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Abstract

The RECQ helicases are conserved throughout evolution and have roles in DNA replication, recombination and repair. Members of the family include BLM, WRN, RECQL1, RECQL4 and RECQL5. Defects in BLM, WRN and RECQL4 are associated with genetically inherited syndromes with common symptoms of premature ageing, genomic instability, and a predisposition to cancers. RECQL5 has not been linked to any genetic syndromes but RECQL5 null mice are more cancer-prone and it has been shown to have a lower protein expression level in colorectal cancers. RECQL5’s function has been linked to protecting cells from replication stress, with cells depleted of RECQL5 more sensitive to camptothecin and cells over-expressing RECQL5 more resistant to thymidine. This thesis investigates the expression of RECQL5 in bladder cancer and the role of RECQL5 in replication stress.
Here, using Western blotting, immunohistochemistry and qRT-PCR, RECQL5β protein has been shown to be over-expressed in bladder cancer compared to normal bladder, whereas RECQL5β mRNA has been shown to be under-expressed. Further work has shown that this protein regulation was not due to differences in cell cycle, miRNAs or protein stability, but is likely to be controlled by phosphorylation of eIF2α at translation initiation, changing global translation rates. Using DNA fibre analysis, over-expression of RECQL5β was shown to increase replication fork speed and protect replication forks from camptothecin and DRB induced slowing. Where wild-type MRC5V2 cells had slower replication fork speed in camptothecin and DRB treatments individually, adding both treatments together did not slow replication, suggesting both drugs slow replication in a manner dependent on either replication or transcription. Interestingly, expressing a helicase-dead RECQL5β in MRC5V2 cells slowed endogenous replication but speed was increased in the presence of camptothecin or DRB, but not together, suggesting RECQL5 has a role in maintaining replication at replication-transcription collisions. Depleting bladder cancer cells of RECQL5β in clonogenic toxicity assays did sensitise to camptothecin but this did not occur in MRC5V2 cells, implying that cancer cells may be more dependent on the RECQL5β protein. Finally, work here has shown that the difference in RECQL5 mRNA expression between normal bladder and bladder cancer tissues is dependent on the expression of MRE11.
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A			Adenine
ALT			Alternative lengthening of telomeres
APS			Ammonium persulphate
ATM			Ataxia telangiectasia, mutated
ATP			Adenosine triphosphate
ATR			ATM- and RAD3- related
ATRIP			ATR-interacting protein
BER			Base excision repair
bp			Base pair
BrdU			Bromodeoxyuridine
BRI			Bimolecular replication intermediates
BS			Bloom’s syndrome
BSA			Bovine serum albumin
C			Cytosine
C. elegans		Caenorhabditis elegans
CDK			Cyclin dependent kinase
cDNA			Complementary DNA
CPD			Cyclic pyrimidine dimers
CPT			Camptothecin
CHK1			Checkpoint kinase 1
CHK2			Checkpoint kinase 2
D. melanogaster	Drosophila melanogaster
D-loop 		Displacement loop
dATP			Deoxyadenosine triphosphate
dCTP			Deoxycytosine triphosphate
ddH2O    		Deionised water
dGTP			Deoxyguanosine triphosphate
dHJ			Double Holliday junction
DMEM		Dulbecco’s Modified Eagle’s medium
DMSO			Dimethyl sulphoxide
DNA			Deoxyribonucleic acid
dNTP			Deoxyribonucleotide triphosphate
DRB			5,6-Dichloro-1-beta-D-ribofuranosylbenzimidazole
DSB			Double strand break
