

PBS and staining with Brilliant Blue (Sigma) for around 10 minutes at room

temperature (0.5ml of stain per well of a 6 well plate). Following staining ,

excess stain was removed and plates were washed in excess tap water ready

for scoring of those colonies with more than 50 cells by hand.

Gamma-ray exposures were performed using a GSR D1 137Cs -ray irra-

diator (Gamma-Service Medical GmbH, Leipzig, Germany) at a dose rate of

1.7 Gy/min.
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Cell viability assay

Cell viability in 96-well plate was estimated following a 1 hour incubation at

37°C of adherent cells with 10 µg/ml resazurin sodium salt dissolved from a

100mg/ml stock in fresh complete DMEM. The resazurin dye is reduced by

NADH and NADPH produced by viable cells to yield a fluorescent product,

which is measured by spectrophotometry. Fluorescence intensity correlates

with viable cell number. Fluorometric analysis was performed at Ex530nm

Em590nm using a Perkin Elmer Envision plate reader. In all cases, blank

controls were subtracted and viability expressed as a percentage of the un-

treated control.

Drug treatments for the cell viability assays were performed 24 hours

following cell seeding, with viability timepoints varying from 24- to 144-

hours post compound treatment dependent on the assay. DNA damaging

drugs were left on the cells until the reading of the first timepoint (i.e. plate

washing and addition of resazurin).

2.5 Gels and blotting

2.5.1 Western blotting

Whole cell extract preparation

Whole cell extracts were prepared from 96-well plated cells using 4 wells

per condition. Wells were washed with 100µl 1X PBS before addition of 20µl

premade lysis buffer, to which protease inhibitors had been added (Complete
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mini - Roche). Lysis buffer was made up and aliquoted into 429µl aliquots

and frozen. Aliquots were thawed and 71µl protease inhibitor (7X, made up

from Complete Mini protease inhibitor tablets, Roche) was added before use.

Lysed cells were pooled from their respective wells and sonicated for 20

minutes on ice, before centrifugation at 13000rpm and 4°C for 15 minutes

to remove cell debris. 19.5µl of the supernatant was then mixed with 7.5µl

nuPAGE LDS loading buffer (Invitrogen) and 3µl 0.5M dithiothreitol before

protein denaturation by incubation at 90°C for 5 minutes.

SDS-PAGE and Western transfer

Prepared samples (20µg as measured by ND-1000 spectrophotometer [Nan-

odrop])) were loaded onto pre-cast 4-12% gradient Bis-Tris gels (Invitrogen)

alongside 5µl of SeaBlue Plus2 protein marker ladder (Invitrogen). Gels

were loaded into tanks (Invitrogen) containing 1x NuPAGE MOPS SDS run-

ning buffer (Invitrogen) to which 500µl antioxidant (NuPAGE Antioxidant

(NP0005), Invitrogen) had been added, in the inner chamber. The gel was

run at 170V for 70 minutes.

Following electrophoresis, the transfer was setup by overlaying a 1X trans-

fer buffer soaked sponge, with 2 similarly soaked pieces of Whatman paper,

which were flattened with a roller to ensure even protein transfer. The gel

was placed onto the Whatman paper, and covered with a pre-soaked nitro-

cellulose membrane. The membrane was then covered with two pieces of

soaked Whatman paper and a soaked sponge after each layer had been flat-
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tened. The sandwiched membrane was loaded into a transfer tank containing

1X transfer buffer and an ice block. Transfer proceeded at 100V for 1 hour.

Following transfer, the nitrocellulose membrane was stained to check for even

loading by staining with 1ml of Ponceau Red for 1 minute at room tempera-

ture. The membrane was then rinsed 5 times for 5 minutes in 1X TBS-T, and

blocked by 1 hour incubation at room temperature in 1X TBS-T containing

5% skimmed milk (w/v, Fluka).

Immunodetection

The blocked nitrocellulose membrane was washed 5 minutes in 1X TBS-T

(five times) then incubated overnight at 4°C in a solution containing 5%

milk and an appropriate dilution of primary antibody (Table 2.6). After 5X

5 minute washes with 1X TBS-T, the membrane was incubated for 1 hour

at room temperature in 1X TBS-T containing 5 % milk (w/v) a 10,000 fold

dilution of secondary antibody (see Table 2.6).
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Chemiluminescence detection

Following 5X 5 minutes washing of the membrane with 1X TBS-T, the BM

Chemiluminescence kit (Roche) was used according to the manufacturers in-

structions. Briefly, 1:100 starting reagent B (stabilised H2O2) was added to

substrate reagent A (buffered solution containing luminol and 4-iodophenol)

and mixed, immediately before use. The nitrocellulose membrane was coated

with the mixed solution (approximately 1ml/membrane) and incubated at

room temperature for 1 minute, before removal of the excess liquid. Incuba-

tion of the reaction substrates with the Horseradish peroxidase conjugated

secondary antibody leads to production of light, which may be detected with

X-ray film. In a darkroom, the membrane was transferred into a Hypercas-

sette (Amersham Biosciences) and overlaid with X-ray film (Fujifilm). The

X-ray film was exposed for between 2 seconds to 5 minutes depending on the

signal and subsequently developed using a film processor (Konica Minolta

SRX-101A).

2.5.2 Northern blotting

Cells were prepared and RNA isolated by the author. RNA electrophoresis,

transfer and detection were conducted by Dr Csanad Bachrati, Helleday lab

according to a standard protocol (Perkin Elmer, see below).
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RNA preparation and electrophoresis

Following sample preparation in 10cm tissue culture dishes, RNA was iso-

lated from the cells using the RNeasy Plus Mini kit (Qiagen), according

to the manufacturer’s protocols. Briefly, cells were lysed with 600µl RLT

plus buffer, mixed and homogenised with a syringe and needle and applied

to a gDNA Eliminator spin column for centrifugation at 10000g for 30 sec-

onds. The flow-through was retained and 600µl 70% ethanol was added, with

mixing. This mix was applied to an RNeasy spin column and centrifuged at

10000g for 30 seconds. The flow-through was discarded and 500µl RPE buffer

was added to the column before centrifugation as above and discarding of

the flow-through. This RPE wash step was repeated before elution with

50µl RNase-free water (Qiagen). RNA concentration was measured with a

nanodrop ND-1000 spectrometer (Nanodrop). 10µg of RNA was mixed with

20µl loading buffer (see Table 2.7) and RNA was run on a 1% agarose gel

containing 0.66M formaldehyde in 1X MOPS buffer (Sigma) together with a

ssRNA marker (NEB) in a fume hood.

Northern transfer

Transfer was conducted using a Genescreen membrane according to the man-

ufacturer’s protocol and buffers therein (Perkin Elmer, GeneScreen). The

RNA gel was soaked in 5 volumes of RNAse free water for around 5 minutes

(X4). A piece of GeneScreen membrane (Perkin Elmer) was cut to the size of

the gel and, once hydrated with water, was soaked in 10X SSC buffer for 15
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Table 2.7: RNA gel loading buffer.

loading buffer

formamide (1.14M) 720µl

10X MOPS 160µl

formaldehyde (12.3M) 260µl

dH2O 180µl

80% glycerol 100µl

bromophenol blue (0.2% bro-

mophenol blue, 10mM EDTA,

50 % glycerol in DEPC-treated

dH2O)

80µl
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minutes. Next, a capillary blot was setup with 10X SSC as a transfer solution

and transfer continued for around 20 hours. After transfer, the membrane

was removed from the gel, rinsed in 2X SSPE buffer and placed (RNA side

up) on filter paper for drying. RNA was then fixed to the membrane using

a 254nm UV lamp for 1min40s at the surface of the wetted membrane. The

formaldehyde reaction was then reversed before probing and detection by

baking the membrane for two hours at 80°C.

Probe labeling

The DNA probe (full length c9orf102 EST from Source Bioscience) was la-

beled using the Rediprime II labeling kit (Amersham). Denatured template

was mixed with 5µl [α32P] dCTP (50µCi), mixed, spun briefly on a bench

top mini-centrifuge before incubation for 10 min at 37°C. Detection was per-

formed using a BioRad phosphoimager.

2.6 Immunofluorescence

All immunofluorescence experiments were carried out in 96-well plates using

U2OS cells (the parent cell line of the UGFP1 cells used for the DR-GFP as-

say described herein), all volumes quoted are per 96-well. Following seeding

or reverse transfection of cells and any drug treatment required and with ref-

erence to Table 2.8, DNA damage was induced in cells by 24 hour treatment

with 50nM camptothecin (CPT), with cells fixed at this 24 hour timepoint in

50µl 4% PFA, 0.1% triton-X for 10 minutes following a wash with 100µl 1X
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Table 2.8: Immunofluorescence treatment protocol for both siRNA and small

molecule treatments.

assay day1 day2 day3 day4

siRNA reverse transfect 8,000 cells add media CPT fix

small molecule seed 10,000 cells compound treat CPT fix

PBS. Cells were then permeabilised with 100µl 0.3% Triton-X for 10 minutes

and washed thrice with 100µl 1X PBS before blocking with 50µl 3% BSA

for 40 minutes. Primary antibodies (against 53BP1, RAD51 and RPA p34 -

see Table 2.9) were made up in 3% BSA at 1:1000 and cells were incubated

with 50µl antibody solution overnight at 4°C. Cells were now washed thrice

with 100µl 1X PBS before a one hour incubation at room temperature with

secondary antibody conjugated to Alexa-488 (Invitrogen) and an additional

three washes with 1X PBS wash as above. Cells were then stained with

DAPI (1:1000 v/v in 1X PBS), left in 100µl 1X PBS and stored at 4°C until

imaging.

Automated image capture and analysis was performed using the InCell

Analyser 1000 (GE healthcare). For each well of a 96-well plate, 4 images

were taken. DAPI positive cell nuclei were detected and only nuclear foci

scored. Irregularly shaped (e.g. apoptotic or checkpoint deficient) cells were

excluded from the analysis. Cells with greater than 5- (53BP1) or 9- (RPA-

p34, RAD51) nuclear foci were scored as positive. These thresholds were
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Table 2.9: Antibodies used for immunofluorescence, both primary and sec-

ondary, together with their respective dilutions.

antigen antibody ID animal clonality dilution supplier

53BP1 A300-272A rabbit polyclonal 1:1000 Bethyl

RAD51 H-92 rabbit polyclonal 1:1000 Santa-Cruz

RPA p-34 9H8 mouse polyclonal 1:1000 Thermo

alexa-488 α-mouse A-11001 goat polyclonal 1:10000 Invitrogen

alexa-488 α-rabbit A-11034 goat polyclonal 1:10000 Invitrogen

alexa-568 α-mouse A-11004 goat polyclonal 1:10000 Invitrogen

chosen to distinguish cells with induced damage from the background level of

foci seen in cells with no induced damage (in this case, no CPT treatment).

53BP1 foci, tended to be larger and fewer in number than both RPA-p34

and RAD51 foci. Alexa 488 secondary antibody imaging was performed at

480nm excitation nd 535nm emission, whilst Alexa 568 secondary detection

was performed at 565nm excitation and 620nm emission.

2.7 Quantitative-, real time- PCR (qPCR)

mRNA isolation and cDNA preparation

qPCR, from cell lysis to the real time PCR reaction, was carried out using the

Power SYBR Green Cells to CT kit (Ambion). Following cell preparation in
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96-well plate, cells were lysed by first washing with 100µl 1X PBS and then

addition of 50µl lysis solution to which 1:100 DNase I had been added. The

DNase I was inactivated by addition of 5µl stop solution and the lysate was

subsequently stored at -20°C.

For cDNA preparation, a reverse transcriptase (RT) master mix (50µl

total), made up with nuclease-free water (Qiagen)) was made containing

25µl 2X SYBR RT buffer and 2.5µl 20X RT enzyme mix with 5µl of the

whole cell lysate (preparation outlined above). This mixture was aliquoted

into a 100µl PCR reaction tube (Axygen) and placed in a Techne TC-512

thermocycler. The reverse transcriptase reaction was carried out under the

following conditions; 37°C for 60 minutes, then stopped by incubating at

95°C for 5 minutes. The reaction was then put on hold at 4°C. cDNA was

stored at -20°C.

Real time-PCR

A 20µl qPCR mix was prepared (in triplicate for each sample) in a 96-

well qPCR plate and sealed with a film (Applied Biosystems). Each sample

contained; 10µl Power SYBR green PCR master mix, mixed forward and

reverse primers (see Appendix) at a final concentration of 250nM, 2µl cDNA

and nuclease-free water. The PCR plate was then loaded into an Applied

Biosystems 7500 Fast Real Time PCR machine and run on the following

cycle (cycle number in paranthesis); 95°C for 10 minutes (X1), 95°C for 15

seconds followed by 60°C for 1 minute (X40). ∆CT data were exported from

96



the qPCR instrument and processed using MS Excel where the results were

normalised to both the internal GAPDH controls and to NT (non-targeting)

siRNA treated samples.

2.8 High-throughput screening

Robotic handling station

All programming of the robotics protocol was conducted by Mr Daniel Ebner,

Helleday lab. The PerkinElmer Janus Automated Workstation was used for

both siRNA and small molecule treatments. The workstation is enclosed in

a tissue culture cabinet, and comprises three principle components; the Flex-

drop - a 96-well automated cell seeding head with connected plate stackers,

the Verispan - eight independent liquid dispensing tips with connected plate

stackers, and the MDT, which is a 96 pin liquid dispensing arm. For the

screens undertaken in this study, the Flexdrop and Verispan modules of the

robotic handling station were used. The Flexdrop 96-well seeding head was

used for steps in the protocol which required the transfer of the same reagent

to all wells in a plate, for example the seeding of cells. The Verispan was

used when small volumes (10µl and under) needed to be transferred.

2.8.1 siRNA screen

The screen was performed using an siRNA library targeting 579 DNA re-

pair and chromatin remodelling genes. Each gene’s transcript was targeted
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Figure 2.2: siRNA screening by robot. (a) The protocol followed by the

robotic handler for siRNA transfection. Briefly, optiMEM was plated into

four 96-well plates to which siRNA from stock plates was added. These

siRNA-optiMEM plates then had optiMEM-DF1 added to them to create 4

transfection reagent plates in which the siRNA-DF1 transfection complexes

could form. These transfection reagent plates were then aliquoted into trip-

licate 96-well plates ready for addition of trypsinised, suspended cells. (b)

outline of the plate layout, with controls in columns 1 and 12 and the siRNA

library in columns 2-11. The layout of the siRNA controls (RAD51, DF only,

NT and an optiMEM only blank) is also shown. DF1 = DharmaFECT1 and

NT = non-targeting siRNA.
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by four separate, distinct siRNAs which were combined into a pool. The

library was supplied plated into 96 well plates. Each well contained a pool of

four siRNAs each targeting the same gene transcript. The siRNA screen ap-

plied the reverse transfection siRNA protocol. In this protocol, trypsinised,

suspended cells are pipetted onto the siRNA-DharmaFECT1 transfection

reagent which has been pre-dispensed into wells of a 96-well plate. Following

optimisation of the siRNA and I-SceI transfection conditions (see Table 2.5),

the siRNA screen was setup and run using UGFP1 cells as follows and with

reference to Fig 2.1(b): siRNA-DharmaFECT1 complexes were made from

the Qiagen DNA damage repair and chromatin modification siRNA library

using the robotic handling station, with the siRNA controls added by hand

and the reverse transfection protocol was carried out according to Fig 2.2

(a). The following day, the antibiotic-free DMEM that the cells had been

seeded in was topped up with 150µl complete DMEM by hand. On the third

day, I-SceI transfection was carried out by hand, with plates washed with

1X PBS and refreshed with 200µl complete medium on the fourth day. Cells

were trypsinised for FACS on day five of the assay, for all screens trypsini-

sation was performed by addition of 20µl 3X trypsin and incubation for 20

minutes at 37°C followed by addition of 40µl 4% PFA. The screen was run

at 10nM and 6nM of siRNA.

99



Figure 2.3: Compound (by robot) and I-SceI (by hand) treatment protocol

for small molecule screen. Briefly, a DMSO stock plate was made up from

the primary compound stocks, from this 800µM compound plate, the robot

made up a working stock in antibiotic-free DMEM. This working stock was

aliquoted, in triplicate to plated cells whilst controls were added by hand -

this served to simplify the robotic protocol and increase its speed. The I-SceI

transfection mix was then added by hand.
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2.8.2 Small molecule screen

With reference to Figures 2.1 (b) and 2.3. Following seeding of 12000 UGFP1

cells in 96-well plates by hand and incubation overnight, the robotic handler

was used to wash the cells with 100µl 1X PBS before addition of 92.5µl

antibiotic-free DMEM. To this medium was added 7.5µl of a working stock

of compound (prepared in antibiotic-free DMEM by the robotic handler). At

this point, controls (blank, 0.5% DMSO, 0.4- and 0.6µM PCI-24781) were

added by hand. Finally, 50µl I-SceI transfection mix (0.25µg I-SceI, 0.25µg

PEI in optiMEM) was added by hand. After a 24 hour incubation, the plates

were washed by hand with 50µl 1X PBS and refreshed with 200µl complete

DMEM. On the final day of the assay, cells were harvested for FACS as

detailed above. Multiple screen runs were required to process all compounds.

The kinase inhibitor screen was conducted as outlined above, but due to

limited compound number, the drug treatments could be performed by hand.

DR-GFP screen data analysis

For both the siRNA and small molecule screens, the same data analysis pro-

tocol was used. Both assays were performed in triplicate, with three separate

plates making up the replicates. With reference to Fig 2.4, following raw data

(% GFP positive cells) collection, all % GFP cell data was normalised to the

mean non-targeting siRNA or DMSO treated wells (for siRNA and small

molecule screens, respectively) on a plate by plate basis. This yielded three

normalised values for each siRNA or small molecule. The mean of these
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Figure 2.4: Screen data analysis flowchart, from raw data to Z-scores.

values was taken and from this a logarithm (base 10) was calculated. This

Log10 value was then used for calculating the Z-score (see below).

Z-score

The Z-score is a metric commonly used in high-throughput screening to cal-

culate the statistical significance of each value in a screen. The Z-score is

calculated by subtracting the mean of the dataset from every individual value

and dividing this number by the standard deviation of the dataset.

The calculated Z-score allows straightforward analysis of a dataset and

stratification of hits. Breifly, a Z-score with a value of 1 represents a datapoint

that lies one standard deviation away from the mean of the population, a

Z-score with a value of 2 is two standard deviations from the mean and so on.

Positive Z-scores represent datapoints above the mean and negative, those

below the mean. High-throughput biological screening groups commonly use

a threshold of a Z-score of two or above (or -2 and below) to define a hit.

In my siRNA screen (DNA damage repair and chromatin remodelling

library, Qiagen), due to the relatively small number of siRNAs used (579),

a Z-score upper threshold of -1.5 was selected, with any siRNA below this

value defined as a preliminary hit i.e. leading to a decrease in HR activity.

Although not statistically rigorous, this approach prevented exclusion of any
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potential hits from the initial hit verification process. This threshold was also

defined by the capacity for follow up work. For the small molecule screen, a

Z-score upper threshold of -2 was used.

2.9 Bacterial culture and plasmid purifica-

tion

Chemically competent E. coli, DH5α (Invitrogen), were used for all bacte-

rial work. Following transformation, selection of vector-carrying clones was

achieved by addition of 100µg/ml ampicillin or 50µg/ml kanamycin to all

media.

Preparation Luria broth (LB) and LB-agar plates

1l of LB was prepared by addition of 25g Luria broth powder to 1l distilled

water and subsequent autoclaving. 1l LB-agar (LB-agar) was prepared by

dissolving 25g of luria broth powder and 8g of agar powder in 1l of deionised

water, followed by autoclaving. LB-agar was melted, cooled, with antibiotic

added at this point before being poured into sterile Petri dishes and allowed

to cool and set.

Thawing and freezing of bacterial stocks

Before freezing, 5ml of selective LB was inoculated with a single colony or

from a glycerol stock and incubated overnight in selective LB at 37°C with
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250rpm shaking. 0.67ml aliquots of this culture were then transferred into

1.5ml cryotubes and diluted with 0.33ml sterile 100% glycerol (v/v). Fol-

lowing mixing, aliquots were transferred to -80°C for long-term storage. A

sterile loop was used to inoculate a LB culture from frozen glycerol stocks.

Transformation of competent cells

Bacterial transformations were conducted in DH5α competent cells according

to the manufacturers instructions (Invitrogen). Briefly, DH5α were thawed

on ice and 1-10ng DNA added to 50µl aliquots. After a 30 minute incubation

on ice, the cells were heat-shocked at 42°C for 45 seconds, and then returned

to ice for a further 2 minutes. 950µl pre-warmed LB media was added to

each tube and incubated at 37°C for 1 hour with shaking at 250rpm. 20µl

and 200µl aliquots were spread on pre-warmed selective plates and incubated

inverted at 37°C overnight. Individual colonies were picked with a sterile loop

and used to inoculate 5ml of selective LB to generate sufficient cells for later

use.

Small scale plasmid purification (miniprep)

Plasmid purification from bacterial cultures was performed using Qiagen

QIAprep spin miniprep kits according to the manufacturers instructions.

Briefly, following overnight growth in 5ml of selective LB in a 50ml tube,

bacterial cells were harvested at room temperature by 3 minute centrifu-

gation at 13000rpm. The pellet was re-suspended in 250µl P1 buffer and

cells lysed by addition of 250µl P2 buffer and thorough mixing. Genomic
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DNA was precipitated from solution by addition and mixing in of 350µl P3

buffer, and the resulting suspension centrifuged at 13,000rpm for 10 minutes

at room temperature. The supernatant was pipetted into a QIAprep spin

column. The QIAprep column was centrifuged for 1 minute at maximum

speed and the flow-through discarded. The column was then washed with

0.5ml PB buffer, centrifuged at 13000rpm for 1 minute and then 0.75ml PE

buffer was added before removal by a further centrifugation step as above.

Plasmid DNA was eluted by incubating 50µl buffer EB on the column for 1

minute before centrifugation into a collection tube.

Medium scale plasmid purification (maxiprep)

Plasmid purification from bacterial cultures was performed using Qiagen

QIAprep Spin Maxiprep kits according to the manufacturers instructions.

Briefly, a starter culture of 5ml of selective LB was inoculated with a single

bacterial colony and grown overnight at 37°C with shaking at 250rpm. 200ml

of selective LB was then inoculated with 1ml of starter culture and incubated

overnight in a 500ml conical flask at 37°C with shaking at 250rpm. Bacte-

rial cells were harvested by centrifugation at 6000g for 15 minutes at 4°C,

and the pellet re-suspended in 10ml P1 buffer. To this suspension 10ml P2

buffer was added, mixed and incubated at room temperature for 5 minutes.