dsDNA		Double stranded DNA
dT			Thymidine
dTTP			Deoxythymidine triphosphate
E. coli			Escherichia Coli
ECL			Enhanced chemiluminescence
EDTA			Ethylene diamine tetra-acetic acid
EGTA			Ethylene glycol tetra-acetic acid
ES			Embryonic stem cell
FACS			Fluorescence activated cell sorting
FCS			Foetal calf serum
g			Gram
G			Guanine
G1			Gap phase 1
G2			Gap phase 2
(γ)H2A.X 		(phosphorylated) Histone H2A variant X
HRP			Horseradish peroxidase
HRR			Homologous recombination repair
HU 			Hydroxyurea
IF			Immunofluorescence
IHC			Immunohistochemistry
IR			Ionising radiation
Kb			Kilobase
kDa			Kilodaltons
KIX			Kinase-inducible domain interacting
L			Litre
LOH			Loss of heterozygosity
M			Molar
mg			Milligram
ml			Millilitre
mM			Millimolar
M-phase		Mitosis
MBD			Metastatic bone disease
MCM			Minichromosome maintenance
MEF			Murine embryonic fibroblasts
MMC			Mitomycin C
MMR			Mismatch repair
MMS			Methyl methanesulfonate 
MRE11		Mitotic recombination 11 homologue A
MRN			MRE11-RAD51-NBS1 complex
mRNA			Messenger RNA
MVAC		Methotrexate, vinblastine, doxorubicin and cisplatin
Noc			Nocodazole
NER			Nucleotide excision repair
ng			Nanogram
NHEJ			Non-homologous end joining
ORC 			Origin replication complex
PBS			Phosphate buffered saline
PBS-t			PBS supplemented with Tween-20
PBS-tb			PBS supplemented with BSA and Tween-20  
PBS-tx			PBS supplemented with TritonX-100
PCNA			Proliferating cell nuclear antigen
PCR			Polymerase chain reaction
PFA			Paraformaldehyde
PI			Propidium iodide
PMSF			Phenyl methyl sulphonyl fluoride
POL			DNA polymerase 
RC			Radical cystectomy
RNA			Ribonucleic acid
RNase			Ribonuclease
ROS			Reactive oxygen species
RPA			Replication protein A
rpm			Revolutions per minute
RTS			Rothmund-Thompson’s syndrome
S			DNA synthesis phase (also referred to as S-phase)
S. cerevisiae		Saccharomyces cerevisiae
S. pombe		Saccharomyces pombe
SCE			Sister chromatid exchange
SDS			Sodium dodecyl sulphate
SDSA			Synthesis-dependant strand annealing
SDS-PAGE		SDS-polyacrylamide gel electrophoresis
siRNA			Short-interfering RNA
SSA			Single-strand annealing
ssDNA			Single-stranded DNA
T			Thymine
TAE			Tris-acetate/EDTA
TBS			Tris-buffered saline
TC-NER		Transcription coupled nucleotide excision repair
TEMED		N,N,N,N Tetramethylethylenediamine	
U			Uracil
UV			Ultraviolet
WB			Western blot
WHO			World Health Organization
WS			Werner’s syndrome
XP			Xeroderma pigmentosum
μg			Microgram
μL			Microlitre
μM			Micromolar
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[bookmark: _Toc417204072][bookmark: _Toc417674309]Cancer 
Cancer is a disease formed by deregulation of normal cellular processes. In 2000, Hanahan and Weinberg suggested that a normal cell only needs to acquire six characteristics to become a malignant cancer cell: self-sufficiency for growth signals, insensitivity to anti-growth signals, ability to evade apoptosis, sustained angiogenesis, limitless replicative potential and ability to invade tissues and metastasise (Hanahan & Weinberg 2000). Eleven years later, they added to these six hallmarks with two new emerging hallmarks, deregulation of cellular epigenetics and the avoidance of immune destruction, and two enabling characteristics, tumour-promoting inflammation and genome instability and mutation. These enabling characteristics were defined as assisting the cancer in acquiring these hallmarks of cancer (Hanahan & Weinberg 2011). This thesis is concerned with characterisation, in bladder cancer, and functional analysis of RECQL5, a protein associated with maintaining genomic stability. 
[bookmark: _Toc417204073][bookmark: _Toc417674310]Bladder cancer
Bladder cancer is the seventh most common cancer in the UK, fourth most common in men and thirteenth most common in women. In England in 2012, 6621 men and 2502 women were diagnosed with bladder cancer (Office for National Statistics 2014). Age is a strong factor in bladder cancer incidence with over half of the new cases and two thirds of deaths being attributed to people over the age of 75 (Cancer Research UK 2014). Alongside age, smoking is a major risk factor and accounts for 35% of cases each year (Parkin 2011). In addition, roughly 2.5% of cases are linked to exposure to radiation and 7% of male cases and 2% of female cases are linked to occupational exposure to dangerous chemicals. There is indication of a genetic component to bladder cancer, as people with a first-degree relative who have been diagnosed with bladder cancer can have up to a 6-fold higher risk of being diagnosed themselves (Randi et al. 2007). Urinary schistosomiasis has also been linked to higher incidence rates in parts of Africa and the Middle East (Cancer Research UK 2014). In England and Wales, one, five and ten year survival rates are 75.6%, 56.1% and 48.9% respectively (Cancer Research UK 2014). 
Bladder tumours are classified by stage using the TNM system devised by Pierre Denois between 1943 and 1952 (Oosterlinck et al. 2002). It defines the tumour by its size and how far it has invaded the surrounding tissue (T), how many lymph nodes have been invaded by the cancer (N) and whether the cancer has metastasised (M) or not. For the T staging, Cis/Tis (carcinoma/tumour in situ) is very early where a group of abnormal cells are isolated in the innermost layer of the bladder lining, Ta is when a cancer is just growing in the innermost layer of the lining, at T1 the cancer starts to grow into the connective tissue, T2 is when the cancer has grown through the tissue and into the muscle, T3 means the cancer has grown through the muscle and into the fat layer, and at T4, the cancer has spread outside the bladder to other organs (see Figure 1.1). 
In 2004, the World Health Organisation (WHO) established a grading system for urothelial papillary lesions to determine how likely these were to form cancers (Montironi 2005). This grading system takes into account the architecture and the cytology of the lesion to distinguish between four grades: Urothelial papilloma, papillary neoplasm of low malignant potential, low-grade papillary carcinoma and high-grade carcinoma. The lesion is marked higher on this grading scale as the characteristics become more distant from the norm, including the organisation of cells becoming more disordered, the nuclear size becoming enlarged and more varied,  and mitoses becoming frequent (Montironi 2005). 
Treatment of bladder cancer is a combination of chemotherapy, radiotherapy and surgery, depending on the grade and stage of the tumour (Stenzl et al. 2011). Chemotherapy alone is not recommended for localised, muscle invasive bladder cancer (T≥1 N0 M0). The recommendations for this involve neoadjuvant cisplatin-containing combination chemotherapy before surgery. The currently recommended surgical technique involves complete removal of the bladder, also known as radical cystectomy (RC). Bladder-sparing treatments are available, which involve high doses of radiotherapy, but approximately 5% of patients suffer from late gastrointestinal or genitourinary morbidity (Stenzl et al. 2011). Patients deemed “fit” with metastatic bladder cancers are treated with two lines of chemotherapy. The first and most often used is cisplatin based and the second is vinflunine based. Up to 50% of patients are unable to go through this chemotherapy, classified as “unfit” for cisplatin, due to poor renal function. Metastatic bone disease (MND) is reported in 30-40% of patients with urothelial carcinomas and is treated with bisphosphonates, such as zoledronic acid, which inhibit bone absorption (Stenzl et al. 2011). 
Combination therapy is commonly used in the clinic, as often, treatment with two or more chemotherapeutic agents is more effective than when given individually. Patients with bladder cancer are treated with both gemcitabine and cisplatin, after work was done showing it has a similar survival advantage compared with the methotrexate, vinblastine, doxorubicin and cisplatin (MVAC) treatment, but a better safety profile and tolerability (Maase & Hansen 2000). Cisplatin is a platinum based compound that works by causing inter and intra-strand cross-links with the DNA (Eastman 1987), whereas gemcitabine works as both an antimetabolite, incorporating itself into DNA in place of cytidine, and as a ribonucleotide reductase inhibitor (Carmichael 1998; Huang et al. 1991).