Finally, 10ml of chilled P3 buffer was added with mixing and incubated on

ice for 20 minutes. Precipitated material was removed by two centrifugation

steps at 20000g and 4°C for 30 minutes and 15 minutes, respectively, and the
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supernatant applied to a QIAGEN-tip 500 equilibrated with QBT buffer.

The tip was washed twice with 30ml QC buffer and eluted with 15ml QF

buffer before isopropanol precipitation (0.7 volumes), pelleting of the DNA by

centrifugation at 15000g for 20minutes at 4°C and subsequent washing with

70% ethanol. The dried pellet was redissolved in 1ml nuclease-free water and

stored at -20 °C.

Large scale plasmid purification (gigaprep)

A starter culture of 5ml selective LB medium was grown overnight at 37°C

with shaking at 250rpm following inoculation with a single bacterial colony.

The starter culture was then diluted 1/1000 into 2-3L selective LB medium

and grown overnight in a 5L conical flask at 37°C with shaking at 250rpm.

Following growth, bacterial cells were harvested by centrifugation at 6000g

for 15 minutes at 4°C. The bacterial pellet was resuspended in 125ml of P1

buffer, to which 125ml of P2 buffer was added, with thorough mixing followed

by a 5 minute incubation at room temperature. 125ml of chilled P3 buffer was

then added followed by incubation on ice for 30 minutes. The suspension was

centrifuged at 20000g for 30 minutes at 4°C, the supernatant removed and

re-centrifuged for 15 minutes. Meanwhile, a QIAGEN-tip 10000 was equili-

brated with 75ml QBT buffer and the supernatant then added and allowed to

flow-through. The column was then washed with 600ml QC buffer, followed

by elution of DNA with 100ml QF buffer. DNA was then precipitated with

70ml room temperature isopropanol and centrifuged immediately at 15000g
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for 30 minutes at 4°C. The supernatant was removed and the pellet washed

with 10ml of room-temperature 70% ethanol, followed by centrifugation at

15000g for 10 minutes. After removal of the supernatant, the washed DNA

pellet was allowed to air-dry for 15 minutes, and subsequently redissolved in

10ml nuclease-free water before aliquoting into 1ml aliquots in 1.5ml tubes

and stored at -20 °C.

Following all plasmid purification procedures, DNA concentration was

measured using a Nanodrop ND-1000 spectrometer.

2.10 Cloning

All cloning was performed by Dr Csanad Bachrati, Helleday group.

Vectors

With reference to Fig 2.5, a codon optimised expression clone of c9orf102/RAD26L

was purchased from Qiagen. The I-SceI plasmid was obtained from M.Jasin,

see [165]. A pDsRed-Monomer-C1 (DsRed) plasmid was acquired form Clon-

tech.
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Figure 2.5: Vectors (a) c9orf102 and (b) pDsRed-Monomer-C1.
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Chapter 3

Method Development

3.1 The DR-GFP screen

3.1.1 Characterisation of the DR-GFP assay in MRC5

cells

For both the siRNA and small molecule screens, a reproducible, direct and

high-throughput homologous recombination assay was required. The assay

also had to be reliable; over a period of months-years to facilitate assay

development, running of the screens and any follow up work. In order to

have as much relevance as possible, preference was given to cell-based assays

with human cells being the desired model. Ideally, I wanted to use a primary

cell line, to avoid the compromised genetic background of commonly used

cancer cell lines influencing the results.

An assay that seemed most appropriate in most of the above regards was
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Figure 3.1: Testing of the DR-GFP assay, MGFP cells: (a) Initial testing

of the siRNA DR-GFP assay in 96-well plate using 50nM siRNA targeting

RAD51, XRCC3 and non-targeting (NT) siRNA together with a control in

the absence of I-SceI (-I-SceI). siRNA treatement for 48 hours was followed by

transfection with I-SceI, with cells isolated for FACS 48 hours following the

I-SceI transfection. (b) FACS plots of the raw data plotted in (a), showing

GFP expressing cells. The Y-axis (FL1) represents green fluorescence, whist

the X-axis (FL2) represents red fluorescence. GFP positive cells lie above the

diagonal and are gated in R1. All error bars depicted represent the standard

deviation of two replicates.
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Figure 3.2: Optimisation of the DR-GFP assay in MGFP cells: siRNA me-

diated protein knockdown optimisation - all Western blots run with samples

isolated after 48 hour siRNA treatment. (a) Test of siRNA induced knock-

down of RAD51 and XRCC3 under those conditions used in Fig 3.1 (a).

(b) Optimisation of siRNA transfection reagent conditions with respect to

RAD51 protein knockdown after a 48 hour siRNA treatment. The transfec-

tion reagent DharmaFECT1 (DF1) was used at varying concentrations with a

fixed amount (20nM) of siRNA against RAD51 or non-targeting (NT) siRNA.

(c) Optimisation of siRNA transfection conditions with respect to RAD51

protein knockdown after a 48 hour siRNA treatment. siRNA against RAD51

was tested at 10nM or 20nM in comparison to 20nM NT siRNA. Two dif-

ferent transfection reagents (DharmaFECT1, DF1 of DharmaFECT2, DF2)

at 0.075% and two different cell concentrations of 8,000 and 12,000 cells per

well were tested in combination.
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the DR-GFP assay as developed by the Jasin laboratory [165], see Chapter

2. This cell-based assay may be conducted in human cells and provides an

experimental read out that is specific to homologous recombination. The

main barrier that needed to be overcome was development of this assay for

use in a high-throughput setting. Fortunately, our laboratory possesses a

high-throughput FACS machine (BD FACScalibur) that is capable of auto-

mated processing of trypsinised cells from a 96-well plate. This setup was

used for all the DR-GFP experiments detailed below. With respect to the

siRNA screen, all optimisation was performed with a view to using the Qia-

gen DNA repair and chromatin remodelling siRNA library. This is a focussed

library of 579 pools (each pool consisting of four separate siRNAs), targeting

the mRNA of a particular DNA repair or chromatin remodelling gene. As

detailed in the Materials and Methods Chapter, the siRNA library consisted

of four individual siRNAs against each target gene transcript. Each four,

unique, oligo-nucleotides against each target transcript were supplied pooled

into one well of a 96-well plate and are referred to henceforth as pooled

siRNA or siRNA pools. The RAD51 positive control used throughout this

study was a pool of 4 separate siRNAs supplied by Qiagen. All siRNA trans-

fections were performed using the reverse transfection protocol (Materials

and Methods) where trypsinised, suspended cells are plated into wells of a

96-well plate that already contain the siRNA-transfection reagent mix. This

protocol reduces the time required for a siRNA transfection as compared to a

forward transfection where transfection reagent is added to pre-plated cells.
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Figure 3.3: Testing of clones derived from the MGFP cell line in the DR-

GFP assay, I-SceI transfection was conducted 24 hours following the plating

of cells and cells isolated for FACS 48 hours after I-SceI transfection (or trans-

fection reagent only treatment). Error bars depicted represent the standard

deviation of two replicates.

All initial experimental development was performed in MRC5-DR-GFP

(MGFP) cells with respect to the siRNA screen. The methodology was later

adapted for subsequent small molecule work. Of initial importance was to

test the assay in a 96-well setting using my desired protocol. I elected to es-

tablish siRNA knockdown by reverse siRNA transfection for 48 hours, before

introduction of a site-specific double strand break in the DR-GFP reporter

via transfection of the I-SceI endonuclease. Results were then processed by

FACS 48 hours after the I-SceI transfection. It was important, at this stage,

to test a positive siRNA control for these assays. To this end, siRNAs target-

ing both RAD51 and XRCC3 were used together with a non-targeting (NT)

siRNA negative control.
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Initial tests of the siRNA protocol in MGFP cells (Fig 3.1) demonstrated

that the assay was functional, with an I-SceI specific induction of GFP flu-

orescence as measured by FACS at 96 hours after siRNA transfection, i.e.

with 48 hours to establish protein knockdown, then 48 hours to induce GFP

expression following I-SceI expression. Both the RAD51 and XRCC3 siRNAs

gave a significant reduction in the percentage of GFP positive cells, suggest-

ing that either would make a suitable siRNA positive control. Knockdown

of both RAD51 and XRCC3 was verified by Western blot 48 hours following

reverse transfection of 8000 cells (Fig 3.2). These data suggested that knock-

down of proteins required for HR, before induction of a site-specific double

strand break in the DR-GFP assay, was sufficient to reduce HR efficiency

as measured by the percentage of GFP positive cells in the DR-GFP assay

in my hands. However, it was evident at this stage that the assay required

optimisation. Firstly, the level of GFP expressing cells, even after NT siRNA

treatment, was very low (under 0.25%). This problem was exacerbated by

the modest phenotype displayed by both RAD51 and XRCC3 knockdown,

leaving a small dynamic range in which to detect hits in the proposed siRNA

screen. A solution to these problems was pursued by the optimisation of

siRNA transfections with regard to the transfection reagent and siRNA con-

centration (Fig 3.2). This allowed the establishment of conditions which

gave efficient protein knockdown of the RAD51 positive control, specifically

0.075% DharmaFECT2 (DF2) and 20nM siRNA. Cell number at the point

of reverse transfection did not have a significant effect. All I-SceI transfec-
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tions were conducted under standard conditions, which had previously been

optimised in our lab (Table 2.5).

A possible explanation for the low induction of GFP positive cells by

I-SceI transfection seen in the MGFP cells was their heterogeneity. To cir-

cumvent this drawback, clones of MGFP cells were isolated and selected for

testing under standard I-SceI transfection conditions. This allowed identifi-

cation of a clone (clone 6, or MGFP6) that gave a much higher induction

of GFP expression following site-specific double strand break induction with

I-SceI (Fig 3.3). The MGFP6 cells were used for subsequent method devel-

opment.

3.1.2 Method development in MGFP6 cells

With the MGFP6 cells selected for screen development, I continued the

siRNA knockdown optimisation. In order to increase confidence in the pro-

posed screen, I established that the siRNA transfection conditions defined

above were effective over an extended period of time (up to 96 hours fol-

lowing reverse transfection - the endpoint of the assay), at different siRNA

concentrations and against multiple protein targets (Fig 3.4 (a)). I found

that the protocol was effective at all timepoints and even at the lower siRNA

concentration of 10nM. These conditions (10nM siRNA, 0.075% DF2) were

also tested successfully using the robotic handling station and the appropri-

ately modified transfection protocol (see Figs 2.2, 3.4).

Having determined the effectiveness of the transfection protocol, the DR-
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Figure 3.4: Optimisation of siRNA transfection in MGFP6 cells: (a) Pro-

tein knockdown at different timepoints (post siRNA transfection), at differ-

ent siRNA concentrations and against different targets (RAD51, MLH1 and

WRN). Knockdown levels are compared to both NT (non-targeting siRNA)

and DF1 (transfection reagent only) controls. (b) Confirmation of protein

knockdown with the robotic siRNA transfection protocol, performed at 10nM

and 20nM siRNA concentrations. Antibody details are provided in Table 2.6.
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Figure 3.5: Characterisation of the DR-GFP assay in MGFP6 and UGFP1

cells: (a) DR-GFP assay test in MGFP6 cells with multiple timepoints taken

following I-SceI transfection. (b) Test of multiple siRNAs from the Qiagen

siRNA library in the DR-GFP assay in MGFP6 cells at 48 hours post I-

SceI transfection. (c) and (d) contrast of the DR-GFP assay conducted

side by side in both MGFP6 and UGFP1 (U2OS-DR-GFP clone 1) cell lines

following siRNA or blank (DF1 or DF2) treatment before I-SceI transfection

(48 hours). All error bars depicted represent the standard deviation of two

replicates.
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GFP assay was tested in 96-well plates: 48 hours following siRNA reverse

transfection, I-SceI transfection was performed and cells were analysed for

GFP induction from 48-120 hours after this point (Fig 3.5 (a)). GFP ex-

pression peaked 72 hours after I-SceI transfection, however as this would be

120 hours after siRNA treatment (allowing for possible recovery of protein

expression) and make for a six day assay, I decided to harvest cells for FACS

48 hours after I-SceI treatment, marking out a compromise between efficient

protein knockdown and maximum GFP induction. The final assay condi-

tions I elected upon were as follows; establishment of protein knockdown by

siRNA treatment for 48 hours followed by induction of GFP expression by

I-SceI transfection. FACS was conducted 48 hours after I-SceI transfection.

It was noted at this point that the phenotype demonstrated from XRCC3

knockdown was not significantly different from NT siRNA treated cells and

this extended the concern that it would prove difficult to identify siRNAs

that led to a significant, but not dramatic (as in the case of RAD51 siRNA)

inhibition of HR. To further investigate this problem, a number of different

siRNAs taken from the Qiagen siRNA library (including RAD51), along with

the Qiagen RAD51 control (identical to the Qiagen library RAD51 siRNA),

were tested in the DR-GFP assay with the conditions defined from the pre-

vious work. These siRNAs targeted both known HR proteins and non-HR

proteins with a view to gaining an idea of the kind of data distribution I

might achieve when it came to running the screen (Fig 3.5 (b)). These data

made it clear that the DR-GFP assay in the MGFP6 cells was unlikely to
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be capable of producing a suitable range between the positive and negative

siRNA controls (RAD51 and NT, respectively) in which to characterise a

large number of siRNAs with respect to their effects on HR. Of particular

note was the limited phenotype exhibited by the BRCA2 siRNA (Fig 3.5

(b)).

3.1.3 Method development in UGFP1 cells

At this point I decided to test the DR-GFP assay in the UGFP1 cell line

which had been prepared by Dr Cecilia Lundin (Helleday lab) by stable

transfection of U2OS cells with the DR-GFP vector and subsequent clonal

selection as outlined above for the MGFP positive cells. siRNA and I-SceI

transfection conditions had been defined by her in a similar process to my

work with the MGFP positive cells. This work had demonstrated that Dhar-

maFECT 1 (DF1) was the optimum transfection reagent for work in U2OS

cells and accordingly it was adopted for use in all subsequent siRNA exper-

iments in U2OS cells. Fig 3.5 (c) shows a comparison, conducted by the

author, of the DR-GFP assay run side by side in MGFP6 and UGFP1 cells.

It is immediately apparent from this experiment that the UGFP1 cells are

more sensitive to RAD51 and XRCC3 knockdown in contrast to the MGFP6

cells, although it was also noted that the NT siRNA gave a reduction in

% GFP positive cells relative to DF1 only treated cells. In light of these

favourable data, demonstrating the increased dynamic range of the DR-GFP

assay in UGFP1 cells, I opted to develop the UGFP1 cells for the siRNA
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Figure 3.6: Characterisation of the DR-GFP assay in UGFP1 cells: (a) DR-

GFP assay test with 10nM siRNA in UGFP1 cells with multiple timepoints

taken following I-SceI transfection as indicated in the chart legend. (b) DR-

GFP assay test with 4-, 6- and 8nM siRNA with FACS performed 48 hours

after I-SceI transfection. (c) Knockdown of both RAD51 and WRN at both

48- and 96 hours following reverse transfection with 6nM of siRNA. All error

bars depicted represent the standard deviation of two replicates.

screen.

In an identical approach to my optimisation of the MGFP6 cells for the

siRNA screen, I tested the DR-GFP assay in UGFP1 cells (Fig 3.6 (a)) with

varying timepoints following I-SceI transfection, (siRNA and I-SceI transfec-

tion conditions had previously been optimised by C.Lundin). In line with

earlier observations in MGFP6 cells, GFP induction peaked around 72 hours

following I-SceI transfection. However, a comparable induction was still ap-
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parent after 48 hours and for the reasons outlined above for the MGFP6 cells,

this endpoint was selected for the screen. At this point, it was noted that the

parameters used for high-throughput sample reading [which had been used

for the DR-GFP timepoint experiments in Figs 3.5 (a) and 3.6 (a) and (b)]

were giving rise to large differences between replicates. Subsequent experi-

ments, including the screen itself, were run with larger sample volumes and

a slower sample read time, maximising cell pick up efficiency by the FACS

machine whilst I decided to perform the screen itself and any follow up work

in triplicate.

A remaining optimisation step was to test an internal control for I-SceI

transfection efficiency, with a view to normalising all data in the screen with

respect to this information. To this end, I cotransfected the I-SceI plasmid

together with an RFP encoding plasmid (DsRed). This cotransfection was

performed across a 96-well plate and is visualised using a heat map of the

plate in Fig 3.7. Whilst it was apparent that the level of GFP expressing

cells generally correlated with that of the RFP expressing cells across all

wells, I did not feel that the correlation was of high enough quality to use

for data normalisation. Also of note from these data, was the inherent well

to well variability in GFP expression, which must be borne in mind when

considering the screen data.

The siRNA screen was now run in the UGFP1 cells, by robot, with 10nM

siRNA (see Chapter 4). 10nM siRNA was chosen in order to maximise pro-

tein knockdown, despite the concerns outlined above. It became apparent
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Figure 3.7: 96-well plate heat map following I-SceI and dsRed cotransfection

of UGFP1 cells (48 hours). (a) % GFP positive cells and (b) % RFP cells

as measured by FACS. Scale bars are shown on the right hand side.
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upon analysis of the screen data that the previously observed decrease of the

percentage of GFP expressing cells following NT siRNA treatment relative to

DF1 only treated cells was consistent across the screen, although there was

no toxicity induced by NT siRNA treatment. This possible off-target effect,

coupled with a modest induction of GFP expression led me to test whether

the siRNA concentration used for screening could be decreased to reduce the

observed, non-specific siRNA mediated effect and thus increase the dynamic

range of the assay (Fig 3.6 (b)). This was successful. Upon comparison of the

DR-GFP test data with 4, 6 and 8nM siRNA, it was evident that reduction

of the siRNA concentration to 6nM eliminated the effect of the NT siRNA

whilst retaining the phenotype produced by both RAD51 and XRCC3 knock-

down. Confidence in the effectiveness of the siRNA transfection protocol was

bolstered by the favourable results observed in the DR-GFP assay with as

little as 4nM of siRNA. In order to validate the DR-GFP data, protein knock-

downs with 6nM siRNA for both RAD51 and WRN were demonstrated at

both 48- and 96- hours after reverse transfection (Fig 3.6). The siRNA screen

was repeated using these refined assay conditions. Each siRNA screen was

run in two batches of four siRNA plates (corresponding to 12 plates when

performed in triplicate) per run.

3.2 Small molecule screen assay development

As has been outlined above, optimisation work for the siRNA screen provided

the knowledge base for development of the DR-GFP assay for the small
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moleule screen. However, this is not the only screening approach that I

considered. Although the DR-GFP assay has a number of advantages and

can be used in 96-well format as detailed above, it lacks the throughput

capacity for screening 1000s of compounds in a timely manner in a small

molecule screen. The rate limiting step of the DR-GFP assay is reading the

plates on the FACS machine, which takes around one hour per plate. This

was feasible for the relatively small scale siRNA library but not ideal for a

small molecule screen, numbering thousands of compounds. It was therefore

necessary to consider an alternative screening approach.

3.2.1 Synthetic lethal screen

It has been well documented that HR deficient cells are exquisitely sensi-

tive to PARP inhibitors (see Chapter 1). I proposed to exploit and reverse

this synthetic lethal condition by using PARP1 knockout mouse embryonic

fibroblasts (MEFs) to screen for HR inhibitors. The hypothesis was that HR

inhibitors would prove synthetic lethal to the PARP1 knockout MEFs. By

screening compounds against both PARP1-/- (A11) MEFs and their isogenic

PARPwt (A19) MEFs in parallel, I proposed that compounds specifically

toxic to the A11 MEFs were likely to be HR inhibitors.

As with any screen, a positive control was required i.e. an HR inhibitor.

Although there is a dearth of specific HR inhibitors, a number of small

molecules designed to target non-HR proteins have been shown to inhibit

HR (see Chapter 1). I opted to use the histone deacetylase inhibitor, PCI-
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Figure 3.8: Characterisation of A11, PARP -/- and A19, PARP wt MEFs:

(a) Resazurin cell viability assay response (arbitrary fluorescence units) for

A11 and A19 MEFs seeded at 1-,2-,4-,6- and 8- thousand cells per well and

measured at 24-,72- and 120 hours after seeding. (b) Relative cell viability

curves for A11 and A19 MEFs following PCI treatment over a range of doses

at 48-,72- and 120 hours following PCI treatment (all data points normalised

to the DMSO control). A11 shown in blue, A19 in red. All error bars depicted

represent the standard deviation of two replicates.
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24781 (PCI) for my small molecule screen positive control. This compound

has been shown to reduce RAD51 expression levels and accordingly HR ac-

tivity.

Initial work characterised the growth properties of the low passage num-

ber A11 and A19 MEFs (passages 4 and 11 respectively) with respect to both

cell seeding density and time post seeding. It was important to define seeding

conditions that allowed use of the viability assay within its linear range over

multiple timepoints. Fig 3.8 (a) shows the Resazurin (cell viability assay)

response for both A11 and A19 MEFs seeded at different cell concentrations

and measured at different timepoints post-seeding. These data demonstrate

that seeding of A11 MEFs at two thousand cells per well and A19 MEFs

four thousand cells per well provided cell growth within the linear range

accross the measured time points. Furthermore, treatment with PCI was

demonstrated to lead to the selective killing of A11 cells (Fig 3.8 (b)).

These data provided the confidence to proceed to running a test screen

using the robot. A PCI concentration of 500nM was selected as a positive

control due to the observed selective toxicity for A11 MEFs at this dose (Fig

3.8 (b)). Accordingly, 24 hours after seeding, cells were treated with PCI

or DMSO. Fig 3.9 (a) shows the unexpected results obtained from this test,

with the PCI mediated toxicity almost equal in both A11 and A19 MEFs,

contrary to the effects observed in Fig 3.8 (b). This surprising result led

me to test the stability of the phenotype observed in Fig 3.8 (b). Surpris-

ingly, I witnessed a cell passage number dependent dimunition of the initially
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observed PCI mediated specific killing of A11 MEFs (Fig 3.9 (b)). This phe-

notypic instability is difficult to account for, but may result from either a

longer recovery time after thawing for the A11 cells, making them especially

sensitive to drug treatments or from their instability resulting from PARP1

knockout providing a changing phenotype with time. Whatever the cause, it

was clear, at this stage, that this assay was not appropriate for the proposed

small molecule screen.