Bladder cancers have been shown to be genetically unstable. They acquire instability at microsatellite regions of DNA (Gonzalez-Zulueta et al. 1993; Arzimanoglou et al. 1998; Catto et al. 2004), and work has been done showing that detecting microsatellite changes in urine samples is a more effective and, in principle, a cheaper method of detecting bladder cancer than cytology (Mao et al. 1996). Chromosomal instability also occurs in bladder cancer, thought to be driven by centrosome hyperamplification (Kawamura et al. 2003). This study showed that the grade of centrosome hyperamplification was directionally proportional to the histological grade. 
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CIS (Carcinoma in situ) is a group of abnormal cells at the innermost layer of the bladder lining. Ta is the bladder cancer stage at which the cells have grown into a tumour but is still isolated to the bladder lining. A T1 stage cancer is a tumour that has invaded the connective tissue. T2 is the stage at which the tumour has grown into the muscle. T3 is the stage at which the tumour has grown into the fat layer and a T4 stage tumour is when the cancer has metastasised to other organs. 
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The theory that genome instability and mutations can lead to cancer was originally described over 100 years ago (Bignold et al. 2006; von Hansemann 1890). DNA is constantly being damaged and stability is maintained by a complex network of pathways. Thus, it is not surprising that defects in DNA repair genes cause increased genetic instability and a predisposition to cancers (de Wind et al. 1995; Edelmann et al. 1997; Connor et al. 1997). In support of this theory, there are several examples of inherited diseases that have symptoms of increased susceptibility to cancer alongside defective DNA damage repair and increased genome instability including those associated with the RecQ helicase family, discussed later. Many of the breakthroughs in DNA damage repair research have come through studying these human diseases and pinning down these symptoms to specific proteins and genes, eventually leading to the mapping of entire DNA damage repair pathways. One example is the human disease xeroderma pigmentosum (XP). Identified as an autosomal recessive disease with symptoms of sensitivity to UV light and a high incidence of skin cancers, cells from patients were unable to recover from DNA damage induced by UV light (Cleaver 1969; Setlow & Regan 1969).  Cells from multiple XP patients were complemented for their DNA repair defect and put into complementation groups (Wood et al. 1988; Kraemer et al. 1975).  These groups eventually led to the discovery of the proteins involved in the nucleotide excision repair pathway. In addition, there are examples of sporadic cancers with rare disease mutations or epigenetic modifications in the same pathway, so studying these diseases can lead to increased understanding of cancer. For example, mutations in FANCA have been shown to account for ~65% of cases of the genetic disease Fanconi anaemia (Gschwend et al. 1996). The disease is associated with genetic instability, growth retardation and cancer predisposition but is extremely rare with a worldwide prevalence of 1-5 per million (Joenje & Patel 2001). The FANCA gene however, is mutated in approximately 3.92% of sporadic bladder cancers (cancer.sanger.ac.uk)(Forbes et al. 2014). 
Each individual DNA repair pathway is responsible for removing or repairing different types of DNA damage, whether it is exogenous, or endogenous. Damage and key repair pathways are described below. 
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Here, DNA damage causes and consequences to replication will be discussed.
[bookmark: _Toc417204076][bookmark: _Toc417674313]Endogenous DNA damage
Endogenous damage comes from within body, inside cells, where DNA can be spontaneously damaged through hydrolysis, bases can be deaminated or oxidised and bases can be mis-matched through replication error (Lindahl 1993). 
Cell proliferation requires DNA replication and although the replisome is highly evolved, it is not 100% accurate, leading to mismatched base pairs in DNA and potential transitions and transversions if these are not repaired. DNA replication starts with the pre-initiation complex which includes ORC, MCM, and Cdc6 proteins (Takeda et al. 2005; Baltin et al. 2006; Lutzmann & Méchali 2008). ORC proteins binds to the origin of DNA replication and associate with Cdc6. Cdc6 is essential for mammalian replication initiation and is thought to regulate the loading of the MCM proteins onto replication origins (Saha et al. 1998; Tanaka et al. 1997; Yan & DeGregori 1998; Randell et al. 2006). MCM proteins have helicase activity and are thought to initiate replication at origins by DNA unwinding (Ishimi 1997; Ibarra et al. 2008; Remus et al. 2009). Polymerases are then loaded onto the chromatin to start DNA replication in a bidirectional manner (Ricke & Bielinsky 2004; Zhu et al. 2007).
Eukaryotes have many different DNA polymerases and each has a different base substitution error rate – the number of incorrect bases inserted per base pair. DNA polymerase ε, responsible for replication on the leading strand, and DNA polymerase δ, responsible for replication on the lagging strand, have independently been shown to have error rates of approximately 4.4 x 10-5, dependent on their exonuclease proofreading activities (Korona et al. 2011; Schmitt et al. 2009). However, there are repair pathways that can correct mis-incorporated bases, if not already done so by proof-reading, such as mismatch repair (see 1.3.5.3). 
Another common form of endogenous damage is through deamination of the nitrogenous bases that make up DNA. This involves the removal of amine groups from cytosine (to form uracil), guanine  and adenine (Duncan & Miller 1980). These bases are highly electron rich, meaning they can react with many substrates. Products of deamination can also cause mis-pairing, leading to further mutations if not corrected before replication. Although deamination of 5-methylcytosine to thymine is mutagenic, deamination of cytosine to uracil is not usually mutagenic due to highly efficient uracil DNA glycosylase in base excision repair (Dinner et al. 2001). 
Oxide radicals, a by-product of normal metabolism, can react with DNA to bring about harmful lesions and induce DNA damage. Due to the highly reactive nature of radicals and the electron rich bases themselves, this is a highly energetic and dangerous reaction. As a group, these are known as “reactive oxygen species” (ROS) and are produced by electron leakage in the electron transport chain and made by cells of the immune system to facilitate pathogen elimination. By reacting with DNA bases, these ROS cause oxidative damage to DNA making by-products such as 8-hydroxy-2'-deoxyguanosine, thymine glycol and thymidine glycol. Such products can be used to determine the levels of oxidative damage to DNA (Cathcart, Schwiers et al. 1984; Shigenaga, Gimeno et al. 1989). This has allowed the discovery that levels of oxidative damage are linked to organism size and thus metabolic rate (Adelman, Saul et al. 1988). Oxidative lesions are dangerous because the altered base causes mis-pairing during replication. For example, 8-hydroxyguanine can lead to mutations in the form of base substitutions by mis-pairing with adenine, rather than the usual pairing with cytosine, causing G to T and A to C transversions upon replication (Cheng, Cahill et al. 1992). Oxidizing agents can also cause strand breaks in DNA, and if single strand breaks are reached by the replication machinery, it causes replication fork collapse and the formation of a double strand break (Kuzminov 2001). 
[bookmark: _Toc417204077][bookmark: _Toc417674314]Exogenous DNA damage
Exogenous damage can damage DNA bases or the sugar-phosphate backbone either directly (e.g. energy from radiation being transferred directly to a DNA base) or indirectly (e.g. ionising radiation hydrolysing water in the cytoplasm to hydroxyl radicals which can then react with DNA) (Breimer & Lindahl 1985; Spitz et al. 2004). External sources include radiation, chemicals and cytotoxic drugs.
Another important source of exogenous damage is ultraviolet light. This has a direct effect on DNA and can cause many lesions, such as pyrimidine dimers. By absorbing the energy from UV light, thymidine and / or cytosine can bind with an adjacent pyrimidine forming a covalent bond. These lesions (T=T, C=T and C=C) can cause the DNA to form a “kink” (Pearlman, Holbrook et al. 1985), and inhibits replication of DNA (Setlow and Carrier 1966). 
Other external sources of DNA damage can be manipulated for use in the treatment of cancer.