3.2.2 DR-GFP small molecule screen

With the synthetic lethal screening approach ruled out and having demon-

strated that the DR-GFP assay in UGFP1 cells was suitable for high-throughput

screening, albeit with questions over throughput, I adapted the assay for

small molecule screening using the protocol outlined in Fig 2.2. 24 hours

following seeding, the UGFP1 cells were treated with a titration of PCI be-

fore immediate I-SceI transfection. This treatment regime is referred to in

relation to the small molecule screen as a ’cotreatment’. Results from the

DR-GFP and cell viability assays (Fig 3.10 (a) and (b)) demonstrate that

PCI is capable of inhibiting the DR-GFP assay in UGFP1 cells and that this

inhibitory activity is not driven by toxicity. It was decided to use PCI at

both 400nM and 600nM in the small molecule screen, to be performed in

triplicate. 400nM PCI was shown to reduce RAD51 protein levels follow-

ing a 24 hour treatment (Fig 3.10 (c)), consistent with both the published

data (see Chapter 1) and its inhibitory effect seen in the DR-GFP assay. To
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Figure 3.9: Further testing of A11 and A19 MEFs: (a) Relative % cell

viability data (normalised to DMSO treated cells) for a test screen run in 96-

well plate using the robot in the A11 and A19 MEFs with PCI at 500nM used

as the positive control. (b) PCI relative cell viability (DMSO normalised)

dose responses for A11 and A19 MEFs with respect to passage number. A11

shown in blue, A19 in red. All error bars depicted represent the standard

deviation of two replicates.
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address the issue of throughput for the proposed small molecule screen, I

conducted a test optimisation of the small molecule cotreatment protocol in

the DR-GFP assay in a 384-well plate (Fig 3.10 (d)). The 384-well plate pro-

tocol yielded excessively large errors between replicates at all cell densities

used, rendering this approach inappropriate for the small molecule screen.

The principle source of the errors was the low cell number, compounded by

the inefficient pick up of cells from the 384-well plate by the FACS machine.

Accordingly, I opted to use the DR-GFP assay in UGFP1 cells conducted in

96-well plates for the small molecule screen.
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Figure 3.10: Characterisation of UGFP1 cells for small molecule screen: Dose

response assays with PCI were conducted in both (a) the DR-GFP assay

performed in accordance with the Materials and Methods with cells seeded

at 12,000 per well and (b) the cell viability assay with cells seeded at 12,000

er well. (c) The effect of 24 hour PCI treatment upon RAD51 expression

levels in UGFP1 cells (12,000 per well) was also tested by Western blot.

(a)-(c) were all conducted in 96 well plate. (d) The small molecule screen

assay was tested in 384-well plate in the DR-GFP assay (UGFP1 cells). The

positive control, PCI, was tested at 500nM. Four different cell densities were

tested across all conditions; cell number is shown in the figure legend. All

error bars depicted represent the standard deviation of two replicates.
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Chapter 4

Results: siRNA screen

4.1 siRNA screens

4.1.1 10nM screen

Following optimisation of the UGFP1 cells for the high-throughput DR-GFP

assay, the siRNA screen was run at an siRNA concentration of 10nM, which

had been demonstrated to provide robust protein knockdown and a reason-

able dynamic range for data collection (Fig 3.5). Initial analysis of the screen

data, including quantification of the controls for each replicate plate (Fig 4.1

(a)) and replicate analysis (Fig 4.1 (b)), highlights a number of potential

problems with the 10nM screen, which needed to be addressed (see below).

Firstly, the overall induction of GFP was low across most of the plates and

although relative values were consistent from plate to plate, absolute % GFP

positive cell values were variable. The NT siRNA treated control wells some-
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Figure 4.1: siRNA screen in UGFP1 cells at 10nM. (a) Representative DR-

GFP assay data for control wells of three individual replicate plates from

the 10nM siRNA screen (24 plates in total). Each siRNA library plate (8

in total) was tested in triplicate. (b) Representative DR-GFP assay data

from two of the eight siRNA library plates, comprising the mean of three

replicates, each normalised to the NT siRNA control. Each well represents

an siRNA pool targeting a particular gene. All error bars depicted represent

the standard deviation of at least two replicates. In some cases replicates

were excluded where the FACS machine had failed to pick up sufficient cells

for counting.
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times displayed below 1% GFP positive cells. It was also clear that the pre-

viously observed phenotype from the NT siRNA, as compared to the blank

(DF1 only treated) cells was still present. This off target effect of the NT

siRNA, coupled to the low level of GFP induction and sizeable differences

between replicates served to minimise the dynamic range of the assay and

reduce confidence in the results and is what led to the testing of lower siRNA

concentrations for the DR-GFP assay 3.6. Nonetheless, examination of the

normalised HR activity for each siRNA plate (Fig 4.1 (b)), revealed that

those siRNAs causing a decrease of HR activity often replicated consistently

across the screen. There were also a relatively large number of siRNAs which

led to an increase in relative HR activity. This may be accounted for by the

effect of the NT siRNA to which all points of the dataset were normalised.

4.1.2 6nM screen

Realising that the 10nM screen had some clear drawbacks and following

re-optimisation of siRNA knockdown conditions (Chapter 3), I re-ran the

siRNA screen at an siRNA concentration of 6nM, with freshly thawed and

recovered UGFP1 cells aiming both to reduce the off-target effect of the

NT siRNA, whilst increasing levels of GFP induction. Analysis of the 6nM

screen data revealed some key improvements (Fig 4.2). The off-target effect

of the NT siRNA treated cells was diminished (albeit not eliminated) at

the lower siRNA concentration and the level of GFP induction was also

increased. These changes improved the quality of the screen dataset. It
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Figure 4.2: siRNA screen in UGFP1 cells at 6nM. (a) Representative DR-

GFP assay data for control wells of three individual replicate plates from the

6nM siRNA screen (24 plates in total). Each siRNA library plate (8 in total)

was tested in triplicate. (b) Representative DR-GFP assay data from two of

the eight siRNA library plates, comprising the mean of three replicates, each

normalised to the NT siRNA control. Each well represents an siRNA pool

targeting a particular gene All error bars depicted represent the standard

deviation of at least two replicates. In some cases replicates were excluded

where the FACS machine had failed to pick up sufficient cells for counting.
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Figure 4.3: siRNA screen datasets. (a) Ranked Z-scores for the 10nM and

6nM siRNA screens in the UGFP1 cells. Each data point represents the Z-

score calculated from the triplicate data obtained for one siRNA pool from

the siRNA library. (b) Correlation plot of the 10nM screen Z-scores versus

the 6nM screen Z-scores.

was also observed that across both screens, the RAD51 siRNA control was

consistently effective.

A profile of the complete Z-score dataset for each screen, together with a

correlation plot between the two datasets, is shown in Fig 4.3. The ranked Z-

score data demonstrates a normal distribution across each screen, whilst the

correlation plot may reflect both the change in conditions between the two

screens as well as the inherent variability of this assay in a high-throughput

setting.
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Figure 4.4: siRNA screen hit-list showing Z-score values for both the 10nM

and 6nM screens. Known DSB repair proteins are highlighted in orange and

proteasome subunits in blue.
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4.1.3 siRNA screen - hits

With the siRNA screening now complete, it was important to define a hit

list for further work. Although there were some limitations with the 10nM

screen data, both the 6nM and 10nM datasets were processed using the Z-

score metric (Chapter 2), providing values representing the distance of each

point of the dataset from the the mean of the population. All Z-scores under

0 represent a decrease in the percentage of GFP positive cells relative to the

population mean. A Z-score of -1 is a datapoint one standard deviation below

the mean, -2 is two standard deviations below the mean and so on. Z-score

analysis allowed ranking of the hits with respect to their statistical signif-

icance (but not necessarily the magnitude of their effect in the DR-GFP

assay). A standard cut off for a statistically significant hit in a biological

screen of this nature is a Z-score of under -2 (i.e. any datapoint lying greater

than two standard deviations below the mean). Analysis of both data sets

(Fig 4.4) showed this cut-off yielded 21 and 22 hits in the 10nM and 6nM

screens, respectively, or around 3.5% of the siRNA library. The hits iden-

tified in each separate screen showed only a limited amount of overlap but

in both cases, a number of siRNAs targeting known DSB repair genes were

identified under the initial -2 cut-off (Fig 4.4) DSB repair genes highlighted

in yellow). These included the key HR gene BRCA2 and its binding partner

DSS1 in both screens. Of additional interest, given the documented effect

of proteasome inhibitors on HR was the presence in the hit-list of siRNAs

targeting proteasome subunits (Fig 4.4 highlighted in blue). It is also note-
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worthy that numerous repair factors from non-HR pathways, in particular

NER and BER were identified in both screens (Fig 4.4 and 4.1). This result

raises the possibility of interplay between HR and other repair pathways not

traditionally associated with DSB repair.

Table 4.1: siRNA screen hit-list compiled from the 10nM

and 6nM screens.

Target Z-score function

ALKBH2 -1.7 E.coli nucleic acid demethylase alkB, homolog 2

APEX1 -1.6 BER, AP-endonuclease

ASPH -2.5 Aspartate beta-hydroxylase

ATRIP -3.0 ATR-interacting protein

BRCA1 -2.8 Multiple DSBR pathways

BRCA2 -3.9 Multiple DSBR pathways

BRD1 -1.4 Bromodomain containing 1 - histone acetyl lysine bind-

ing

BTBD12 / SLX4 -3.3 Structure specific endonuclease complex member

C17orf101 -3.3 Uncharacterised

C9orf102 -3.1 Uncharacterised

CCND1 -1.9 Cyclin D1

CHD8 -3.5 Chromodomain helicase DNA binding protein 8

COPB2 -4.4 Coatomer protein complex member - Golgi trafficking

EME2/SLS2 -3.3 Repair endonuclease - not characterised
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EP400 -1.9 E1A binding protein

ERCC2 -1.6 NER, XPD helicase

FANCG -1.7 Multiple DSBR pathways

FANCM -3.5 Multiple DSBR pathways

HIF1AN -2.3 Hypoxia inducible factor 1

HIST2H2AA3 -2.0 Histone H2A family member

HMGB2 -1.6 High-mobility group box 2

IFNGR2 -1.8 Interferon gamma receptor 2

IGF2 -1.7 Insulin-like growth factor 2

IRS1 -2.0 Insulin receptor substrate

KDM3B/JMJD1B -3.5 Lysine demethylase 3

MAD1L1 -2.5 Spindle checkpoint protein

MBD1 -2.2 Methyl-CpG binding domain protein 1

MSH4 -2.0 MutS homologue 4

MTHFD2 -2.1 Mitochondrial metabolism

MUTYH -2.1 MMR - MutY homologue

MYST1 / hMOF -3.3 Histone acetyl transferase

NBN / NBS1 -1.6 MRN complex member

NTHL1 -2.5 BER endonuclease

NUDT1 -1.9 Hydrolisis of damaged nucleotide bases

NUP205 -4.4 Nucleoporin

ORC2L -1.8 Origin recognition complex protein

PAFAH1B3 -1.7 Platelet-activating factor acetylhydrolase subunit
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PAICS/ADE2 -1.7 Purine biosynthesis

PALB2 -1.9 Partner and localizer of BRCA2

PLK1 -2.0 Polo-like kinase 1 - G2-M checkpoint

POLL -2.6 Pol lambda

POT1 -1.7 Protection of telomeres

PSMA1 -1.8 Proteasome subunit

PSMC4 -2.7 Proteasome subunit

RAD18 -1.9 E3 ubiquitin ligase, targets PCNA in response to DNA

damage

RAD9A -1.8 9-1-1 complex

REV3L -1.7 Catalytic subunit of DNA pol zeta

RPA1 -1.6 Coats resected ssDNA

RPL35 -2.2 RPA 30kDa subunit

SETD8 -1.7 Ribosomal protein L35

SHFM1/DSS1 -2.1 BRCA2 binding partner

SMARCA1 -1.9 SWI/SNF related DNA translocase

SNRPE -2.7 Small nuclear ribonucleoprotein polypeptide E

SNRPF -3.0 Small nuclear ribonucleoprotein polypeptide F

SUPV3L1/SUV3 -2.2 RNA, DNA helicase with nuclear and mitochondrial

functions

TAL1/SCL -2.3 T-cell acute lymphocytic leukemia 1 transcriptional reg-

ulator
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TET3 -1.6 Tet family oncogene -meC demethylase -epigenetic re-

programming in mice

TGIF1 -1.7 TGFB-induced factor homeobox 1

TOPBP1 -1.7 Topoisomerase II binding protein 1

TREX1/DNAseIII -2.1 Three prime repair endonuclease

TRIM28/KAP1 -2.4 Heterochromatin protein, binds HP1

UBA52 -1.6 Ubiqutin-ribosomal L40 fusion protein

XAB2 -3.5 NER, XPA binding protein

The hit-list was then expanded by raising the Z-score cut-off to -1.5. This

was done for two reasons: Firstly, as can be seen in Figs 4.1 and 4.2, the

data quality for the screens was not perfect and it is likely that possible,

novel HR genes may be excluded from the hit list with a more rigorous

cut off. This reasoning is strengthened upon examination of Fig 4.4, which

shows a number of known HR genes falling above the initial -2 cutoff, most

notably RPA1, in both screens. Secondly, the capacity for follow-up of the

initial hits was defined by the throughput of the DR-GFP assay. Given the

demonstrated capacity for high-throughput, it was of little extra effort to

increase the number of preliminary hits for hit confirmation and validation.

Also included in the validation list at this point was BRD1 (Z-score -1.3 in

6nM screen), despite being outside the cutoff threshold, I believed it was

an interesting but poorly characterised chromatin remodelling protein that

could readily be accomodated in the follow up work.
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Hit validation

Initial hit validation, to confirm the observations of the initial screens, was

performed in the DR-GFP assay at and siRNA concentration of 6nM with a

combined list of preliminary hits (all those giving a Z-score of <-1.5 as well

as BRD1, Z-score -1.3) taken from both the 10nM and 6nM screens (Fig 4.5

(a)). Most siRNAs selected as preliminary hits from the screens and re-tested

gave a decrease in DR-GFP assay activity (those not giving a reduction with

a p value of p <0.05 are marked in red) providing confidence in the initial hit

screen and hit selection process and although the selected hit c9orf102 (see

below) did not produce a statistically significant reduction in the DR-GFP

assay, an inhibitory effect was later confirmed in the siRNA deconvolution

experiments (Fig 4.7). The ranking of the siRNAs in the DR-GFP validation

experiment did not recapitulate that seen in the screen, which may reflect the

noise in the initial screening dataset and experimental variability (e.g. vari-

able knockdown efficiency and I-SceI transfection). Further analysis of the

validation data was performed by plotting the normalised percentage of GFP

positive cells versus normalised cell count data (Fig 4.5 (b)) to determine is

there was any correlation between the inhibition of the DR-GFP assay and

siRNA-induced toxicity. These data confirmed that not all hits were toxic,

though many had an apparent effect on cell viability as might be expected

from perturbation of HR. The concern that a large number of toxic siRNAs

would be selected in the data analysis as false positives was thus dismissed.

In order to complete the validation of the screen hits, those siRNAs which
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Figure 4.5: siRNA hit validation. (a) DR-GFP assay performed with prelim-

inary hits from the siRNA screen in UGFP1 cells. Those with a p value of p

>0.05 are highlighted in red. Hits later selected for follow-up are highlighted

with blue arrows. (b) Plot of relative percentage of GFP positive cells versus

relative cell count (obtained during the FACS based screen) for the hit vali-

dation experiment. (c) Validation of all those siRNAs leading to an increase

in HR activity in the original 6nM and 10nM screens in the DR-GFP assay

in UGFP1 cells. Those with a p value of p <0.05 are bracketed with a * .
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led to an increase (Z-score greater than 2) in the DR-GFP screen were re-

tested in the same assay (Fig 4.5 (c)), with only five giving a significant

increase in activity (p >0.05). Such siRNAs were not the focus of this par-

ticular study and were not pursued further. Far fewer siRNAs were identified

at this end of the dataset, suggesting a bias in the assay towards identifying

siRNAs with an inhibitory effect on HR or that few of the proteins whose

knockdown are targeted by the siRNA library have an inhibitory efect on

HR. This skewing of the data may also reflect the composition of the siRNA

library used in this study, with a predominance of DNA repair factors.

Further validation of the preliminary hits was conducted at the higher

siRNA concentration of 10nM, to maximise protein knockdown and continued

by testing for their effect on the cell cycle profile of the cells. The off-target

effects of the NT siRNA witnessed in the DR-GFP screen were less of a

concern when working on a smaller number of samples as the replicate data

quality of these smaller scale experiments was improved. These off-target

effects were only observed in the DR-GFP assay and none of the others herein

described. It was important to establish that the hits were not exhibiting

their inhibitory effect on the DR-GFP assay due to an arrest of the cells in

the G1 phase of the cell cycle. Such an effect would render HR impossible

and give rise to a false positive in this assay. In general (Fig 4.6 (a)), G1

arrest was not observed for any of the siRNAs, although a number of siRNAs

did cause the accumulation of cells in G1 (greater than 70% G1 cells). Only

one of those siRNAs generating a G1 phase bias (BRD1) was selected for
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further work.

The final stage of the validation process was performed with selected siR-

NAs of most interest from the preliminary hit list. The selection criteria

at this point were for these targets that represented possible novel (i.e. not

already linked to repair) HR proteins for which a plausible mechanism could

be hypothesised. For example, growth factors that had been identified as

preliminary hits were discarded from further analysis. This refined prelim-

inary hit list was then used to perform a DSB inducing agent sensitisation

assay (Fig 4.6 (b)). Any siRNAs leading to sensitisation to DSB induction

could then be considered to target possible HR proteins. Following a 24

hour reverse transfection with the selected siRNAs, cells were treated with

the bifunctional alkylating agent mitomycin C (MMC) at 50ng/ml, which

generates inter-strand DNA crosslinks (ICLs) leading to DSB formation in

a replication dependent manner. Cells were exposed continually to MMC

for 120 hours before deteremination of cell viability with the resazurin assay

(see Materials and Methods). Such ICLs require both HR and ICL repair

pathways for repair and inhibition of HR leads to sensitisation of cells to this

agent, as may be seen for the RAD51 siRNA treated cells (Fig 4.6 (b)). The

normalised effect of each selected siRNA on cell viability is plotted in Fig

4.6 (b). Alongside the RAD51 positive control, a number of siRNAs led to

strong sensitising effects and the majority gave some sensitisation to MMC

treatment, consistent with the DR-GFP data. The most profound effect

was seen with the siRNA targeting the gene for the predicted DNA helicase
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c9orf102/RAD26L, see below. These data are suggestive of a role in HR for

a number of the siRNAs captured from the screen, however it is noted that

such a sensitisation assay, based upon cell viability at a single concentration

of MMC may not be effective across all the siRNAs tested. Nevertheless,

these data provide a useful, high-throughput assessment of the validity of

the siRNA screen.

4.2 siRNA hit deconvolution

Hit selection

Having defined a preliminary hit list from the 10nM and 6nM siRNA screens

and with confidence in their ability to inhibit the DR-GFP assay and in many

cases, sensitise cells to mitomycin C treatment, it was now necessary to man-

ually curate the list to a more manageable number for hit deconvolution and

initial characterisation. The selection criteria were as follows and in line with

my research priorities. The project aim was to identify novel HR proteins, so

siRNAs targeting genes for proteins which had no known, or a poorly char-

acterised role in HR, were prioritised, with initial emphasis on completely

uncharacterised proteins (in particular, c9orf102; see below). Furthermore,

it was important to be able to visualise a prospective role within HR for

these hits whether direct, or indirect. For example DNA translocase activity

may have a direct role in HR (e.g. RAD54) whereas chromatin modification

could have direct or indirect roles (e.g. RNF8 mediated H2A ubiquityla-
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tion or global heterochromatin changes respectively). With these criteria in

mind, the hit list for further work was defined as BRD1, c9orf102, CHD8,

JMJD1B, TET3 and SUV3. In brief, the known/predicted functions of these

selected hits, are annotated in Table 4.2 and constitute (unsurprisingly, given

the nature of the siRNA library) a mix of DNA helicases, chromatin remod-

ellers and chromatin binding proteins. The knowledgebase for these hits

varies from completely uncharacterised (c9orf102) to well characterised both

biochemically and cell biologically (SUV3) [136, 135, 180, 162].

The selected hits were not necessarily the top ranked from the initial

screen data analysis. This may be rationalised when one considers that the

Z-score ranking takes into account not just the magnitude of the observed

effect of each hit, but also the data quality of that particular datapoint, i.e.

siRNAs giving a large decrease in HR but for which replicate data quality

were poor, will come lower down the hit list than if only the magnitude

of their phenotype was taken into account. Furthermore, a number of hits

near the top of the initial hit-list were targeting known HR genes and were

accordingly of little interest for follow up work. There were a number of

known BER and NER proteins amongst the hits but as my focus was on

poorly characterised proteins, I elected not to follow these up, though they

would serve as interesting targets for further work within our laboratory.
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Table 4.2: Selected hits from DR-GFP screen, together with known functions.

Predicted protein functions have been assigned according to their annotation

in PubMed with specific references, where relevant, included.

ID target description

BRD1 predicted bromodomain con-

taining protein

binds acetylated lysine

residues as part of HAT

complex [138]

c9orf102/

RAD26L

predicted SF2 DNA helicase

with homology to RAD26

not characterised

CHD8 chromodomain helicase transcription and gene expres-

sion

JMJD1B predicted histone lysine

demethylase

not characterised

TET3 tet oncogene family member,

methyl-cytosine demethylase

epigenetic reprogramming [62]

SUV3 nuclear and mitochondrial

DNA and RNA helicase

mitochondrial RNA process-

ing, implicated in DNA repair

[136, 135, 180, 162]
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4.2.1 siRNA hit deconvolution

With the final hit-list defined, my initial priority was to ’deconvolute’ the

siRNA reagents that had been used in the screen, namely, siRNA pools of

four individual siRNAs all targeting the same transcript. To this end, each

of the four siRNAs constituting the original siRNA pool that was used in the

initial screen was purchased (Qiagen) and tested individually, alongside the

pooled siRNA reagent for their effect on the DR-GFP assay and, importantly,

transcript levels by quantitative real-time PCR (qPCR). The deconvolution

data are shown in Figs 4.7 and 4.8 and are discussed below. It is common

practice in siRNA screens to consider a hit validated if 2 or more of the

pooled siRNAs agaist one target give rise to the same phenotype.

Deconvolution: DR-GFP

With reference to Fig 4.7, all DR-GFP (and most subsequent) deconvolution

experiments were conducted with an analagous layout consisting of the pos-

itive control (RAD51 in the case of DR-GFP experiments), the NT siRNA

and a blank (transfection reagent only) alongside the four individual siR-

NAs that constitute the pool as well as the pooled reagent itself. It may

be observed at this point that the previously observed effect of NT siRNA

on the percentage of GFP positive cells was not as pronounced a problem

in the deconvolution experiments as in the screen itself, possibly due to the

switch from using the robotic handler to performing experiments by hand.