[bookmark: _Toc417204078][bookmark: _Toc417674315]DNA damage, ionising radiation and radiotherapy
As mentioned above, hydroxyl radicals can cause direct damage to DNA by reacting with the nucleophilic nitrogenous bases. Whilst this is a form of endogenous damage, hydroxyl radicals can also be formed from the hydrolytic fission caused by ionising radiation (IR) (Halliwell and Aruoma 1991). Reactive oxygen species can also cause DNA cleavage which can lead to single and double strand breaks (DSBs) (Breen and Murphy 1995). By causing this type of DNA damage, it has been shown that exposure to even low doses of ionising radiation (such as that received by those working with radioactive material), can increase the risk of cancer (Cardis et al. 2005) . 
Although exposure to ionising radiation has been shown to increase cancer risk, conversely, it has also been exploited to kill cancer cells, known as radiotherapy. Indeed, the most likely exposure to ionising radiation for most people is during radiotherapy. The cellular responses following a DSB are highlighted in Figure 1.2 and will be further described later on.
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Chemotherapy is another way of exploiting the effect of damaging DNA to treat cancer but by using chemicals. Compounds such as nitrogen mustard gas, asbestos and tobacco are all carcinogens that can cause DNA damage and are associated with increased cancer risk. However, like IR, some of these same mechanisms of damage are used in the clinic to treat different cancers. N-nitroso compounds (NOCs) are found in tobacco and cured meats and have been shown to add methyl groups to DNA bases. Alkylating agents are commonly used in chemotherapy, such as methyl methanesulfonate (MMS). Like NOCs, MMS adds methyl groups to DNA bases, mainly on N7-guanine and N3-adenine which can lead to mis-pairing upon replication (Saffhill et al. 1985) (Lawley & Brookes 1963). 
Drugs that cause replication stress are often used in chemotherapy. Gemcitabine, previously mentioned in bladder cancer treatment, is an example of a chemotherapeutic that causes replication stress. The following section will focus on various forms of replication stress.
[bookmark: _Toc417204080][bookmark: _Toc417674317]Replication stress and replication fork collapse
Replication stress is another form of DNA damage. Although it does not necessarily directly alter DNA bases or cause DNA breaks, it is still a problem for the cell and must be dealt with. The replication fork can be slowed or stalled by multiple causes: DNA damage lesions, a deoxynucleotide triphosphate (dNTP) pool imbalance, secondary structures within the DNA, a change in the synthesis of proteins required for replication, decreased frequency of initiation at origins leading to bigger replicons, hyper replication from origins being activated more than once per S phase, proteins bound tightly to the DNA and transcription (Hyrien 2000). The replication stress used in this thesis has been induced with the drugs camptothecin, thymidine, hydroxyurea and 5,6-Dichloro-1-β-D-ribofuranosylbenzimidazole (DRB). The mechanisms behind these replication stressors are considered below.
Depleting the nucleotide pool of nucleotides causes replication stress by reducing the availability of precursors required to replicate DNA. Drugs such as thymidine, hydroxyurea and gemcitabine all alter dNTP pools. Thymidine reduces the available dCTP via allosteric inhibition while hydroxyurea and gemcitabine inhibit ribonucleotide reductase, reducing the availability of all dNTPs, causing the stalling of DNA synthesis (Bjursell & Reichard 1973; Bianchi et al. 1986; Huang et al. 1991). Additionally, gemcitabine can be incorporated into DNA, in place of dCTP, causing elongation termination (Huang et al. 1991).
Certain structures within the DNA can prove difficult to replicate through. DNA secondary structures that have been shown to affect replication and cause polymerase stalling include G-quadruplex, hairpins and cruciforms (Mirkin & Mirkin 2007). Trinucleotide repeats have also been shown to cause DNA polymerase stalling, dependent on their length, and orientation relative to the origin (Samadashwily et al. 1997). Secondary structure of repeats can lead to polymerase slipping, resulting in alteration of the number of repeats (Kang et al. 1996; Kang et al. 1995).