Reassuringly, each of the pooled reagents for all selected hits gave a decrease
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Figure 4.7: Deconvolution of selected hits: DR-GFP assay in UGFP1 cells.

The pooled siRNA reagent against each target (the siRNA library consisted of

such pools) was deconvoluted into the four individual siRNAs that constitute

each pool. Each of these individual siRNAs, along with the pooled reagent,

together with NT siRNA and a transfection reagent only control (Blank)

were tested alongside the RAD51 positive control. Error bars represent the

standard deviation of three replicates.
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in the percentage of GFP positive cells in the assay. As had been seen across

my studies, variability both within and across experiments remained a prob-

lem, though this was countered, to some extent, by a switch of transfection

reagents for the I-SceI transfection in later experiments to alleviate problems

encountered with the toxicity of PEI. PEI was used in the initial screen due

to its low cost. However it has a toxic effect on the cells at the concentra-

tions required for effective transfection. For the lower throughput follow up

work, the less toxic and more effective (with regards to induction of GFP

in the DR-GFP assay) Lipofectamine 2000 (Invitrogen) transfection reagent

was used.

All my selected hits, with the exception of CHD8, produced a marked

inhibition of the DR-GFP assay for at least 2 of the individual siRNAs plus

the pooled reagent, thus can be considered as validated. Further work was

now required to attempt to explain the intra-pool variability, which was

addressed subsequently for both JMJD1B and SUV3 (see below). The effect

of the CHD8 siRNA was less pronounced than the other hits, with a marginal

inhibitory effect from two of the individual siRNAs, probably combining to

give the phenotype demonstrated by the pooled reagent.

Deconvolution of selected hits from the siRNA screen: real-time

quantitative PCR (qPCR)

In order to define the effectiveness of the siRNA reagents, it was necessary

to perform qPCR reactions with each of the siRNAs of each pool to deter-
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Figure 4.8: (a) Deconvolution of selected siRNA hits: real-time qPCR with

RNA isolated from U2OS cells. Each of the four constituent siRNAs that

make up the pooled siRNA against each target (the pooled reagent was used

in the initia screen) were tested alongside the pooled reagent and normalised

to their internal GAPDH controls. For each target (BRD1, c9orf102, CHD8,

JMJD1B, SUV3 and TET3) the deconvoluted siRNAs and the pool are plot-

ted relative to NT siRNA treated cells. Real-time qPCR was conducted 24

hours following siRNA transfection. Error bars represent the standard devi-

ation of three replicates. (b) Cell cycle profiles following 48 hour knockdown

of each of the selected hits.
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mine if they were knocking down expression levels of the targeted transcript.

This was conducted 24 hours after siRNA reverse transfection at a point

when target transcript levels should be greatly reduced (target protein levels

take longer to show an effect) and with reference to GAPDH as an inter-

nal control. All results were normalised to NT siRNA treated cells (Fig4.8).

Across all the selected hits, most siRNAs of each pool significantly knocked

down target transcript levels. The notable exceptions which gave a limited

knockdown were JMJD1B siRNA 1 and c9orf102 siRNA 3 - these particular

siRNAs showed limited phenotypes in subsequent assays, which are likely to

be explained by their limited effect on transcript levels (see below).

It would be expected that the qPCR data would correlate well with the

DR-GFP data and whilst there are those siRNAs that have a limited effect

on both target transcript levels and the DR-GFP assay, the correlation is

not as strong as could be hoped. The transcript levels were measured at 24

hours after siRNA reverse transfection, though not the same timepoint as

the FACS endpoint of the DR-GFP assay (96 hours following siRNA reverse

transfection), this timepoint reflects a timepoint at which effective transcript

knockdown by RNAi is expected in advance of protein knockdown (protein

knockdown previously observed between 48-96 hours aftetr siRNA reverse

transfection, see Method Development). Nonetheless, it was encouraging to

note that the majority of the siRNAs used were effective with respect to

reduction of target transcript levels, increasing confidence in the screening

methodology as a whole. If the hit validation criterion used above is extended
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to the qPCR data, all the selected hits validate with respect to transcript

knockdown.

4.3 Hit characterisation

With all the selected hits now validated, characterisation could now proceed.

This was conducted with each siRNA of the pool, as above, or in some

cases using solely the validated, pooled siRNA reagents. It was important to

establish that the effects of each of the selected hits upon the DR-GFP assay

were not due to cell cycle arrest in the G1 phase. Cell cycle profiles were

obtained following knockdown of all the selected hits (Fig 4.8 (b)), none of

which induced G1 arrest. The c9orf102 pooled siRNA did lead to a greater

accumulation in G1 than the other hits, though this could not be considered

as G1 arrest and may result from the toxicity of this siRNA pool.

Hits were characterised in a series of different assays. Initially, immunoflu-

orescence data were gathered following target knockdown and a 24 hour

camptothecin (CPT) treatment for different molecular readouts (in parenthe-

sis): DNA damage induction and recognition (53BP1), DNA resection (RPA-

p34) and nucleofilament formation as a prelude to successful HR (RAD51).

Quantification of foci is shown in Fig 4.9 with representative images for the

effect of JMJD1B knockdown upon 53BP1-, RPA- and RAD51 foci forma-

tion provided in Figs 4.10, 4.11 and 4.12. These data were collected for all

the selected hits, but in the first instance (and with reference to Figs 4.7 and

4.8) I will discuss those for BRD1, JMJD1B and TET3, with the remainder
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discussed later in this chapter. CHD8 was discarded from further study at

this point due to inconclusive validation in the DR-GFP assay. In all cases,

’knockdown’ refers to validated knockdown of the transcript of the respective

target, and in the case of JMJD1B, its protein product too.

4.3.1 Immunofluorescence

BRD1

BRD1 knockdown leads to a reduction of 53BP1, RPA and RAD51 foci

formation with a pattern echoing the DR-GFP deconvolution experiment

(Fig 4.9 (a)). It appears from these data that BRD1 siRNAs 1 and 2 and the

pool have the most consistent effect in both readouts. The effects on 53BP1

and RPA foci formation are modest, with a more pronounced inhibitory

phenotype displayed for RAD51 foci formation.

JMJD1B

Whilst yielding only a modest phenotype in the 53BP1 and RPA foci for-

mation assays (JMJD1B siRNA 2, in particular), JMJD1B knockdown by

siRNA 1, 2 and the pooled reagent have a pronounced effect upon RAD51

foci formation, suggesting a genuine negative effect of JMJD1B knockdown

upon HR when considered together with the DR-GFP data (Figs 4.7, 4.9

(b), 4.10, 4.11, 4.12). The reduction of RAD51 foci mediated by JMJD1B 1

siRNA is, however, contrary to what would be expected from the real-time

qPCR and Western blot data (Figs 4.8 and 4.13), both of which suggest that
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Figure 4.9: Hit characterisation: immunofluorescence in U2OS cells. Effect

on 53BP1-, RPA p34 (RPA)- and RAD51- foci following siRNA transfection

(48 hours) and induction of DNA damage by 24 hour camptothecin (50nM)

treatment. Plots in (a), BRD1, (b), JMJD1B and (c), TET3 show the de-

convolution of the four individual siRNAs of each pool, alongside the pooled

siRNA, NT siRNA, a transfection reagent only control (Blank) and appro-

priate positive control. % cells greater than 5- (53BP1) or 9- foci (RPA-p34,

RAD51) are plotted, as scored by the image analysis software of the InCell

Analyser 1000 (GE). DAPI staining used to identify nucleus, only nuclear

foci counted. Error bars represent the standard deviation of two replicates.

Each replicate represents the combined data from four images taken from

one replicate well of a 96-well plate.
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Figure 4.10: Immunofluorescence: JMJD1B siRNA deconvolution showing

representative images and quantification of nuclear foci formation in U2OS

cells following 48 hour siRNA treatment and 24 hour CPT treatment (50nM).

Each siRNA contituting the JMJD1B pool is tested, together with the pooled

reagent alongside 53BP1, NT and blank controls. The relevant quantifica-

tion is shown in the bottom right corner. Pseudocoloured images prepared

from the grayscale originals using ImageJ software. Error bars represent the

standard deviation of two replicates. Each replicate represents the combined

data from four images taken from one replicate well of a 96-well plate.
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Figure 4.11: Immunofluorescence: JMJD1B siRNA deconvolution showing

representative images and quantification of nuclear foci formation in U2OS

cells following 48 hour siRNA treatment and 24 hour CPT treatment (50nM).

Each siRNA contituting the JMJD1B pool is tested, together with the pooled

reagent alongside RPA, NT and blank controls. The relevant quantification is

shown in the bottom right corner. Pseudocoloured images prepared from the

grayscale originals using ImageJ software. Error bars represent the standard

deviation of two replicates. Each replicate represents the combined data from

four images taken from one replicate well of a 96-well plate.
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Figure 4.12: Immunofluorescence: JMJD1B siRNA deconvolution showing

representative images and quantification of nuclear foci formation in U2OS

cells following 48 hour siRNA treatment and 24 hour CPT treatment (50nM).

Each siRNA contituting the JMJD1B pool is tested, together with the pooled

reagent alongside RAD51, NT and blank controls. The relevant quantifica-

tion is shown in the bottom right corner. Pseudocoloured images prepared

from the grayscale originals using ImageJ software. Error bars represent the

standard deviation of two replicates. Each replicate represents the combined

data from four images taken from one replicate well of a 96-well plate.
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Figure 4.13: JMJD1B Western blot with cell extracts taken from U2OS cells

treated for 48 hours with all four JMJD1B siRNAs and the pooled reagent,

alongside a NT siRNA control.

all the siRNAs except JMJD1B 1 knockdown JMJD1B protein levels.

TET3

TET3 knockdown has little effect on 53BP1 and RPA foci formation, but

leads to a significant reduction in RAD51 foci formation, in particular for

TET3 siRNAs 1, 2 and the pool (Fig 4.9 (c)). The pattern of RAD51 foci

data echoes that seen in the DR-GFP assay (Fig 4.7), lending support to a

possible role of TET3 in HR.

Taken together with the DR-GFP and qPCR deconvolution data, the

immunofluorescence experiments serve to both highlight those siRNAs that

have a robust effect on HR across multiple assays, increasing confidence in

the assumtion that the targets of these siRNAs are play a role in HR, whilst

illuminating some inconsistencies across the different assays. The assay to

assay variability is discussed in further detail in Chapter 6.
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4.3.2 Clonogenic survival

To further underscore possible functions for BRD1, JMJD1B and TET3 in

promoting/enabling HR, I wanted to determine if knockdown of any of these

targets rendered cells sensitive to DNA damaging agents as assayed by clono-

genic survival. Cells that had been transfected with pooled siRNA against

a given target were plated and exposed to a 24 hour DNA damage-inducing

drug treatment, washed to remove genotoxin and then left for colonies to

form. The DNA damage inducing drugs chosen both lead to replication-

dependent DSB formation (a major pathway for the generation of HR sub-

strates) but via distinct mechanisms. Mitomycin C (MMC) generates inter-

strand DNA crosslinks [89] whilst camptothecin (CPT) is a topoisomerase

I inhibitor that traps topoisomerase I in its DNA bound ternary complex,

preventing ligation of the topoisomerase induced DNA break and allowing

replication dependent DSB formation [78]. See Discussion Chapter for dis-

cussion on the choice of DNA damaging agents.

Fig 4.14 demonstrates the sensitising effect of BRD1, JMJD1B and TET3

siRNA transfected cells towards both MMC and CPT. Whilst TET3 knock-

down confers no sensitising effects, BRD1 and JMJD1B knockdown sensitises

cells to both MMC and CPT treatments in the colony formation assays. The

degree of the sensitising effect in each case was significant, but not dramatic

and both BRD1 and JMJD1B knockdown appear to sensitise U2OS cells to

a greater extent with respect to CPT treatment as opposed to MMC. These

sensitising effects for BRD1 and JMJD1B siRNA knockdowns, in combina-
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tion with the DR-GFP and RAD51 foci formation data shown above (Figs

4.7 and 4.9) are all consistent with both BRD1 and JMJD1B being required

for efficient HR. Given the previously favourable data collected for TET3 in

the DR-GFP and foci formation assays, it is surprising that a sensitisation

to MMC or CPT is not seen.

4.4 c9orf102

4.4.1 Initial characterisation

One of the hits that was of particular interest was the uncharacterised pro-

tein c9orf102 or RAD26L. Initial characterisation of c9orf102 was conducted

based upon its predicted sequence (Fig 4.15) and reveals some similarity to

S.cerevisiae Rad26 (28% amino acid sequence identity). S.cerevisiae Rad26

is a DNA helicase involved in transcription coupled nucleotide excision re-

pair and shows functional and sequence similarity to its human homologue

ERCC6 (or Cockayne Syndrome B, CSB) [206]. However, given the limited

sequence identity, it would be hasty to draw a direct functional similarity

between S.cerevisiae Rad26 and c9orf102. What is perhaps more certain is

that c9orf102 may be characterised as a potential helicase/translocase due to

the presence of conserved SNF2, DEAD box and helicase domains 4.15. The

c9orf102/RAD26L predicted protein is also highly conserved in higher mam-

mals, from Mus musculus, Rattus norvegicus and through to Pan troglodytes

and Homo sapiens (BLAST search and sequence alignment using Geneious
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Figure 4.15: Sequence analysis of c9orf102 performed using Geneious

software: (a) Protein sequence alignment of c9orf102 with ERCC6 and

S.cerevisiae Rad26. Identical resisudes in aligned regions are represented

by black lines, similar residues in grey. Conserved domains are annotated

in grey, SNF2 N = N-terminal SNF2 helicase domain, DEXDc = DEAD

box helicase domain, HELICc = helicase c-terminal domain. (b) Protein

alignment of predicted RAD26L proteins in higher mammals; (from top to

bottom) Homo sapiens, Rattus norvegicus, Pan troglodytes, Canis familiaris,

Oryctolagus cuniculus, Mus musculus, Pongo abelli, Callithric jacchus. Se-

quence identity is represented as green bars in the scale at the top, with

sequence similarity in yellow. (c) Schematic of (TOP) the c9orf102 coding

sequence and (BOTTOM) the c9orf102 mRNA with the 5’- and 3’-UTRs an-

notated. The red blocks and arrows represent the siRNAs against c9orf102

and the green annotations, the primers used for qPCR (F = forward primer,

R = reverse primer).
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software), suggesting a conserved role for this protein in mammals.

Following successful validation of the c9orf102 siRNA in the DR-GFP and

qPCR assays (Figs 4.7 and 4.8), deconvolution of the four individual siRNAs

that constitute the c9orf102 siRNA pool was continued in immunofluores-

cence assays (Fig 4.16 (a)) and demonstrated that knockdown of c9orf102

has a significant effect on both RPA and RAD51 foci formation without

affecting 53BP1 foci (foci scored following 48 hour siRNA treatment and

subsequent 24 hour CPT treatment). To gain a more detailed view of the ki-

netics of RAD51 foci formation following c9orf102 knockdown, I also looked

at the levels of foci at numerous timepoints following DNA damage induction.

c9orf102 siRNAs 1 and 4 as well as the pooled reagent caused a significant

and lasting reduction in RAD51 foci levels at all timepoints (Fig 4.16 (b)).

Taken as a whole, the foci data for c9orf102 deconvolution demonstrate that

c9orf102 siRNAs 1, 4 and the pooled reagent have an effect across the RPA

and RAD51 foci formation assays and RAD51 foci timepoint experiment.

The variable results for siRNAs 2 and 3 across the immunofluorescence ex-

periments suggest that these two siRNAs do not have a strong, consistent

effect on HR - this is in line with the data seen in the DR-GFP and qPCR

assays (Figs 4.7 and 4.8).

Analysis of the c9orf102 deconvolution experiments show that siRNAs 1,

4 and the pool all gave clear effects consistent with HR inhibition (Figs 4.7

and 4.16). c9orf102 siRNA 1 and the pool were seen in these assays to be

noticeably toxic, whereas siRNA 4 was not. For this reason c9orf102 siRNA
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Figure 4.16: c9orf102 characterisation. (a) Deconvolution of c9orf102 siRNA

in 53BP1-, RPA- and RAD51-foci formation assays in U2OS cells and, (b)

RAD51 foci formation timepoint assay. (c) Clonogenic survival of c9orf102

4 siRNA transfected U2OS cells treated with MMC and CPT. Error bars

represent the standard deviation of two replicates.
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4 was selected for clonogenic survival assays to assess the sensitising effect of

c9orf102 knockdown to the DNA damaging agents MMC and CPT (Fig 4.16

(c)). These data show a very slight sensitisation to both MMC and CPT

upon c9orf102 knockdown, consistent with previous data, although a more

striking phenotype in these survival assays was expected.

4.4.2 Rescue experiments.

In order to demonstrate that the phenotype recorded for any particular

siRNA in an assay is not mediated by an off-target effect, it is necessary

to rescue the phenotype by exogenous expression of the wild-type protein in

cells that have had the endogenous protein knocked down. To facilitate such

a series of rescue experiments, I needed either a siRNA-resistant c9orf102 ex-

pression vector, or siRNAs that target the 3’ untranslated region (3’-UTR)

of the c9orf102 transcript. Fortunately, the latter is available due to the

presence of an extensive 3’-UTR in the predicted c9orf102 transcript (Fig

4.15). Two such ’rescue’ siRNAs were obtained (c9orf102 12, c9orf102 13)

and tested for their effects in the DR-GFP, qPCR, RAD51 foci and DNA

damage sensitisation assays (Fig 4.17). These data suggest that c9orf102 13

siRNA effectively knocks down c9orf102 levels leading to inhibition of the

DR-GFP assay and greatly reduced RAD51 foci formation following DNA

damage - consistent with the observed phenotype of c9orf102 knockdown us-

ing other siRNAs. Importantly, c9orf102 13 did not exhibit the toxic effects

exerted by c9orf102 1 and the pooled reagent (whose toxicity is likely to
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Figure 4.17: c9orf102 rescue siRNA characterisation. (a) Testing of the

c9orf102 13 rescue siRNA that targets the 3’-UTR of the predicted c9orf102

transcript in the DR-GFP (UGFP1 cells), real-time qPCR (qPCR) and both

RPA and RAD51 foci formation assays (U2OS cells). (c) Clonogenic survival

of c9orf102 13 siRNA transfected U2OS cells treated with MMC, CPT and

γ irradiation. Error bars represent the standard deviation of two replicates.
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be driven by c9orf102 1). Accordingly, clonogenic survival assays were con-

ducted following c9orf102 knockdown by c9orf102 13 (Fig 4.17 (b)). These

assays show sensitisation of c9orf102 deficient cells to MMC and (to a lesser

extent) CPT as well as to treatment with γ irradiation. Taken together, the

data for siRNA c9orf102 13 continue to support a role for c9orf102 in HR.

Using the c9orf102 13 rescue siRNA, I conducted a series of experiments

to determine whether a His-tagged c9orf102 expression vector, His-c9orf102

(Qiagen) was capable of rescuing the HR-deficient phenotype demonstrated

by treatment of cells with c9orf102 13 siRNA (Fig 4.18). It was apparent

from the initial DR-GFP rescue experiment (Fig 4.18 (a)) that there was

no rescue of the decrease in GFP positive cells caused by c9orf102 knock-

down, a possible explanation for this could be the protocol used in which the

His-c9orf102 vector was transfected into cells 24 hours prior to I-SceI trans-

fection. With such a protocol, it is not possible to ensure that all cells have

been transfected with both the rescue vector and I-SceI. To try to counter

this technical problem, I repeated the experiment by co-transfecting the I-

SceI together with the rescue vector (Fig 4.18 (b)). This protocol should

maximise the number of cells transfected with both vectors but still did not

demonstrate the anticipated rescue of the c9orf102 knockdown cells. Despite

the lack of a rescue for the phenotype displayed in the DR-GFP assay, I con-

ducted a rescue experiment in the RAD51 foci formation assay (Fig 4.18 (c))

which, in line with the DR-GFP data, showed no rescue in the presence of

the His-c9orf102 vector. Interestingly, there was a notable increase in RAD51
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Figure 4.18: c9orf102 rescue experiments: (a) DR-GFP rescue experiment

in UGFP1 cells with 24 hour siRNA transfection followed by His-c9orf102

transfection (+) or transfection reagent only control (-) at 24 hours prior

to I-SceI transfection. (b) DR-GFP rescue experiment with 48 hour siRNA

transfection before His-c9orf102 (+) or transfection reagent only control (-

) transfected at the same time as I-SceI. (c) RAD51 foci formation rescue

experiment with siRNA transfection of U2OS cells for 24 hours, His-c9orf102

(+) or transfection reagent only control (-) for 24 hours and subsequent CPT

(50nM) treatment for 24 hours . (d) Western blot with anti His tag antibody

in His-transfected (+) and lipofectamine 2000 only control (-) U2OS cells.

c9orf102 predicted protein molecular weight = 81kDa.
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foci formation levels in the NT siRNA treated cells in the presence of the

rescue vector - the reason for this is unclear and due to the uncertainties

relating to the c9orf102 sequence (see below) has yet to be investigated.

In light of the inability to rescue the HR deficient phenotype in c9orf102

knockdown cells in both the DR-GFP and RAD51 foci formation assays, I

tested for the expression of His-c9orf102 transfected cells by Western blot

with an anti-His antibody (Fig 4.18 (d)), as may be expected with an an-

tibody against an epitope which may have many endogenous homologues,

the anti-His antibody detects multiple bands even in cells not transfected

with the rescue vector (Fig 4.18). There was, however, a single band specifi-

cally detected in the rescue vector transfected cells with a molecular weight of

around 70kDa, this appears to be too small relative to the predicted c9orf102

molecular weight of 81kDa.

At this point, it was important to determine if the siRNAs I had been

using were producing knockdown of c9orf102 at the protein level. To address

this, Western blots were performed with two commercially available c9orf102

antibodies (Fig 4.19). In neither case was there clear knockdown of any of

the bands recognised by each antibody. The number of nonspecific bands in

each case suggests the antibodies may not have the requisite specificity to

detect c9orf102 effectively.
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Figure 4.19: c9orf102 Western blot from U2OS cells lysed 48 hours after

reverse transfection with the indicated siRNAs. Two different antibodies,

c9orf102 S-13 and c9orf102 Y-13 were used, as indicated. Approximate pre-

dicted c9orf102 position (81kDa) marked with red arrows.

4.4.3 c9orf102 Northern blot

The NCBI database predicts a transcript (including 5’- and 3’-UTRs of

around 4600 bases. To verify this prediction, I performed a Northern blot

(with the assistance of Dr C. Bachrati, Helleday group) using the predicted

full length c9orf102 coding sequence as a probe (Fig 4.20). Along with as-

sessing the effect of exposure to DNA damaging agents (MMC, CPT) and

cell cycle synchronisation in S-phase (via mimosine induced G1 arrest and

subsequent 6 hour release) on c9orf102 transcript expression levels, we de-

termined the length of the c9orf102 transcript and verified its knockdown

by c9orf102 13 siRNA. Of immediate note was the length of the transcript,

which, at around 7500-8000 bases, far exceeded the predicted length. This

result throws into question exactly what sequence is expressed in cells and
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whether the predicted mRNA sequence is correct. This result also provides a

possible explanation as to why the rescue experiments were unsuccessful and

why the Western blot from the extracts of His-tagged c9orf102 expressing

cells does not provide convincing results. Investigation of the true nature of

c9orf102 is the subject of continuing work in the lab.

4.5 SUV3

My initial siRNA hit deconvolution experiments (Figs 4.7 and 4.8) suggested

that knockdown of the mitochondrial and nuclear DNA and RNA helicase

SUV3, which has recently been shown to interact with RPA [180, 210], leads

to a significant inhibition of HR in the DR-GFP assay. These observations are

consistent with what is already known about this multi-faceted helicase and

warranted further investigation. Accordingly, I deconvoluted the four SUV3

siRNAs from the pooled siRNA reagent in 53BP1-, RPA- and RAD51- foci

formation assays (Fig 4.21 (TOP). These data suggest that whilst not affect-

ing 53BP1 foci formation, SUV3 knockdown leads to significant decreases

in both RPA and especially RAD51 foci formation following DNA damage

induction. Furthermore, clonogenic survival assays (Fig 4.21 (BOTTOM))

showed a marked sensitisation of SUV3 knockdown cells to the DNA dam-

aging agents MMC, CPT and γ -irradiation.

To further validate SUV3 as a potential HR protein I used a verified

antibody to SUV3, kindly provided by Prof. Piotr Stepien (University of

Warsaw, Poland), allowing Western blot confirmation of SUV3 knockdown
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Figure 4.20: (a) c9orf102 Northern blot probed with the full length radi-

olabelled c9orf102-EST and visualised with a Bio-Rad phosphoimager (see

Materials and Methods). RNA extracts were taken from NT siRNA trans-

fected, S-phase synchronised (24 hour mimosine arrest followed by 6 hour

release), c9orf102 13 siRNA transfected, MMC treated (50ng/ml), untreated

and CPT treated (50nM) U2OS cells. Loading control (b) showing ribosomal

RNA bands on the RNA gel, stained with ethidium bromide.
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Figure 4.21: Foci formation and colony formation assays following SUV3

knockdown. (a) 53BP1-, RPA- and RAD51 foci formation assays following

siRNA transfection (48 hours) and 24 hour CPT (50nM) treatment. The

following conditions were used for each foci assay - the four individual siRNAs

of the SUV3 pool, alongside the pooled reagent, NT siRNA, transfection

reagent only (Blank) and the relevant positive controls for each readout and

(b) clonogenic colony formation assays for SUV3 siRNA (pooled reagent)

transfected U2OS cells subsequently exposed to DNA damage by MMC, CPT

and γ-irradiation, alongside NT and RAD51 siRNA transfected controls.
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by my siRNAs (Fig. 4.22). Along with confirmation of effective SUV3 knock-

down by all SUV3 siRNAs used (at least in the case of the 48 hour blot),

it was of great interest to note the effect of SUV3 knockdown upon RAD51

protein levels. Throughout my work, I have habitually used RAD51 knock-

down as a positive control when performing blots with untested antibodies,

in this case it gave a fortuitous insight into how SUV3 knockdown might me-

diated HR inhibition. The almost complete abolition of RAD51 protein 48

hours after SUV3 siRNA transfection provides just such an explanation for

the phenotype demonstrated by SUV3 knockdown in the DR-GFP, RAD51

foci formation and clonogenic survival assays, though not explaining the ef-

fect seen on RPA foci formation - whether the recent identification of an

RPA:SUV3 interaction [210] sheds any light on this observation is not yet

clear. Furthermore, the recovery of SUV3 and RAD51 expression levels in

SUV3 4 siRNA-treated cells 72 hours after siRNA transfection may well ex-

plain the lack of a phenotype demonstrated for this siRNA in the DR-GFP

and foci formation assays.
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Figure 4.22: SUV3 and RAD51 Western blot at both 48- and 72-hours fol-

lowing siRNA reverse transfection with all SUV3 siRNAs plus RAD51 and

NT siRNA controls.
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Chapter 5

Results: small molecule screens

Two small molecule screens were conducted and are considered separately in

this chapter. Both used the same assay format as detailed in the Materials

and Methods and Method Development chapters. Briefly, U2OS cells were

seeded at 12,000 cells per well in 96-well plates and left to adhere and grow for

24 hours before treatment of cells with the compound libraries and immediate

addition of the I-SceI and transfection reagent mixture. The following day,

the media on the cells was changed and the cells left for a further 24 hours

at which point they were trypsinised and fixed in 4% PFA for subsequent

FACS analysis.

The first screen was conducted using a kinase inhibitor library of 217

compounds (see below for further details). Due to the small size of the library,

all steps of this screen were conducted by hand. The second screen used

the NCI diversity set I and NCI diversity set II libraries from the National

Cancer Institute, numbering 3440 compounds. The larger size of this library
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necessitated the use of robotics for the compound treatment steps of the

assay, whilst the I-SceI transfection and sample preparation for FACS were

carried out by hand. Both screens used compounds at a concentration of

5µM together with DMSO vehicle (0.75% v/v) and positive (PCI at 0.4 and

0.6µM) controls.

Both screens were carried out in triplicate with the average, DMSO nor-

malised % GFP cells calculated for each compound treatment. These data

were then used to calculate a Z-score for each compound treatment (see Fig

2.4). The Z-score represents the distance of each datapoint from the mean of

the dataset in terms of standard deviations. Each integer Z-score value rep-

resents 1 standard deviation away from the mean. The cutoff used to identify

a small molecule hit in both the small molecule screens was a Z-score of ≤

-2 i.e. two standard deviations or more below the mean.

Along with the % GFP cell data obtained using the FACS assay, I used the

total number of gated, living cells (those with favourable forward- and side-

scatter properties), herein described as ’cell number’, to give an indication

of the toxicity of compounds. Comparison of the cell count data for each

compound relative to DMSO control treated cells allowed calculation of a

relative cell count as an indication of compound toxicity.
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5.1 Kinase inhibitor screen in the DR-GFP

assay

The kinase inhibitor library

The first small molecule screen applied a library of kinase inhibitors kindly

provided by Professor Stefan Knapp of the Structural Genomics Consortium

(SGC), University of Oxford. This small library of 217 compounds repre-

sented a targeted screening approach against known druggable targets with,

in many cases, well characterised compounds. The advantage of such an

approach is that it may yield hits for which the molecular target is known,

greatly aiding the understanding of the inhibitory mechanism and further

development of any hit compounds. Due to the small size of the library, the

screen was conducted by hand and the results are discussed below.

5.1.1 Kinase inhibitor screen

The screen was run with compounds at 5µM and analysis of the dataset (Fig

5.1 (a)) shows that the PCI control was effective with resepct to inhibition

of the DR-GFP assay at all concentrations used and that DMSO at a final

concentration of 0.75% (v/v) had a negligible effect upon the percentage of

GFP positive cells as compared to blank (untreated) cells. Unfortunately, the

data quality of the screen was poor with excessively large differences between

replicates, in particular for those compounds leading to an increase in the

percentage of GFP positive cells (Fig 5.1 (b)). This is a comparable effect,

181



Figure 5.1: Kinase inhibitor DR-GFP screen in UGFP1 cells. (a) Control

data across all plates for the kinase inhibitor screen conducted in UGFP1

cells with PCI used as a positive control. (b) Mean relative % GFP cells for

all compounds of the kinase library, normalised to the DMSO control. The

x-axis is set at a value of 1.0. (c) Calculated Z-scores for the kinase inhibitor

library, with the preliminary hits (Z-score ≤ -2) shown inset, the HR inhibitor

AZD7762 and the HSP90 inhibitor Geldanamycin are marked in red. (d)

Correlation plot of Z-score values versus relative (DMSO normalised) cell

count data collected during FACS. Error bars in (a) and (b) represent the

standard deviation of three replicates.
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albeit exaggerated, to that seen in the siRNA screen (see Chapter 4). It is

notable that those compounds causing a significant decrease in the percent-

age of GFP positive cells (potential HR inhibitors) did not yield such large

errors, suggesting that the DR-GFP assay is suitable for the identification

of prospective HR inhibitors in spite of the variability of the screen data.

The Z-scores for all compounds in the library were calculated as described

in Chapter 2 and provide a provisional hit-list of 19 compounds (Fig 5.1 (c))

for further study. It was also reassuring to observe that the screen did not

have an obvious bias towards toxic compounds, as may be seen by the lack

of a correlation between Z-score values for the preliminary hits and the cell

count data collected during the screen (Fig 5.1 (d)).

Amongst the hit compounds were the CHK1/2 inhibitor AZD7762, a

known radiosensitiser and HR inhibitor [141] and the HSP90 inhibitor Gel-

danamycin, the parent compound of the HR inhibitor 17-AAG [154]. These

compounds serve as convenient internal positive controls, are annotated in

Fig 5.1 and give confidence in the performance of the screen. In addition

to these well characterised HR inhibitors, the preliminary hit list contained

compounds active against kinases with potential roles in the DNA damage

response. These included glycogen synthase kinase 3 (GSK-3) which has been

shown to both activate p53 in response to IR as well as having a role in cyclin

D1 destabilisation [213, 146] (see Chapter 1 for role of cyclin D1 in HR) as

well as the PI3Ks and CDKs, inhibitors of which have been shown to have

radiosensitising effects on cancer cells both in vitro and in vivo [102, 125, 116].
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5.1.2 Kinase inhibitor screen: hit validation

Working with the preliminary hit list defined in Fig 5.1, hit validation was

conducted by performing dose response assays in the DR-GFP assay for all

preliminary hits (Fig 5.2). The purpose of this was twofold: firstly, any

hit compound that did not produce a dose response cannot be considered as

having a specific inhibitory effect on the assay and, secondly, I was concerned

that a number of hits could be false positives arising from toxicity of the

compounds. The data gathered from the FACS assay provides a cell count

and allowed me to assess the toxicity of the compounds as well as their HR

inhibitory effect. Thus, any compound providing a dose response, not purely

driven by toxicity was considered a validated hit. The majority of preliminary

hits (15/17) were validated in this way.

Figure 5.2 (following page): Dose response analysis in the DR-GFP assay

in UGFP1 cells for hits identified from the kinase inhibitor screen. Blank

normalised data are shown for both the DR-GFP assay and cell count data

recorded in the same experiment. Relative DR-GFP activity is plotted in blue

and relative cell count obtained by FACS in red. Those hits that produce a

DR-GFP inhibition (HR inhibition) in excess of their toxicity (cell count) are

plotted. The plot outlined in red shows an example of a compound (k012-

F01) that does not produce DR-GFP inhibition in excess of its toxicity. Error

bars represent the standard devation of two replicates
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5.1.3 Kinase inhibitor screen: hit characterisation

DNA damage repair foci

Validated hits were now characterised at a range of concentrations (5, 0.5,

0.05 and 0.005 µM) with respect to their effects on DNA repair foci formation

following CPT treatment, specifically: 53BP1-, RPA- and RAD51-foci (Fig

5.3 (a)-(c)). In addition to the quantification of DNA repair foci, the InCell

1000 (GE) image analysis software was used to determine the cell count from

the images used for foci analysis. This cell count data for each compound at

each concentration was normalised to the cell count for DMSO treated cells

to assess compound toxicity (Fig 5.3 (d)). The expectation was that a num-

ber of compounds, having been validated in the DR-GFP assay, would have

an inhibitory effect on one of the foci readouts - although a compound that

inhibits HR would not necessarily be expected to display a phenotype for the

Figure 5.3 (following page): Hit characterisation: foci formation in U2OS

cells. Quantification of (a) 53BP1, (b) RPA and (c) RAD51 foci formation

following hit compound treatment at different concentrations (see chart leg-

end) together with their respective controls, run on the same 96-well plates.

(d) Shows DMSO normalised cell count data for each compound, as scored

using the image analysis software of the InCell 1000 automated microscope

used for the foci image capture. Compounds were tested at multiple con-

centrations in all cases (see chart legend in (a)). Error bars represent the

standard devation of two replicates
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selected molecular markers used in this study. A number of compounds were

observed to exert an inhibitory effect upon foci formation assays, however,

this was inseperable from their toxic effects in the foci assays in all cases, for

example k006A-F05, k006A-F07, k006A-F10 and k006A-F11. This correla-

tion between foci formation inhibition and toxicity suggests that the effects

mediated by these compounds may be non-specific.

CPT sensitisation

In contrast to the foci formation assays, the CPT sensitisation assay (Fig 5.4

(a)), performed after 24 hour hit compound treatment and 120 hour contin-

uous CPT treatment (50nM), showed a selection of potential HR inhibitors.

Hit compound treatments both + and - CPT were normalised to their respec-

tive DMSO controls (+ and - CPT). Each hit compound + CPT value was

then normalised to the corresponding hit compound - CPT value. Thus the

normalised % cell viability value represents any sensitisation effect exerted

by the hit compound. In some cases, compounds were found to be toxic and

these data points have been excluded from the analysis.

Those validated hits that sensitise cells to CPT treatment (normlised %

cell survival below 90%) have a diverse range of targets (Fig 5.4 (b)), from

a broad spectrum of kinases to inhibition of protein kinase C (PKC), aurora

kinases and PI3-kinases (Prof. S. Knapp, SGC, personal communication).

Interestingly, two of the hits (K006-F05 and K006-F11) are close analogues

and perhaps represent a pharmacophore with HR inhibitory activity, possibly
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Figure 5.4: Hit characterisation: CPT sensitisation in U2OS cells. (a)

DMSO and CPT normalised (see text in Results section for further details)

% cell viability values for all validated hits from the kinase inhibitor screen.

U2OS cells were treated with hit compound for 24 hours before a 120 hour

continuous CPT treatment. Compounds were tested at multiple concentra-

tions - see chart legend. Hits producing a sensitising effect (less than 90%

normalised cell survival) are marked with blue arrows. Hit compounds at

toxic concentrations are excluded from the chart. (b) Compound details of

selected, validated hits. Error bars in (a) and (b) represent the standard

devation of two replicates.
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via inhibition of the same target(s).

These data suggest a general role for kinase inhibitors in HR inhibition,

which is in line with published work. Whether this general role reflects the

promiscuity of the inhibitors used or the complexity of DNA damage signaling

and the number of kinases that have an influence on HR is difficult to assess.

Since none of the kinase inhibitors tested above had a pronounced effect upon

the foci formation assays that was seperable from their toxicity, it is difficult

to identify how they may exert their inhibitory activity from the data I have

collected.

5.2 NCI compound screen in the DR-GFP

assay

The NCI compound libraries

In contrast to the focused kinase inhibitor screen detailed above, the second

small molecule screen relied upon a chemical diversity approach to search

for novel HR inhibitors. I opted to use the National Cancer Institute, NCI,

diversity set compound libraries. These libraries comprise compounds that

are not known inhibitors but have been selected from the NCI compound

repository based upon their chemical diversity, in order to sample as much

chemical space as possible whilst maintaining favourable properties for poten-

tial drug-like small molecule inhibitors. Properties selected for included the

maximisation of the number of novel pharmacophores for each compound as
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Figure 5.5: NCI compound DR-GFP screen in UGFP1 cells: control data.

PCI, DMSO and Blank controls for three representative individual replicate

plates of the three separate library plates shown in Fig 5.6 (three replicate

plates a, b, c were made from each library plate). Each replicate plate

contained the library compounds, plus the relevant controls. Error bars

represent the standard deviation of three replicates.

well as limiting the number of rotatable chemical bonds to under six, giving

a tendency towards planar, aromatic compounds with drug like characteris-

tics such as cell penetrating ability and favourable hydrogen bond forming

potential. The compound libraries used were the NCI diversity set I and NCI

diversity set II, numbering 3440 compounds in total. Henceforth, these will

be referred to as the NCI compounds.

5.2.1 NCI compound screen

Having completed the screen in the UGFP1 cells using the NCI compounds

at a concentration of 5µM as outlined at the beginning of this chapter, ini-

tial data analysis allowed an assessment of the data quality in terms of the

effectiveness of the positive controls (Fig 5.5) and the correlation of repli-
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Figure 5.6: NCI compound DR-GFP screen in U2OS cells: screen data. Mean

DMSO normalised % GFP cells for three library plates (each composed from

three replicate plates). Each datapoint represents the mean of three values

from three replicate plates. Error bars represent the standard deviation of

three replicates.
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Figure 5.7: NCI compound DR-GFP screen in U2OS cells, full dataset: Z-

scores for all 3440 NCI compounds screened using the DR-GFP assay. Pre-

liminary hits (those with a Z-score ≤ -2) are shown inset.

cates (Fig 5.6). This analysis demonstrates that although the controls were

generally effective, this was not always the case in all replicates of each com-

pound plate (each compound plate was tested in three replicates and mean,

DMSO normalised percent GFP cell data was plotted). Replicate data was

of reasonable quality, especially for those compounds giving a decrease in

the percentage of GFP positive cells. Although there was some concern over

the control data, the full dataset was processed to avoid exclusion of any

possible hits (Fig 5.7). Z-score analysis of the full dataset (Fig 5.7) shows a

preliminary hit list of 134 compounds, or 3.9% of the library.
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5.2.2 NCI compound screen: hit validation

All preliminary hit compounds still available (28 had discontinued by the

NCI) were re-ordered as dry powders and dissolved in DMSO for validation

and characterisation work. In contrast to the validation of the kinase in-

hibitor screen, I first decided to repeat the DR-GFP assay with all the hit

compounds at the same concentration as the original screen (5µM) (Fig 5.8),

as the number of preliminary hits was prohibitive for dose response analysis.

The validation data showed that a significant number of compounds inhib-

ited the DR-GFP assay upon repeat testing, though these were not in the

majority. The replicate data for this experiment (Fig 5.8 (b)) was also of

very good quality as compared to the original screen data. The number of

false positives detected at this stage likely reflects the poor data quality of

the initial screen as discussed above.

5.2.3 NCI compound screen: hit characterisation

DR-GFP dose response

With the hit validation process complete, a more manageable number of

compounds (22) was selected for further work (those showing a significant

reduction in the percentage of GFP positive cells in comparison to the DMSO

control when retested in the DR-GFP assay, Fig 5.8 (a)). These selected

hits were chosen for dose response analysis in the DR-GFP assay to identify

those compounds that produced an HR inhibitory effect in excess of their

toxicity (Fig 5.9). In the majority of cases (17/22), this turned out to be the
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Figure 5.8: NCI hit validation. (a) Preliminary hits were retested at 5µM in

the DR-GFP assay in UGFP1 cells and ranked according to their inhibitory

effect, those causing a significant decrease in the percentage of GFP positive

cells relative to DMSO treated cells (t-test, p < 0.05) are shown inset, in

blue (t-test p ≥ 0.05 in red). (b) Sample replicate data for one of the plates

in the hit validation assay. Error bars represent the standard deviation of

three replicates.
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Figure 5.9: NCI hit characterisation: NCI hit compound dose response in

the DR-GFP assay in UGFP1 cells. All plots show blank normalised data

for both HR activity (percentage of GFP positive cells) in blue and living

cell count data obtained by FACS in red. With the exception of the toxic

compound 66 which was tested at 0-500nM, all compounds were tested at a

concentration range of 0-10µM. A plot showing an example of a compound

(106) not producing an HR inhibitory effect in excess of its toxicity is outlined

in red. Error bars represent the standard deviation of two replicates.
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case, lending confidence to both the initial screen data and the hit validation

process.

DNA damage repair foci

Those hits that had been validated in the DR-GFP dose response assay, i.e.

which have a specific inhibitory effect on the DR-GFP assay, were tested

at multiple concentrations with respect to their effects upon DNA damage

recognition and repair foci following DNA damage (CPT treatment) - Fig

5.10 (a). In general, none of the compounds impaired 53BP1 foci formation

at non-toxic levels whilst two compounds (28 and 96) led to robust reductions

of both RPA and RAD51 foci formation at non-toxic concentrations (Fig 5.12.

These observations suggest that these compounds may have a specific HR

Figure 5.10 (following page): Hit characterisation: foci formation in U2OS

cells. Quantification of (a) 53BP1, (b) RPA and (c) RAD51 foci formation

following hit compound treatment at different concentrations (see chart leg-

end) together with their respective controls, run on the same 96-well plates.

(d) Shows DMSO normalised cell count data for each compound, as scored

using the image analysis software of the InCell 1000 automated microscope

used for the foci image capture. Compounds were tested at multiple con-

centrations in all cases (see chart legend in (a)). Error bars represent the

standard devation of two replicates Error bars represent the standard deva-

tion of two replicates.
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Figure 5.11: Hit characterisation: CPT sensitisation for validated hits from

the NCI compound screen in U2OS cells. DMSO and CPT normalised (see

text in Results section for further details) % cell viability values for all val-

idated hits from the NCI compound screen. U2OS cells were treated with

hit compound for 24 hours before a 120 hour continuous CPT treatment.

Compounds were tested at multiple concentrations - see chart legend. Hits

producing a sensitising effect (less than 90% normalised cell survival) are

marked with blue arrows. Hit compounds at toxic concentrations are ex-

cluded from the chart. Controls are shown on the right. Error bars represent

the standard devation of two replicates.

inhibitory effect acting downstream of DNA damage recognition but before

DNA resection or RPA loading and may account for the observed DR-GFP

assay inhibition exerted by these compounds.

CPT sensitisation

Validated hits from the NCI compound screen were next tested for their

ability to sensitise cells to CPT treatment (Fig 5.11 - compounds at toxic

concentrations were excluded from the results). The majority of compounds
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did not sensitise cells to CPT-induced damage, although compounds 67, 99,

105, 107 and 109 did display a more notable sensitisation activity (<90%

normalised cell survival). It was expected from the foci formation data that

compounds 28 and 96 would sensitise cells to CPT, however such an effect

was not observed (Fig 5.12). Nonetheless, these compounds represent the

most interesting for follow-up work as further experiments may be guided by

the initial observations taken from the foci formation assays.

The results of the sensitisation assays during the course of hit charac-

terisation for both the kinase inhibitor and NCI library compound screens

suggest that the sensitivity of this assay may not be as high as desired. Only

modest sensitisation effects are seen with the positive control compound, al-

though this may be due to the lack of specificity of PCI-24781 as an HR

inhibitor [94, 15]. Further work on those compounds showing inhibitory

activity in the DR-GFP assay and either an inhibition of repair foci for-

mation or sensitisation to CPT treatment is warranted to substantiate the

initial findings. Reducing the number of compounds from the number used

through the initial validation process for such follow up experiments will

open up new directions in compound characterisation as focus can shift from

high-throughput to data quality and assay sentitivity and specificity.
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Figure 5.12: NCI compound screen: hits. The effect of these compounds

on foci formation in U2OS cells, together with the normalised cell number

data for the foci experiments are provided along with the CPT sensitisation

data. (a) compound 28 (b) compound 96. Error bars represent the standard

devation of two replicates
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5.3 DR-GFP small molecule screens: sum-

mary

In spite of the drawbacks of the DR-GFP assay with respect to small molecule

screening prevously discussed (Chapter 3), I successfully employed the assay

to screen almost 4000 compounds leading to the identification of candidate

HR inhibitors. Following completion of the kinase inhibitor and NCI small

molecule screens together with the validation and subsequent characterisa-

tion work conducted on a large number of preliminary hit compounds, it is

possible to define a reduced number of hits for future work. These prospec-

tive HR inhibitors represent compounds that have demonstrated inhibition

of either (i) the DR-GFP assay together with RPA and RAD51 foci forma-

tion assays or (ii) the DR-GFP assay together with sensitising cells to DNA

damage induced by CPT.

Whilst it may not be expected that compounds that inhibit the DR-GFP

assay should necessarily inhibit RPA and RAD51 foci formation, it is sur-

prising that those that do show such an effect (NCI compounds 28 and 96)

do not also exhibit a sensitising effect to DNA damage by CPT, although

HR is not the sole pathway which may repair CPT induced damage - see

Discussion. Further, more detailed work on this discrepancy is required to

be able to assert with confidence that these compounds are HR inhibitors. A

more suitable approach to firmly establish whether or not these compounds

produce a sensitising effect to DNA damaging agents, made possible by re-

202



Table 5.1: Summary of small molecule screen hits with potential HR in-

hibitory activity. Those compounds from each small molecule screen that

inhibit both the DR-GFP and RPA- and RAD51-foci formation assays and

those that inhibit both the DR-GFP assay and sensitise cells to CPT treat-

ment are listed below

Screen DR-GFP and RPA-,

RAD51 foci formation

DR-GFP and CPT sensi-

tisation

Kinase inhibitor - k006A-F05, k006A-F11,

k023A-H02, k023A-H05

NCI 28, 96 67, 99, 105, 107, 109
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fining the number of hit compounds down to a more manageable number,

could be provided by clonogenic survival assays. Such assays should test the

response of hit compounds, at multiple concentrations, against a spectrum

of DNA damaging agents opening up a wider experimental window in which

to detect a sensitising effect.

My follow-up work attempted to address the issue of working with a

range of compounds all of which produce a phenotype at different concen-

trations. Further work on the refined hit list would benefit from full dose

response profiles of each compound in all assays, to better define a suitable

working concentration. Such data should allow the separation of specific HR

inhibitory effects from the general toxic effects of any given compound.
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Chapter 6

Discussion

It is helpful at the start of this chapter to bear in mind the original project

aims as the context within which the discussion of my results will take place,

these were:

1. The identification of novel proteins involved in homologous recombina-

tion.

2. The identification of small molecule inhibitors of homologous recombi-

nation.
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6.1 Assay development

6.1.1 The DR-GFP assay

Initial assay development

My initial work centred upon optimisation for high-throughput of the DR-

GFP assay in MRC5 cells with a stably integrated DR-GFP construct (MGFP).

Having demonstrated that the assay was functional and that I was able to

modulate its activity by knockdown of known HR proteins (Fig 3.1), it was

important to begin to optimise the assay conditions to gain maximum sensi-

tivity for future screening work. Whilst siRNA transfection conditions were

defined to give strong protein knockdown with a minimum amount of siRNA

(minimising possible off-target effects), assay sensitivity was improved by

clonal selection providing the MGFP-derived clone MGFP6 for further work,

see Fig 3.2.

For the siRNA screen, I opted to first establish effective protein knock-

down over 48 hours, before inducing a double strand break in the DR-GFP

reporter by I-SceI transfection. I believe that this approach is likely to yield

the greatest phenotype in this assay as any proteins required for HR will be

at reduced levels from the start of the damage recognition process through

to completion of repair. This expands the spectrum of hits that may be

anticipated to include proteins involved at early stages of the DNA damage

recognition and HR processes. The timescale of HR mediated DSB repair

lies within the 48 hour timescale of the DR-GFP assay as applied during my
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work, with the majority of HR dependent HR repair occuring between 4-24

hours after damage [58, 91].

Having defined the siRNA assay protocol and as my work with the MGFP6

cells continued, concern mounted over the sensitivity of the assay in this cell

line, with only marginal effects seen following XRCC3 knockdown (XRCC3

knockdown MGFP cells still demonstrated approximately 60% of the NT

siRNA treated cells HR activity as measured by the DR-GFP assay, (Fig

3.1)). It was difficult to envisage that with such a small phenotype observed

after knockdown of a core HR protein [165] involved in the loading of RAD51

onto resected DNA [225] as well as downstream of RAD51 loading, possibly

as part of the HJ resolvase machinery [118], that I could expect to identify

novel HR proteins. Fortunately, I had access to a clone of the U2OS-DR-GFP

cell line (UGFP1) that had been prepared by Dr C. Lundin within our labo-

ratory and which yielded more favourable results with the protocol developed

for the MGFP6 cell line. siRNA knockdown of protein levels, as measured by

Western blot, was equally effective in both cell lines (Figs 3.4 and 3.6) and

standard plasmid transfection protocols consistently and effectively used in

our laboratory were also used in both instances. Given the different deriva-

tions of the two cell lines, it is possible that the already unstable genetic

background of the p16 null U2OS cancer cell line as compared to the pri-

mary MRC5 cells render it more sensitive to perturbation of DNA repair

processes. It is possible that U2OS cells are more amenable to transfection,

but the % GFP response generated in the MGFP6 and UGFP1 cells following
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I-SceI transfection (although variable in both cases) was comparable.

Evident throughout all my work is the variability of the efficiency of GFP

induction from experiment to experiment. This could be seen by the vari-

ation in the % GFP cells both from experiment to experiment as well as

between different plates from the same screen (run at the same time), see

Figs 3.6 and 4.2 for examples. It was also clear that there could be a large

well to well variation in % GFP cell induction under identical conditions

(Fig 3.7). Variability in the performance of the DR-GFP assay is consistent

with observations in the literature, with induction of GFP in different studies

ranging from <1% to >5% in some studies using hamster cells [1, 165] to 10-

15% in human cancer cell lines [172] with relatively high variation between

replicates not uncommon. Although the experiment to experiment variation

did not present a specific problem, as data that required comparison (such as

the screen data) was always normalised to the negative control (NT siRNA or

DMSO vehicle dependent on the assay), it warrants some explanation whilst

the well to well, intra-experimental variation must be accepted as an inherent

drawback of the DR-GFP assay. There are a variety of possible causes for

the observed variation: firstly, I-SceI transfection efficiency is unlikely to be

identical in all experiments, perhaps due to small differences in cell density

of each well of a 96-well plate that are difficult to eliminate when handling

large numbers of samples. Furthermore the kinetics of GFP induction may

not be identical in every experimental repeat. It was noted that GFP in-

duction continued to rise 48 hours after I-SceI transfection (the experimental
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endpoint), therefore small changes in the kinetics of GFP induction between

different experiments could result in different levels of induction at identical

timepoints. Furthermore, when processing multiple plates, especially for the

screens, it was difficult to ensure exactly 48 hours between I-SceI transfection

and cell trypsinisation. A final potential cause of inter-experiment variation

was the difference in GFP induction between early and late passage cells as

noted when comparing the kinase inhibitor screen (Fig 5.1, conducted with

late passage UGFP1 cells) with the siRNA screen at 6nM (Fig 4.2, conducted

using low passage UGFP1 cells). This signal decay may arise from outgrowth

of cells within the population which had acquired mutations rendering the

DR-GFP construct non-functional. Throughout my work, cells were used

over the course of 2-3 months until the GFP induction began to noticeably

drop. An obvious solution is to thaw out low passage cells more regularly, but

with such a long timecourse for the project, this risks depleting cell stocks

at an undesirable rate.

DR-GFP assay: technical issues relating to high-throughput screen-

ing

A recurring problem with the DR-GFP assay was the high sample-to-sample

variability witnessed in most experiments. There are a number of explana-

tions for this observation. Firstly siRNA-mediated protein knockdown is not

100% efficient, coupled with the less than 100% efficiency of I-SceI transfec-

tion, one cannot assume that all cells with established protein knockdown
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will be transfected with I-SceI. This inherent drawback of the assay is dif-

ficult to overcome using the siRNA approach. I attempted to account for

the variability of I-SceI transfection by performing a co-transfection of I-SceI

with DsRed. Levels of red fluorescence detected by FACS at the endpoint

of the assay could then be taken as a measure of transfection efficiency and

the data normalised to take this into account. I found a poor correlation

between red fluorescence and green fluorescence when testing this approach

(Fig 3.7), suggesting that it was not an appropriate strategy to employ. In

hindsight, cloning of dsRed into the same vector as I-SceI may have provided

a solution to this problem.

A further, insurmountable problem with the assay was the inefficient har-

vesting of the cells for FACS. A higher cell number at the assay endpoint pro-

vides more robust data given the low recombination efficiency of the DR-GFP

assay (varying from around 2-5%). Maximising the cell number (to >1000

cells) relied upon effective trypsinisation, thorough resuspension of cells and

efficient cell pick up by the automated FACS machine high-throughput sam-

pler. These technical problems are set in the context of a population of cells

which have undergone two transfections, each of which reduce cell viabil-

ity. Both siRNA and I-SceI transfections also needed to be performed under

optimum conditions whilst providing a maximal cell number. Although the

siRNA reverse transfection could be performed at relatively high cell number

(12000 cells per well in 96-well plate) with little effect on the reults, the I-SceI

transfection is of reduced efficiency if the cells are overconfluent. Growing
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the cells to subconfluency (<80% confluent) for the I-SceI transfection was

likely to yield too few cells to give reliable data at the end of the assay. An

inherent limitation which applies to all high-throughput screens, is the in-

ability to identify and rectify possible problems during the experiment due to

the sheer volume of samples being processed, especially when using a robotic

platform that, once running, cannot be adjusted through the course of an

experiment. In summary, the DR-GFP assay possesses a number of known

limitations which are compounded when processing numerous 96-well plates

in a single run, as was the case for the screen. An additional limiting factor

for assay throughput was the plate read time of approximately 45 minutes,

producing a significant bottleneck in the screening process. One possible

solution to the problems imposed by the FACS assay would be to measure

the GFP fluorescence per sample in situ, for example using an automated

spectrophotometer. I attempted this but found the GFP signal to be too

weak for detection.

During the course of my work, a genome wide DR-GFP RNAi screen was

published [182]. It is worth pointing out some of the differences between

the approach used in this screen in contrast to mine. In contrast to my

approach of siRNA mediated protein knockdown (48 hours) and subsequent

DSB induction (I-SceI transfection) followed by 48 hour incubation in ad-

vance of FACS, the authors [182] elected to establish protein knockdown at

the sametime as DSB induction. I believe that this alternative strategy is

more likely to lead to a low hit-rate than my approach as one cannot en-
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sure full knockdown of a target protein before the DSB is induced and the

damage recognition and repair process is initiated. The logistics of conduct-

ing a genome-wide screen may have dictated that the authors used this less

time-intensive approach. A further difference between the published DR-

GFP screen and my own work was their use of 384-well plates as opposed

to 96-well. The endpoint of the assay in both cases was FACS based and

I believe the problems discussed above relating to efficient retrieval of cells

would be exacerbated in 384-well plate. My own work showed how difficult

it was to obtain any reliable data using the DR-GFP assay in 384-well plate

(Fig 3.10 (d)).

The small molecule screen suffered from fewer technical drawbacks than

the siRNA screen on account of the relative simplicity of a drug treatment

as compared to siRNA transfection. It is, however, important to note a key

difference between the two protocols that may have a bearing on the re-

sults obtained. Whereas the siRNA screen established protein knockdown in

advance of I-SceI transfection, the small molecule screen necessitated treat-

ment with the small molecules at the same time as I-SceI transfection. This

approach was dictated by the time required to screen 3440 compounds in trip-

licate in a 96-well format, a total of 45 compound plates, representing 135

cell plates in the final experiment. The specification of the robotic handling

station meant that no more than 12 plates could be processed in a single run,

which (together with compound preparation) took most of a working day to

complete. In order to complete the screen in as short a time as possible, with
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the same stock of cells, a minimal assay timescale was desirable.

A final consideration when using the DR-GFP assay is that any dis-

ruption of transcription, translation or protein maturation may yield a false

positive result. Awareness of this risk was essential for the follow up work for

both my screens. Proposed modifications to the DR-GFP assay and feasible

alternatives are discussed later in this chapter.

6.1.2 Synthetic lethal screen

With the limitations of the DR-GFP assay, especially with relation to small

molecule screening as described above, I was aware that a higher throughput

approach may be required. To this end, I assessed an alternative approach re-

lying on the predicted sensitivity of PARP1 knockout MEFs to HR inhibition

based upon the reversal of the well described synthetic lethality displayed by

HR deficient BRCA1 and BRCA2 cells treated with PARP inhibitors [19, 48].

I established that just such a synthetic lethality appeared to exist with the

specific killing of PARP1-knockout MEFs (A11 MEFs) relative to their iso-

genic wild type counterparts (A19 MEFs) by HR inhibition, as induced by

the HDAC inhibitor PCI-24781 (Fig 3.8 (b)). Based upon this observation

I tested the drug sensitivity screen in 96-well plates, with cell viability end-

point comparing A11 and A19 MEF viability. This simple endpoint required

only an hour incubation with resazurin dye followed by fluorescence analysis

on an automated, high-throughput plate reader (approximately 15 seconds

per plate) and was accordingly better suited to a high-throughput strategy
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than the DR-GFP assay. However, the phenotypic instability of these cell

lines with the gradual diminishment of the initially observed sensitivity of

A11 PARP-knockout MEFs to PCI-24781 treatment as a function of cell

passage number (Fig 3.9 (b)) led me to halt this screening approach.

6.2 DR-GFP assay: improvements and alter-

natives

6.2.1 DR-GFP assay improvements

There are a number of possible technical improvements that could be applied

to the initial protocol. Some were applied throughout my studies and others

may have been of use with the benefit of hindsight. A systematic error in the

DR-GFP assay that I believe was one of the main reasons for the high vari-

ability witnessed throughout my work was absence of controls for the I-SceI

transfection. Consistent transfection efficiency across all samples reduces the

noise of the resulting dataset. Whilst it is impossible to ensure that every

well in a 96-well plate is transfected with identical efficiency, normalisation

of results to an internal transfection control could account for this deficiency.

Although this was attempted by cotransfection of I-SceI with a DsRed plas-

mid, a more suitable approach would be to design a plasmid bearing both

the I-SceI and DsRed sequences, possibly separated by an internal ribosome

entry site. This approach was not investigated but I believe it would provide

a transfection efficiency readout for every well to which the percentage of
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GFP positive cells could be normalised. Such a system, as well as improving

data quality, would also allow identification of false positive hits that mediate

their effects through either an inhibition of the transfection process (a likely

problem for the small molecule screen) or through inhibition of the transcrip-

tion, translation and protein maturation of the recombined GFP generated

through functional HR.

A problem which was addressed over the course of this project was the

trade-off between transfection efficiency and toxicity with the transfection

reagent PEI, causing 10-20% toxicity (PEI was used for assay optimisation

and for the screen on account of its low cost). In order to maximise the re-

sponse of the DR-GFP assay, a concentration of PEI had to be used that was

toxic to the cells, thus setting up a compromise between the dynamic range

of the assay and cell number available for FACS analysis, which could be

as low as 1000 cells. Later experiments were conducted using Lipofectamine

2000 as a transfection reagent, this proved less toxic and more efficient with

respect to induction of fluorescence in the DR-GFP assay.

A final technical issue addressed during the course of my work was the

cell harvesting for FACS. My early studies had exploited the high-throughput

setting of the FACS machine, requiring a total well volume of 10µl or less of

trypsinised cells. Although quick, this setup was very inefficient at retreiving

all cells from each well. Accordingly, the volume of trypsinised cells was

increased to 60µl for the screen, greatly improving cell pick up efficiency

and data quality whilst maintaining plate read times of under an hour. The
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post-screening follow-up work presented here further increased the volume

of trypsinised cells to 130µl which gave an incremental improvement in cell

pick-up efficiency and data quality. Such a high well volume would have

proven too slow for the screen, with a plate read time of around 90 minutes.

siRNA screen

A source of experimental variation for all siRNA work is the differential

knockdown efficiency between different wells of a 96 well plate. When con-

sidering the screen, some of this variation may arise from pipetting variation

between wells. A possible solution, for which we did not possess the tools

at the time, is to use pre-plated siRNA and transfection reagent to which

cells are directly added. Whilst such an approach relies on high quality

reagents from the supplier, it simplifies the task of the researcher and is

more amenable to the handling of large numbers of plates with a relatively

basic robotic handling station, such as the one used in this work. Such an

approach has recently been adopted in our laboratory (unpublished work)

with favourable results in terms of ease of use and data quality, but was not

available at the outset of my project.

Small molecule screen

As has been suggested above, it is possible that the small molecules used in

the screens could lead to false positive results by inhibition of the transfection

process. Although the small molecule and I-SceI cotreatment was designed

to reduce the complexity and timescale of the screen, a possible alternative
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would have been to treat cells with compounds in the morning and then wash

the plates and transfect with I-SceI in the afternoon. Such an approach would

not greatly increase the complexity of the protocol and would maintain its

overall timeline but may reduce the return of false positive results. A possible

drawback would be the limited exposure time of cells to each compound,

though within 3-4 hours it may be expected that cell-permeable compounds

have been able to hit any prospective targets.

There are further considerations to be made with small molecule screens.

Firstly, is continuous exposure of the cells to each compound necessary to

demonstrate a phenotype, as opposed to an acute treatment? This is likely

to depend on the target of the compound and its interaction kinetics. Com-

pounds that bind tightly to their targets and demonstrate slow dissociation

kinetics are likely to yield a phenotype after an acute treatment, whilst those

that are less potent and dissociate more swiftly from their targets will require

a continual treatment to mediate any observable effects [208]. Secondly, is

pretreatment with a compound before I-SceI transfection desirable? This is

likely to be the case, as pretreatment allows for the compound of interest to

permeate the cell membrane and reach its site of action allowing establish-

ment of target inhibition before the damage recognition and repair machinery

is activated by I-SceI transfection.

A problem encountered with many small molecule screens is the assump-

tion that the desired phenotype may be detected at only a single concentra-

tion of compound. Many screens use only a single concentration for practical
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purposes [108, 99, 43, 2] and my screen was no different. However, with

suitable throughput capacity, it is far more desirable to screen compounds at

multiple concentrations. Hits are then selected as those compounds demon-

strating a dose response, giving a more refined preliminary hit list for further

work as well as providing initial information on the concentration range of

each hit compound that should be used in downstream validation and char-

acterisation assays.

In light of these considerations, but bearing in mind the throughput of

the DR-GFP assay, a modified small molecule screening protocol may be

suggested. Plated cells are first treated with compound for 6 hours before

washing of cells and I-SceI transfection. Following overnight incubation with

the transfection reagents (sufficient time for DNA to enter the cell), com-

pound treatment would then be repeated, with the cells continually exposed

to the compounds until the assay endpoint. I believe such an approach may

both reduce the number of false positives detected and increase the window

of detection for less potent inhibitors.

6.2.2 Alternative assays

Throughout my work I have used different assays to characterise HR defi-

ciency, these may be scaled up for high-throughput and could be considered

as alternatives to the DR-GFP assay used in my screens.
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DNA damaging agent sensitisation

Perhaps the most straightforward is screening for those siRNAs or small

molecules that sensitise cells to treatments that induce DSBs, such as CPT

or IR. Such screens benefit from their inherent simplicity, requiring only a

DNA damaging treatment and an appropriate cell viability assay as a high-

throughput endpoint. Such sensitisation assays do, however, suffer from a

lack of specificity. This arises from the possibility that those sensitising

effects detected may arise from non-DNA repair mediated effects such as

the inhibition of apoptosis, or in the case of a small molecule screen, any

compound that inhibits the metabolism or removal from the cell of a DNA

damaging drug such as CPT.

A potential problem with a simple DNA damage inducing agent sensiti-

sation screen is the specificity of the chosen drug and the DNA repair path-

way(s) employed to repair the induced damage. During the course of my

work, I used CPT along with other DNA damaging agents to help charac-

terise siRNAs or small molecules that may inhibit HR. CPT treatment leads

to poisoning of Topoisomerase I and subsequent replication fork stalling [78].

The persistent SSBs induced by CPT poisoning and trapping of Topoiso-

merase I in complex with DNA may be converted to DSBs by collision with

an ongoing replication fork [191]. Such replication dependent DSBs are major

substrated for HR [163]. However, repair of CPT induced stalled replication

forks may also proceed via stalled fork regression mediated by members of

the RECQ family of helicases, BLM [34], RECQL4 [158] and WRN [30]. In
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light of the complexity of the response to CPT induced damage it is im-

portant to consider for my work that any observed CPT sensitisation may

arise from inhibitory effects on pathways other than HR and furthermore,

that CPT sensitisation is not specific for HR inhibition. This concern was

addressed during the siRNA screen follow-up process with sensitisation to

multiple DNA damaging agents (CPT, MMC and IR) tested. In retrospect,

an agent more suitable to the induction of damage that more specifically re-

quires HR for repair would be the DSB inducing agent bleomycin. However,

DSBs may by repaired by both HR and NHEJ, so caution would still be

required with bleomycin sensitisation experiments.

Immunofluorescence

An additional alternative is an immunofluorescence-based foci formation screen

already successfully applied in both RNAi and small molecule screening

[103, 98]. Whilst we have the capacity in our laboratory for high-throughput

immunofluorescence data collection and analysis using the InCell 1000 auto-

mated microscope (GE), such an assay also suffers from potential drawbacks.

A foci-formation assay can provide information focusing only on one step of

the complex and multifaceted HR pathway. This is in contrast to the DR-

GFP assay that can give a readout for perturbation of HR at any step. A

foci formation assay is also relatively complex to perform on a large scale,

with a number of possible stages where errors may be introduced, such as

DNA damage induction, staining with the primary antibody and staining
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with the secondary antibody and appropriate blocking. Nevertheless, such

assays have been used successfully to identify novel DNA damage repair pro-

teins such as 53BP1-foci formation in the discovery of the RIDDLE syndrome

protein RNF168 [188].

6.3 siRNA screen

6.3.1 Assay performance

The siRNA screen in UGFP1 cells was conducted twice at an siRNA concen-

tration of both 10nM and 6nM. The reduction of the siRNA concentration

to 6nM was necessary to counteract the off target effect of NT siRNA upon

the DR-GFP assay at higher concentrations (Fig 3.6). Assay performance

was assessed on the basis of the effectiveness of the controls and the quality

of the replicate data (each siRNA was tested in triplicate) [Figs 4.1 4.2 4.4].

Whilst the RAD51 siRNA positive control in both screens was clearly effec-

tive in reducing the percentage of GFP positive cells to almost background

(minus I-SceI) levels, it was also immediately clear that the NT siRNA at

10nM was having a negative effect on the percentage of GFP positive cells as

compared to the blank control (cells treated with transfection reagent only).

This off-target effect reduced the window within which siRNAs inhibiting

HR could be detected which, coupled to the generally low induction of GFP

expression that is characteristic of this assay, led me to repeat the screen at

6nM of siRNA.
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The 6nM siRNA screen showed a diminished off-target effect of the NT

siRNA and as a result of using low passage UGFP1 cells, the level of GFP

induction increased and replicate data quality improved. It was consistently

observed throughout my work that freshly thawed cells bearing the DR-GFP

construct (both U2OS and MRC5 cell lines) gave a higher induction of GFP

and generally better data quality than later passage cells.

As a result of the changes implemented after the initial 10nM screen, I

now had two full screen datasets. As has been described above, there are

a number of inherent drawbacks with this screen and it was therefore an

advantage to have two datasets to increase the pool from which potential

hits were to be drawn. The correlation between the datasets was not strong,

especially in the region where I was expecting to identify hits. This may be

accounted for not only from the different assay conditions between the two

screens, with possible differences in protein knockdown efficiency across all

siRNAs of the library (though none was detected during the optimisation

process) but more likely due to the aforementioned variability of this assay.

It was, therefore important to validate as many preliminary hits as possible

by retesting in the same assay, both to verify the efficacy of the screen and

to prevent premature exclusion of any potential leads.

6.3.2 Screen results and hit validation

Consideration of the preliminary hit lists (Z-score <1.5) for both the 10nM

and 6nM screens (Fig 4.4) revealed a number of known DSB repair proteins
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identified towards the top of both hit lists. In both the 6nM and 10nM

screens, the key HR mediator BRCA2 together with its interacting protein

DSS1 were identified with Z-scores of <-2. Although each screen identifies a

number of DSB repair proteins at the top of the hit list, there were notable

exceptions, including RAD51. Extension of the Z-score cutoff from under

-2 to under -1.5 extends the list of DSB repair proteins retreived by the

screen, with BRCA1, BRCA2 interaction partner PALB2 and the ssDNA

binding RPA1 all identified. These observations both lend confidence to

the screening strategy as being capable of identifying HR proteins, whilst

demonstrating that such a screen cannot be expected to identify all proteins

required for HR by this (or perhaps any) screening method. The recently

published genome-wide RNAi DR-GFP screen [182] provides a convenient

dataset for comparison. Their work also identifies very few known DSB repair

proteins as hits with only BRCA1, DSS1, RAD51, BARD1, RAD51AP1,

RNF168, EME1 amongst their list of 228 hits [182]. The paucity of HR

proteins identified in this study is in line with my own observations and I

believe reflects some of the limitations of the DR-GFP assay with respect to

high-throughput screening (discussed earlier in this Chapter). Furthermore

the lack of correlation with my hit-list (Fig 4.4) may be in part accounted

for by the different approach used by the authors of the genome-wide DR-

GFP screen [182], specifically their simultaneous use of RNAi at the same

time as DSB induction in comparison to my use of RNAi in advance of DSB

induction as discussed earlier.
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The preliminary hit list was initially defined as all those siRNAs taken

from the two siRNA screens I performed that had a Z-score of <-1.5, plus

BRD1 (Z-score -1.3) as a poorly characterised bromodomain-containing pro-

tein of potential interest. The majority of these recapitulated their originally

observed phenotypes upon retesting in the DR-GFP assay (Fig 4.5 (a)), un-

derlining the reliability of the initial hit selection process. One exception

was c9orf102, which gave a decrease in the DR-GFP activity but with high

replicate variability, making it statistically insignificant. Subsequent testing

of c9orf102 in the deconvolution assays verified the initial screening result.

Having validated the majority of the preliminary hits (Fig 4.5), the hit

list was further reduced by removing siRNAs targeting all known DSB repair

proteins and those for which a mechanism of HR involvement was difficult

to conceive - such as COPB2 (Golgi protein trafficking) and NUP205 (nucle-

oporin). Each siRNA of this curated hit list was then tested for its ability

to sensitise cells to DNA damage (in this case induced via MMC treatment,

leading to ICL formation) [Fig 4.5]. Most members of the curated list demon-

strated some sensitising effect, bolstering confidence in the screens. It is

important to appreciate that such a sensitisation assay with a cell viability

endpoint, conducted at a single concentration of MMC is not likely to be

as sensitive as a dose response clonogenic survival assay. This technical lim-

itation, necessitated by the requirement to test a large number of siRNAs

may well account for the fact that JMJD1B knockdown showed no effect in

the MMC sensitisation assay but later demonstrated sensitisation to both
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CPT and MMC in clonogenic survival assays (Fig 4.14). With respect to

MMC sensitisation assays, it is worth bearing in mind that although RAD51

knockdown and therefore HR inhibition sensitises cells to MMC treatment

(Fig 4.14), MMC induced damage (ICLs) may also be directly repaired via

non-HR mechanisms, specifically the FA repair pathway (Fig 1.6). Thus a

sensitisation to MMC may not in itself demonstrate that HR is inhibited. It is

for this reason that sensitisation assays with multiple DNA damaging agents

were conducted which, together with the data gathered from the DR-GFP

and foci-formation assays could be used to infer whether or not a particular

siRNA was likely to be mediating the observed effects via HR inhibition.

6.3.3 siRNA hit deconvolution

The siRNA hit validation process allowed selection of hits for further inves-

tigation. Led by promising results in the initial screens, the DR-GFP vali-

dation and the MMC sensitisation experiments (in which c9orf102 emerged

as the top hit), a list of siRNAs for follow up work was defined: BRD1,

c9orf102, CHD8, JMJD1B, SUV3, TET3 (Figs 4.7 and 4.8).

These selected hits were all subjected to deconvolution multiple deconvo-

lution assays. Deconvolution in the the context discussed within this thesis

represents the individual testing of the four constituent siRNAs that are

combined to create the pooled siRNA reagent that was initially used for the

siRNA screen. A successful deconvolution experiment is defined as atleast

two of the four siRNAs of a pool mediating the same effect in a given assay.
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All selected hits, except CHD8, were successfully validated in the DR-

GFP assay (at least two of the constituent siRNAs of the pool exhibiting

the desired phenotype). The CHD8 deconvolution did show a modest DR-

GFP inhibitory effect from two of the siRNAs, which are likely to combine

to give the phenotype of the pooled siRNA as witnessed in the initial screen

and subsequent DR-GFP validation experiment. This modest effect was not

deemed sufficient to warrant further work.

The qPCR deconvolution data showed an overwhelming efficacy (high

levels of transcript knockdown) of nearly all the siRNA reagents highlighting

an inconsistency between the DR-GFP and qPCR deconvolution data. A

possible explanation is that the constituent siRNAs of each pool have differing

stabilities once inside the cell. This may account for why nearly all siRNAs

tested gave effective transcript knockdown 24 hours after transfection but

didn’t all yield an inhibitory effect on the DR-GFP assay whose endpoint

is 96 hours after siRNA transfection. Throughout the optimisation process

there was no evidence to suggest that effective protein knockdown was not

maintained until 96 hours after siRNA transfection (Figs 3.4 and 3.6), but

this possibility cannot be discounted for the range of siRNAs looked at in this

study. Further appreciation of the phenotypic variability between individual

siRNAs of a pool may be gained when one considers that the algorithms used

to generate siRNAs give a probability of 80-90% for each siRNA reducing

target transcript levels by 70% [106]. This limitation may be coupled to

different phenotypes emerging from a range of transcript knockdown levels
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as a result of inter-pool variability with regards to potency [106].

The success rate of the primary validation (retest in DR-GFP assay),

complementary assay (MMC sensitisation) and deconvolution experiments is

consistent with observations from other large scale siRNA screens in the DNA

damage field. For example, the genome-wide DR-GFP screen of Slabicki et

al [182] identified 228 hits for potential HR inhibitory effects; of these only 45

(20%) were validated with independent siRNAs. Similar results are recorded

for genome-wide DNA crosslinker and IR sensitisation screens [183, 85] in

which 22% and 40% of hits validate in a complementary assay. Consideration

of my deconvolution data (5/6 selected hits validated successfully in DR-GFP

and qPCR assays, 3/6 in foci-formation assays) in light of published work is

favourable with deconvolution success rates in different screens in the range

of 50-70% [182, 161]. It can be difficult to compare screens from different

laboratories due to the diversity of reagents, assays, data analysis methods,

statistical cut-offs and follow-up procedures used but I believe the quality of

the screening and follow-up data shown here are at least in line with other

examples in the literature.

6.3.4 Hit characterisation: BRD1, JMJD1B, TET3

Successful deconvolution experiments for BRD1, JMJD1B and TET3 siRNAs

(as well as c9orf102 and SUV3 to be addressed separately, below) verified

the relevance of my screening approach, in each case atleast two of the four

siRNAs against each target inhibited the DR-GFP assay (Fig 4.7) as well
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as producing significant transcript knockdown as measured by qPCR (Fig

4.8). Further characterisation in foci-formation assays (Fig 4.9) was able

to show that the pattern of the deconvolution results (i.e. consistent effects

mediated by the same siRNAs in different assays) in the DR-GFP and RAD51

foci readouts was comparable for BRD1, JMJD1B and TET3, suggesting

that target knockdown in all cases may inhibit HR via impairing RAD51

nucleoprotein filament formation - a plausible HR inhibitory mechanism.

The trend across the BRD1, JMJD1B and TET3 siRNA deconvolution

experiments was broadly maintained when considering the 53BP1 and RPA

foci formation data: BRD1 knockdown causes a modest reduction of 53BP1

and RPA foci formation with a similar pattern to that seen in the RAD51

deconvolution experiment (Fig 4.9). Further work is necessary to define

whether the subtle effects of BRD1 knockdown on 53BP1, RPA and RAD51

foci formation are biologically relevant. Verification of protein knockdown in

this case would be particularly helpful, although at the time of writing we

have not acquired a BRD1 antibody. The data so far suggest that BRD1

knockdown impairs HR via an inhibitory effect on both 53BP1, RPA and

RAD51 foci formation.

JMJD1B knockdown inhibited formation of all the foci markers used and

in particular RAD51 (Fig 4.9). As with BRD1, this effect on 53BP1-, RPA-

and RAD51 foci-formation suggests a role for JMJD1B at the very beginning

and possibly throughout the damage recognition process, before HR has been

initiated. Contrary to expectations, the JMJD1B siRNA deconvolution for
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transcript and protein knockdown contrasts with the experimental data from

the DR-GFP and foci formation assays (Figs 4.8, 4.9, 4.10, 4.11, 4.12 and

4.13). JMJD1B siRNA 1 does not show strong transcript and protein knock-

down but demonstrates a strong inhibition of RAD51 foci-formation. These

discrepancies between protein knockdown and HR inhibition cannot easily

be accounted for. One possibility is that each siRNA of the pool differs in its

stability resulting in effective protein knockdown at different timepoints for

each reagent. Further timecourse analysis of JMJD1B protein knockdown

following siRNA transfection would allow an assessment of this hypothesis.

The TET3 deconvolution data indicate that inhibition of the DR-GFP

assay by TET3 siRNA is consistent with an inhibitory effect of TET3 knock-

down on RAD51 foci formation. The pattern of DR-GFP and RAD51 foci-

formation inhibition accross the four TET3 siRNAs is almost identical (Figs

4.7 and 4.9). The TET3 siRNAs display a limited effect on 53BP1 and RPA

foci formation (Fig 4.9). In contrast to both BRD1 and JMJD1B, the poten-

tial role of TET3 in HR appears to be restricted solely to events downstream

of resection, during the formation of the RAD51 nucleoprotein filament. Un-

fortunately, as with BRD1, I currently do not have access to a validated

TET3 antibody.

With promising data acquired from the DR-GFP and foci formation de-

convolution experiments for BRD1, JMJD1B and TET3, and with the pooled

siRNA reagent validated in each case, I determined whether knockdown of

each target sensitised cells to DNA damaging treatments (specifically CPT

229



and MMC). In line with expectations, both BRD1 and JMJD1B knockdown

demonstrated such an effect whilst, in contrast to the data collected from

the DR-GFP and RAD51 foci-formation assays, TET3 knockdown did not.

In the absence of a suitable antibody, it is difficult to assess whether the lack

of sensitising effect in the case of TET3 is a result of inconsistent protein

knockdown by TET3 siRNA accross the different experiments.

Some of the inconsistencies throughout the deconvolution process, for

example as displayed by JMJD1B siRNA 1 (see above) may be accounted

for by off-target effects of individual siRNAs. This uncertainty remains for

all of the hits I have worked with to this point, including those discussed

below, and can only be addressed with successful rescue experiments. Rescue

experiments will entail the restoration of function in the assay of choice using

cells in which the endogenous transcript has been knocked down. This is

achieved by the expression of an siRNA-resistant construct coding for the

protein under study. This work requires both a suitable expression vector

(ideally siRNA-resistant) or siRNAs for the relevant target that bind to one of

the untranslated regions (UTRs) of the transcript. In addition, for an optimal

rescue experiment, a cell line stably expressing the construct of interest is

highly desirable. Generation of stably expressing cell lines for those hits of

immediate interest (SUV3, BRD1 and c9orf102) is currently underway in our

laboratory.
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BRD1, JMJD1B, chromatin remodelling and HR

Taken as a whole, the characterisation experiments for BRD1, JMJD1B and

TET3 support the hypothesis that both BRD1 and JMJD1B are required

for effective HR. Any potential role for TET3 is more difficult to support. It

is also possible to speculate at which points in the damage recognition and

HR pathways these proteins act based upon the foci formation data - though

further work is required to solidify such predictions.

The nature of BRD1 and JMJD1B as a bromodomain-containing protein

[138] and a histone lysine demethylase [3], respectively, suggests an indirect

mechanism for involvement in HR in both cases: BRD1, so named for its

histone acetyl lysine binding bromodomain, also contains 2 PHD zinc fingers

characteristic of a chromatin regulator and has recently been described as

part of a histone acetyl transferase (HAT) complex in partnership with the

HBO1 HAT [3]. The HBO1-BRD1 complex is responsible for the majority of

histone 3 lysine 14 acetylation in the cell [138]. Additional recent work has

described the role of this particular histone modification in activating DNA-

PK under hypoxic conditions [17]. How these observations might relate to

a role for BRD1 in HR is not clear, but investigation of the relationship

between BRD1-HBO1 mediated histone acetylation and the DNA damage

response is certainly warranted in light of the data presented here.

JMJD1B is thought to be a histone H3, lysine 9 demethylase [3], although

observations of this activity have not been published. Histone H3, lysine 9

tri-methyl demethylayion activity has been associated with transcriptional
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derepression and chromatin remodelling [3]. This activity is likely to be of

biological and perhaps medical significance since deletions in the genomic

region coding for JMJD1B have been associated with myeloid malignancies

and it has been speculated that this region may contain a tumour suppressor

gene [79, 124]. Whether the observed HR inhibition resulting from JMJD1B

knockdown shown by my work is linked to JMJD1B’s role in chromatin re-

modelling and how such a connection may contribute to a prospective func-

tion of JMJD1B as a tumour suppressor is the subject of work being actively

pursued in our laboratory.

Key to revealing the possible relationships between the histone modifica-

tions mediated by BRD1 and JMJD1B is the robust demonstration of their

HR promoting activity and whether the histone modifications they catalyse

are required for this process. These avenues of research have been opened up

by the screening and validation work described herein.

6.3.5 Hit characterisation: c9orf102/RAD26L

Early in the hit validation process, my attention focused on the uncharac-

terised protein c9orf102 (Figs 4.16 - 4.20). Sequence analysis identifies this

predicted protein as a relative of the yeast nucleotide excision repair helicase

Rad26 and its human counterpart ERCC6/Cockayne syndrome B (CSB) and

defines c9orf012 or RAD26L as a SF2 family helicase/translocase. These

predictions have yet to be validated experimentally, for example by in vitro

helicase activity assays.
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Deconvolution of the four c9orf102 siRNAs in the DR-GFP and qPCR

assays was successful (two of the four c9orf102 siRNAs exhibited both DR-

GFP inhibitory activity aswell as significant transcript knockdown) and I

established that c9orf102 knockdown inhibits both RPA and RAD51 foci

formation following DNA damage induction. The deconvolution experiments

demonstrated that c9orf102 siRNAs 1 and 4 had consistent inhibitory effects

across all assays and probably drove the phenotype induced by use of the

pooled reagent. At this stage it was noted that c9orf102 1 and the pooled

siRNA reagent were both toxic to cells, accordingly the c9orf102 4 siRNA

was used to demonstrate a marginal sensitisation of c9orf102 knockdown

cells to CPT and MMC, in line with expectations from the deconvolution

experiments.

With a view to performing rescue experiments to verify my findings thus

far, siRNA directed against the 3’-UTR of c9orf102 (c9orf102 13) tested

for its HR inhibitory effects in the DR-GFP, RAD51 foci formation and

clonogenic survival assays conducted with MMC, CPT and IR. In all cases,

the expected HR inhibitory effects were confirmed, both increasing confidence

in my hypothesis that c9orf102 is required for efficient HR and facilitating

rescue experiments (Fig 4.17).

The rescue experiments (ectopic expression of c9orf102 in cells treated

with c9orf102 13 siRNA) did not restore function in either the DR-GFP or

RAD51 foci formation assays, the reasons for this lack of rescue may be

technical, arise from the possibility that the c9orf102 expression construct

233



was not the full sequence (see below and Fig 4.20) or serve as an indication

that the previously observed effects of c9orf102 knockdown are due to off-

target effects. Possible technical explanations may arise from the difficulties

of restoring function in cells that have undergone a transient siRNA trans-

fection to knockdown the target protein, followed by a transient transfection

of the c9orf102 rescue vector. Using such a protocol, it is impossible to guar-

antee that cells successfully transfected with siRNA will all undergo rescue

vector transfection. To address these problems, it is necessary to generate

either a cell line with a stable c9orf102 knockdown or conversely cell line

with stable, siRNA-resistant, c9orf102 expression. In advance of perform-

ing these time-consuming steps, I sought clarification of the nature of the

c9orf102 transcript by Northern blot (with the assistance of Dr C. Bachrati,

Helleday laboratory). In striking contrast to the expected length of the pre-

dicted transcript (4666 bases), the endogenous transcript detected using a

full-length (as predicted in the PubMed gene database) c9orf102 cDNA was

found to be in the region of 7500-8000 bases. This discovery posed several

questions relating to the true sequence of c9orf102. It is possible that the

full length protein-coding c9orf102 gene is longer than predicted - such an

eventuality could offer an explanation for the failed rescue experiments due

to ectopic expression of a truncated construct. Reassuringly, the c9orf102

13 siRNA against the predicted 3’-UTR of c9orf102 efficiently knocks down

levels of the detected c9orf102 transcript, suggesting that knockdown of this

uncharacterised transcript is indeed responsible for the HR-inhibitory effect
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shown by my data (Fig 4.17). Verification of c9orf102 protein knockdown

has proved elusive, with only poor-quality commercial antibodies currently

available.

My work relating to c9orf102 leaves a number of important questions

unanswered, however, until the exact sequence of the c9orf102 mRNA and

protein can be experimentally determined, it is difficult to address these

with any certainty. A crucial initiating step in this work will be the cloning

sequencing of the full length c9orf102 transcript.

6.3.6 Hit characterisation: SUV3

Perhaps the most promising data arising from the siRNA screen relates to

the SUV3 helicase (Figs 4.21 and 4.22). This multifunctional helicase with

dsRNA, dsDNA and RNA:DNA hybrid unwinding activities [180] was origi-

nally characterised in humans by virtue of its homology to Suv3 in yeast and

is conserved from Rhodobacter to eukaryotes [40]. Early work demonstrated

a distinct mitochondrial role for SUV3 in regulating RNA turnover as part of

the mitochondrial degradosome [136, 97] and further studies have illuminated

an additional, nuclear role for SUV3 with biochemical interactions identified

with both BLM and WRN helicases [162] as well as immunoprecipitation

experiments showing interactions in the nucleus with RPA and the flap en-

donuclease FEN1 [210]. This recent study has expanded the biochemical

understanding of SUV3, revealing RPA-mediated inhibition of SUV3 heli-

case activity, whilst SUV3 itself was found to stimulate FEN1 activity [210].
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What role these interactions play within the cell in the context of HR remains

to be seen.

In contrast to the other hits selected during my work, SUV3 is well al-

ready well characterised allowing a more informed consideration of my data.

SUV3 knockdown leads to marked inhibition of the DR-GFP and RAD51

foci formation assays and to a lesser extent RPA foci formation (Figs 4.7

and 4.21). These discoveries are in agreement with a proposed nuclear role

for SUV3 and the recently characterised SUV3 interaction with RPA [210].

Whether this interaction explains the effect of SUV3 knockdown on RPA foci

formation is an intriguing possibility.

Fortuitously, a SUV3 antibody was generously made available to me by

Prof. P. Stepien [136], greatly aiding validation of the SUV3 siRNAs used

throughout my work. In agreement with the pattern of deconvolution data

for the DR-GFP and RAD51 foci assays, I found that all SUV3 siRNAs

except siRNA 4 efficiently knocked down SUV3 protein levels (Fig 4.22).

At the same time as validating SUV3 knockdown, I noticed that RAD51

protein expression levels were greatly reduced in tandem with SUV3 levels

by the validated SUV3 siRNAs (Fig 4.22). This serendipitous discovery may

give an insight into how HR inhibition is mediated by SUV3 knockdown

and accounts for the sensitisation of SUV3 deficient cells to a range of DNA

damaging agents (MMC, CPT and IR), although it does not explain its

effect on RPA foci formation. Reassuringly the pattern of SUV3 knockdown

across the different SUV3 siRNAs matched that of the RAD51 knockdown

236



i.e. those siRNAs that produced strong SUV3 knockdown had the same effect

upon RAD51 protein levels.

With the realisation that SUV3 knockdown may inhibit HR by modu-

lating RAD51 expression levels, it will be important to dismiss non-SUV3

specific mechanisms for this phenomenon. One obvious candidate is apop-

tosis, which has been described to be induced by SUV3 knockdown in HeLa

cells [200]. None of the siRNAs used during the course of my work are toxic

and cleaved RAD51 that may be expected as a result of caspase 3 activity in

apoptotic cells [82] is not detected in my Western blots (Fig 4.22). Further

demonstration that RAD51 levels are not reduced via an apoptotic mecha-

nism and that apoptosis is not induced following SUV3 knockdown will be

required to fully dismiss these concerns. Analysis of RAD51 transcript lev-

els following SUV3 knockdown will also aid the understanding of how the

proposed SUV3 regulation of RAD51 levels is achieved.

Following from the results of the c9orf102 rescue experiments, in which

no rescue of function in both the DR-GFP and RAD51 foci-formation assays

was observed, it was decided that cell lines stably expressing SUV3 should be

generated to avoid technical problems relating to transient ectopic expression

systems. These cell lines are currently being prepared in our laboratory and

will allow verification that the siRNAs used in my work are on-target.
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6.3.7 siRNA screen - future directions

The follow-up work derived from the initial siRNA screen datasets has uncov-

ered a number of promising leads for potentially novel HR proteins (BRD1,

c9orf102 and SUV3), satisfying the initial aim of this arm of the project. In

all cases, two major steps are required to robustly confirm the assumption

that the validated hits (BRD1, JMJD1B, c9orf102 and SUV3) all play a role

in promoting and/or enabling HR. Firstly, verification of protein knockdown

using specific antibodies against each target (already achieved for JMJD1B

and SUV3) and secondly, successful rescue of the HR-inhibitory phenotypes

described in each case. Only after these experiments are succesfully com-

pleted can further characterisation work be pursued and it remains possible,

though unlikely, that one or more of the hits has been identified purely due

to off-target siRNA effects.

Initial work, pending the satisfaction of the two conditions listed above,

will focus on whether or not any of these prospective HR proteins localise

to sites of DNA damage. These data will facilitate clarification of whether

a hit from my screen exerts its effect on repair directly as part of the re-

pair or damage recognition machinery proximal to the damaged DNA, or

alternatively indirectly via global changes. Regulation of DNA accessibility

via the modulation of chromatin remodelling activity is a possible indirect

mechanism for BRD1, JMJD1B and even c9orf102 and SUV3. In the cases

of BRD1 and JMJD1B, in particular, it will be important to characterise

whether the inhibitory effects on HR following BRD1 and JMJD1B knock-
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down so far described are specific to chromatin remodelling. In light of the

results anticipated from such experiments more detailed studies may then be

designed to address the mechanism of any novel HR protein identified.

Although BRD1, JMJD1B and c9orf102 all represent attractive potential

HR proteins, I believe the most immediately promising candidate for further

work is SUV3. This belief is founded on the persuasive experimental data

that I have collected combined with observations from other groups asserting

a nuclear function for this helicase, perhaps in partnership with RPA. Further

work in our laboratory will initially be directed towards firmly demonstrating

that SUV3 is a novel HR protein, whilst a more fundamental understanding

of the basic biology of BRD1, JMJD1B and especially c9orf102 needs to be

developed by our group and others before defining any functions in HR.

6.4 Small molecule screen

Although two small molecule screens were performed, the kinase inhibitor

screen by hand and the NCI screen with assistance from the robotic handling

station, these will be considered together as a number of issues arose during

the course of my work with relevance to them both.

Assay performance

The most immediately obvious drawback with both screens was the poor

replicate data quality (Figs 5.1 and 5.5), which was more pronounced in the

kinase inhibitor screen and was a particular problem for those compounds
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that produced an increase in the relative percentage of GFP positive cells

in the DR-GFP assay. There was some improvement in the replicate data

quality in the NCI screen as compared to the kinase inhibitor screen and I

believe this may be explained firstly by the use of early passage UGFP1 cells

together with the use of the robotic handling station for conducting the drug

treatment steps of the NCI screening protocol.

Of concern in the NCI screen, in particular, was the variable effect of

the positive control (0.4, 0.6µM PCI). In most cases, treatment with PCI re-

duced the percentage of GFP positive cells relative to the DMSO and blank

controls, but this effect was not universal across all plates of the screen.

Whilst it is possible in such a large scale experiment that pipetting errors

may occur, I have also observed over the course of my work that the effect

of PCI treatment on HR activity, as measured by the DR-GFP, RAD51 foci

formation and DNA damaging drug sensitisation assays is variable and not

as consistent as one could hope. These observations may be rationalised

when one considers the nature of this drug: PCI is a broad spectrum HDAC

inhibitor and as such would be expected to have diverse effects upon chro-

matin dynamics and DNA accessibility. Whilst these effects are most likely

to be responsible for the PCI-dependent inhibition of HR via modulation of

RAD51 expression levels, it is difficult to predict what spectrum of other

proteins and pathways might be disrupted by non-specific HDAC inhibition

such as that mediated by PCI. Aside from its effect on RAD51 expression

levels that directed my desire to use this compound as a positive control, PCI
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treatment has also been shown to downregulate expression of NF-κB, antiox-

idant and proteasome genes as well as inducing caspase and reactive oxygen

species-dependent apoptosis [15]. The competition between these known and

the highly probable, unknown effects of PCI treatment may drive the effects

seen in my assays and I believe may account for the variable results seen. A

better understanding of the concentrations of PCI that mediate each of the

different known effects would enable a more reliable assessment of whether or

not this compound is a suitable positive control for HR inhibition. The prob-

lems experienced with PCI serve to highlight the importance of identifying

specific HR inhibitors and suggest that use of an alternative positive control

could have been pursued. However, our lab had acquired a large quantity

of PCI via a materials transfer agreement with its manufacturer (Pharma-

cyclics) prior to the beginning of my project. Due to the large amounts

of compound required for high-throughput screening, I elected to use these

pre-existing compound stocks.

6.4.1 Screen results and hit validation

With the screens completed and with an awareness of the likelihood of false

positives, hit validation was of great importance (Figs 5.2, 5.8 and 5.9). In

the case of the kinase inhibitor screen, it was reassuring to identify the known

HR inhibitors (the CHK1 and CHK2 inhibitor AZD7762 [141] and the HSP90

inhibitor Geldanamycin [154]) amongst the preliminary hit compounds. Fur-

thermore, 15/17 preliminary hit compounds (the known HR inhibitors were
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not followed up) gave favourable dose responses in the DR-GFP i.e. a clear

dose response and an inhibition of the DR-GFP assay in excess of their tox-

icity (Fig 5.2). In contrast and perhaps reflecting both the nature of the

compound library and scale of the screen, the retesting of the 134 prelimi-

nary hits defined from the NCI screen in the DR-GFP assay revealed only

around a third of hits that maintained their effects. Of these, the majority

(17/22) displayed a favourable dose response in the DR-GFP assay.

The outcome of the validation process in both screens revealed that the

screens were effective at identifying numerous compounds with significant

and repeatable inhibitory activity of the DR-GFP assay, but which failed to

universally validate in the subsequent characterisation assays. It is highly

likely that this result stems from a lack of specificity in the DR-GFP as-

say and those compounds identified as DR-GFP assay inhibitors but with

no effect in alternate assays have an inhibitory effect on the production of

GFP, possible at numerous steps in the transcription, translation and protein

maturation process. The aforementioned inclusion of a transfection control

for the I-SceI tranfection step of the assay (e.g. DsRed tagged I-SceI) would

have potentially reduced the identification of such false positives.

6.4.2 Hit characterisation

It was now necessary to screen all the validated hit compounds from both

the kinase inhibitor and NCI compound screens in complementary assays to

further establish the veracity of any HR inhibitory effect and to aid with
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characterisation of the mechanism of action of the hit compounds (Figs 5.3,

5.5 and 5.10 - 5.12). In the case of both sets of preliminary hits (kinase in-

hibitor and NCI libraries), compounds were identified that had no significant

effect upon any of the foci formation assays that was in excess of their toxic-

ity, yet sensitised cells to CPT treatment. It is reasonable to assert that such

compounds that (at non-toxic levels) induce inhibition of the DR-GFP assay

and sensitise cells to DNA damage, have an inhibitory effect on HR. A more

difficult assertion to make is that this effect is specific to HR. Furthermore it

is difficult to predict what the target of inhibition may be, even in the case

of the kinase inhibitors, all of which have relatively broad inhibitory profiles.

Follow up work performed on the NCI hits also identified two compounds

(28 and 96) that have pronounced inhibitory effects on both RPA and RAD51

foci formation at non-toxic concentrations, whilst leaving 53BP1 foci forma-

tion unaffected. Though still far from defining a target for these compounds,

these results lend confidence to the hypothesis that these are HR inhibitors

and allow speculation that they mediate an inhibitory effect downstream of

DNA damage recognition and upstream of either resection or RPA loading.

The generation of such an hypothesis is of great value in guiding future char-

acterisation experiments of these particular hits.

Based upon the promising data collected for NCI hits 28 and 96 with

respect to the DR-GFP and foci formation assays, it was expected that they

would sensitise cells to DNA damage treatment. The CPT sensitisation

assay did not confirm this prediction, though it must be noted once more
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that such an assay is not as sensitive as lower throughput (e.g. clonogenic

survival assays) that may now be used, with multiple DNA damaging agents,

to further characterise these compounds.

The lack of a high degree of cross-validation between the DR-GFP and

DNA damaging agent (CPT) sensitisation assays may also reflect the complex

nature of CPT induced damage repair (discussed earlier in this Chapter),

testing of the DR-GFP assay validated hits in sensitisation assays with a

number of different DNA daamging agents (e.g. the radiomimetic bleomycin)

may have circumvented this problem, though such an approach is prohibitive

for a large number of compounds being used at multiple concentrations.

Target identification

Should the expected DNA damage sensitising effect be successfully demon-

strated for NCI hits 28 and 96, confidence in their roles as HR inhibitors

would be sufficient to attempt the identification of their targets. Such an en-

deavour is not to be taken lightly. One approach that has been successfully

applied for target identification is the chemical immobilisation of the hit com-

pound onto an affinity tag or solid matrix to allow the application of affinity

pull-downs or chromatography, respectively, followed by mass-spectrometry

to identify proteins that bind to the hit of interest [119]. This technique re-

quires the generation of a reactive chemical linker to attach the compound of

interest to the tag/matrix in such a position so as not to mitigate the bind-

ing activity of the compound and also relies on a high affinity interaction
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between ligand and target. Such work would be a significant undertaking,

however, target identification is an inevitable hurdle imposed with cell-based

screens such as those conducted here, as was acknowledged from the outset.

6.5 Conclusions

Development of the DR-GFP assay for high-throughput screening

One implicit aim of the project was to develop a high-throughput compatible

HR activity assay that is compatible with both siRNA and small molecule

work. Though not without its limitations, the DR-GFP assay was developed

successfully for this purpose. This conclusion may be drawn when consid-

ering the results obtained for both the siRNA and small molecule screens.

Whether the DR-GFP assay is the most appropriate tool for such work re-

mains debatable. The most viable alternative cellular HR assay compatible

with high-throughput would probably be a foci formation assay, though the

resultant data quality and ability to detect genuine HR proteins is still far

from ideal (Dr C. Lundin, Helleday laboratory, unpublished work). In con-

clusion, I believe that the success of such a cell based screen lies in the

appropriate application of complementary assays that can both confirm the

initial activity displayed in the primary screen, whilst informing upon any

possible mechanims of action to guide the direction of future work.
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Identification of novel HR proteins

The siRNA screen and resultant follow up work has served to identify four

candidate novel HR proteins. There remains a number of experiments in each

case that are required to fully satisfy the hypothesis that BRD1, c9orf102,

JMJD1B and SUV3 promote or enable HR but all my work so far is in

line with this prediction and has firmly established these hits as leading

candidates and laid the foundation for continuing work in our laboratory.

Identification of novel HR inhibitors

From the outset, this element of the project was likely to be the most chal-

lenging and this proved to be the case. The lack of target knowledge inherent

to such work makes characterisation of any hits a particular problem. Nev-

ertheless, a number of potential HR inhibitors have been identified through

the screening process and provide the confidence required to demand further

follow up work to establish how HR inhibition is achieved and how specific

this observed effect is in the case of each hit.

Perspectives

I believe that my work has opened up multiple avenues of research for my

laboratory. The identification through high-throughput siRNA screening of

potential novel HR proteins in addition to those recently identified and char-

acterised in similar studies [85, 182, 161, 121] demonstrates that this is still

a fertile area of research where much is left to be discovered. The presence,
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amongst my hits, of numerous siRNAs targeting chromatin remodelling pro-

teins also underpins the growing realisation that the chromatin context within

which DNA repair takes place is of great importance to the maintenance of

genomic stability [58, 83, 127, 103, 54, 38]. Finally, my identification of can-

didate HR inhibitors poses the daunting but fascinating question of their

biological target(s) which, if answered, will enable the pursuit of further re-

search into the clinical relevance of HR inhibition as a cancer treatment.

247



Appendix A

Appendix

A.1 siRNA library

A ’Flexiplate’ siRNA library was purchased from Qiagen and constitutes

siRNAs against all known and putative DNA repair genes and a number of

chromatin remodellng genes. Each well contained a pool of four individual

siRNAs against a common target. There were 579 targets in total.

For deconvolution experiments, each of the 4 siRNAs of the constituent

pool (the identical sequences to those used in the screen) were ordered sep-

arately from Qiagen.

The siRNAs used as controls are listed below in Table A.1. In all cases for

control siRNAs, the individual siRNAs were pooled. In the cases of 53BP1

and RPA, only two siRNA sequences were pooled; both of these had been

validated by the vendor (Qiagen - www.qiagen.com).

248



Table A.1: Target sequences of siRNAs used herein. All

siRNAs were purchased from Qiagen, with the exception

of XRCC3 (Dharmacon).

name sequence

MLH1 6 GTGGCTCATGTTACTATTACA

MLH1 7 AACCATCGTCTGGTAGAATCA

MLH1 4 CAGTGGATTGATTATAAATAA

MLH1 3 CACCAGATGGTTCGTACAGAT

RAD51 7 AAGGGAATTAGTGAAGCCAAA

RAD51 1 CAGGATAAAGCTTCCGGGAAA

RAD51 8 CACGGTTAGAGCAGTGTGGCA

RAD51 6 CACTTCTAAATTAATGGTAAA

RPA1 6 CCGTGTGACGATCCCATGTTA

RPA1 5 CAGGAATTATGTCGTAAGTCA

WRN 6 CGGATTGTATACGTAACTCCA

WRN 9 TCCGCTGTAGCAATTGGAGTA

WRN 8 CTACGTGACTTTGATATCAAA

WRN 7 CCACGGAGGGTTTCTATCTTA

XRCC3 1 GGACCUGAAUCCCAGAAUU

XRCC3 2 GCUGAGAACGGCCUCCUUA

XRCC3 3 GGACCAGACUUGAAGAGAC

XRCC3 4 UGAAAUCGGUAAAGGAGGU
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53BP1 8 CAGGACAGTCTTTCCACGAAT

53BP1 7 TTGTTTGACCAGAGCAATAAA

CHD8 9 CCCAAGGATCGTGTCCTGATA

CHD8 8 CAGAACATACCTCGAGTCTTA

CHD8 7 CAAGATAGTGTTACAGGGCAA

CHD8 5 CCGGATCCCTGTCATCAATAA

BRD1 4 ACGGTTAGAAGCTCAAGGGTA

BRD1 3 AAGACGGGATGTAAATTTACA

BRD1 2 TCCTGTCTGCTTAAGAACTAA

BRD1 1 CTGACCTACGCTCAAGCTCAA

JMJD1B 8 TGGAGCGGTACCGGAAGTTTA

JMJD1B 7 CTGGGATGGTTTCGAGATCAT

JMJD1B 6 ATGGATAATTCAACGCCTCAA

JMJD1B 5 ACCGAAGGGTCTAGCCTTCGA

TET3 4 CCGCATCTCGCTGGTCTTCTA

TET3 3 TTCCGTGATCTTAATATTTAT

TET3 2 CCGGATCGAGAAGGTCATCTA

TET3 1 CCGGCTCTATGAAACCTTCAA

c9orf102 11 ACCAAGTTGCTTGACGTGCTA

c9orf102 9 CTGGCCGAAAGGCCATGCAAA

c9orf102 8 TAGGTATTTGAGAGACTACCA

c9orf102 7 CCGCGCGGAAACCTCAGGCAA
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A.2 qPCR primers

Primers used for qPCR were generated using PerlPrimer software and are

listed in Table A.2.
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Table A.2: qPCR primers.

name direction sequence

BRD1 forward GGAGGCCTCTGAATATTTACG

BRD1 reverse GCAATCCTATTTAACCTCTGCG

c9orf102 forward CATTGACAGAGCATATAGGATTGG

c9orf102 reverse CCTTCGTAAGACAAGACCCT

CHD8 forward TCATTCAGGTCTATCTATCCCT

CHD8 reverse CTCAGGTAGTATAGCATTCGT

JMJD1B forward ACAACTCTCTTCAACATCCAC

JMJD1B reverse CTTCTTCATCACCCATCTCTTC

SUV3 forward GGGACTTAATTTGAGCATAAGG

SUV3 reverse CTTGAGAGGTTGTGATTGGT

TET3 forward CGATTGCGTCGAACAAATAG

TET3 reverse CTTTCCCCTTCTCTCCATACC
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ATM-Chk2-Cdc25A checkpoint pathway guards against radioresistant

DNA synthesis. Nature, 410(6830):842–7, 2001.

[48] H. Farmer, N. McCabe, C. J. Lord, A. N. Tutt, D. A. Johnson, T. B.

Richardson, M. Santarosa, K. J. Dillon, I. Hickson, C. Knights, N. M.

Martin, S. P. Jackson, G. C. Smith, and A. Ashworth. Targeting the

DNA repair defect in BRCA mutant cells as a therapeutic strategy.

Nature, 434(7035):917–21, 2005.

[49] C. Feijoo, C. Hall-Jackson, R. Wu, D. Jenkins, J. Leitch, D. M. Gilbert,

and C. Smythe. Activation of mammalian Chk1 during DNA replica-

tion arrest: a role for Chk1 in the intra-S phase checkpoint monitoring

replication origin firing. J Cell Biol, 154(5):913–23, 2001.

[50] S. Fekairi, S. Scaglione, C. Chahwan, E. R. Taylor, A. Tissier,

S. Coulon, M. Q. Dong, C. Ruse, J. R. Yates, P. Russell, R. P. Fuchs,

C. H. McGowan, and P. H. Gaillard. Human SLX4 is a holliday junc-

tion resolvase subunit that binds multiple DNA repair/recombination

endonucleases. Cell, 138(1):78–89, 2009.

261



[51] Z. Feng, S. P. Scott, W. Bussen, G. G. Sharma, G. Guo, T. K. Pan-

dita, and S. N. Powell. Rad52 inactivation is synthetically lethal with

BRCA2 deficiency. Proc Natl Acad Sci U S A, 108(2):686–91, 2011.

[52] A. Fire, S. Xu, M. K. Montgomery, S. A. Kostas, S. E. Driver, and C. C.

Mello. Potent and specific genetic interference by double-stranded RNA

in Caenorhabditis elegans. Nature, 391(6669):806–11, 1998.

[53] P. C. Fong, D. S. Boss, T. A. Yap, A. Tutt, P. Wu, M. Mergui-Roelvink,

P. Mortimer, H. Swaisland, A. Lau, M. J. O’Connor, A. Ashworth,

J. Carmichael, S. B. Kaye, J. H. Schellens, and J. S. de Bono. Inhibi-

tion of poly(ADP-ribose) polymerase in tumors from BRCA mutation

carriers. N Engl J Med, 361(2):123–34, 2009.

[54] Y. Galanty, R. Belotserkovskaya, J. Coates, S. Polo, K. M. Miller, and

S. P. Jackson. Mammalian SUMO E3-ligases PIAS1 and PIAS4 pro-

mote responses to DNA double-strand breaks. Nature, 462(7275):935–

939, 2009.

[55] V. Garcia, S. E. L. Phelps, S. Gray, and M. J. Neale. Bidirectional

resection of DNA double-strand breaks by Mre11 and Exo1. Nature,

479(7372):241–4, 2011.

[56] I. Garcia-Higuera, T. Taniguchi, S. Ganesan, M. S. Meyn, C. Timmers,

J. Hejna, M. Grompe, and A. D. D’Andrea. Interaction of the Fanconi

anemia proteins and BRCA1 in a common pathway. Mol Cell, 7(2):249–

62, 2001.

262



[57] K. Gari, C. Dacaillet, A. Z. Stasiak, A. Stasiak, and A. Constantinou.

The fanconi anemia protein FANCM can promote branch migration of

Holliday junctions and replication forks. Mol Cell, 29(1):141–8, 2008.

[58] A. A. Goodarzi, P. Jeggo, and M. Lobrich. The influence of heterochro-

matin on DNA double strand break repair: Getting the strong, silent

type to relax. DNA Repair, 9(12):1273–1282, 2010.

[59] V. G. Gorgoulis, L. V. Vassiliou, P. Karakaidos, P. Zacharatos,

A. Kotsinas, T. Liloglou, M. Venere, R. A. Ditullio, N. G. Kastri-

nakis, B. Levy, D. Kletsas, A. Yoneta, M. Herlyn, C. Kittas, and T. D.

Halazonetis. Activation of the DNA damage checkpoint and genomic

instability in human precancerous lesions. Nature, 434(7035):907–13,

2005.

[60] T. M. Gottlieb and S. P. Jackson. The DNA-dependent protein kinase:

requirement for DNA ends and association with Ku antigen. Cell,

72(1):131–42, 1993.

[61] S. Gravel, J. R. Chapman, C. Magill, and S. P. Jackson. DNA helicases

Sgs1 and BLM promote DNA double-strand break resection. Genes

Dev, 22(20):2767–72, 2008.

[62] T.-P. Gu, F. Guo, H. Yang, H.-P. Wu, G.-F. Xu, W. Liu, Z.-G. Xie,

L. Shi, X. He, S.-g. Jin, K. Iqbal, Y. G. Shi, Z. Deng, P. E. Szabó,
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