Because the transcription machinery and replication machinery use the same DNA template, severe consequences are predicted to occur when they collide, one of which is the prevention of replication, leading to replication fork collapse. In vitro, when E. coli RNA polymerase transcription and bacteriophage T4 replication machineries collide head to head, the fork passes after a brief pause (Liu & Alberts 1995). In S. cerevisiae, replication intermediates seen formed at replication fork pause sites have shown to be dependent on transcription (Deshpande & Newlon 1996). Although replication fork and transcription machinery collisions have not yet been shown to exist in vivo, work has been done showing the formation of RNA:DNA hybrids known as R-loops in mutant cell lines. Inactivating the splicing factor ASF/SF2 or the yeast THO complex (functioning in transcription and mRNA metabolism) causes the formation of R-loops which cause transcription elongation impairment, hyper-recombination, genomic instability, and impairment of replication fork progression (Gan et al. 2011; Wellinger et al. 2006; Huertas & Aguilera 2003; Gottipati et al. 2008; Li & Manley 2005). Similar phenotypes are seen in Top1-deficient mouse lymphoma cells. These cells accumulate chromosome breaks in S phase, show γ-H2AX at transcribed regions and have slower and more asymmetric replication forks. Cells showed no further increase in breaks when depleted of ASF/SF2, suggesting they function in the same pathway, and the increased asymmetry and chromosome breaks were rescued with RNaseH1 (Tuduri et al. 2009). This work implies Topoisomerase I has a function in preventing collisions between replication and transcription. Dcr1, in S. pombe, has also been shown to have a role in maintaining genome stability by terminating transcription at sites of replication stress (Castel et al. 2014). Increased number of collisions with transcription machinery, as a result of increased origin firing, have been demonstrated to be a form of cyclin-E associated oncogene induced replication stress (Jones et al. 2013). In experiments here, we have used the transcription elongation inhibitor DRB in order to induce replication stress (Yamaguchi et al. 1999).
When a replisome encounters any of the above replication barriers or pre-existing damage, the replication fork will stall. If this stalled fork is not stabilised or restarted, it will collapse, and produce a double strand break (DSB) causing further DNA damage. It has been shown that the Mus81-Eme1 complex cleaves the stalled replication fork, leaving a DSB break (Doe et al. 2002; Ciccia et al. 2003). Alternatively, if a replisome reaches a single strand break, such as the topoisomerase-linked strand breaks induced by camptothecin (Avemann et al. 1988), the replication fork collapses and a double strand  break is formed (Ryan et al. 1991). Topoisomerase I removes supercoiled DNA ahead of the replication fork by introducing a single strand break (Wang 2002). Camptothecin traps the topoisomerase when it is bound to this single strand break and prevents re-ligation of the DNA (Hsiang et al. 1985; Hsiang & Liu 1988). It is these single-strand breaks that are converted to double-strand breaks if not repaired before replication.
The mechanisms that the cell has for dealing with repairing collapsed replication forks and restarting stalled forks will be detailed in the next section. The cell signalling pathways involved in response to a stalled fork are summarised in Figure 1.3. 
[bookmark: _Toc417204081][bookmark: _Toc417204709][bookmark: _Toc417204769][bookmark: _Toc417674318]DNA damage response
Due to the broad scope of different DNA damages that can be inflicted on the cell, a single DNA damage repair pathway would not be sufficient. Different DNA lesions have varying sizes and shapes, and require different mechanisms of repair. Not only do these lesions need individual proteins to recognise the damage, but require several more different proteins and complexes to repair them. Therefore, each of the lesions described above, nicks, breaks, altered bases, and stalled forks all have their own DNA damage repair pathways. There is often cross-talk between these pathways, and certain protein complexes are involved in many different pathways, but all follow the same principle: DNA damage is sensed by a sensor protein which then signals to transducers / mediators of the signal, which, in turn, recruit downstream effector proteins, which function to arrest the cell cycle, activate apoptosis or repair the DNA (Harper & Elledge 2007). But because the damage needs to be repaired before the cell divides, the DNA damage response can also influence the cell cycle through checkpoints which can arrest the cell if they are not met. This can lead to cell senescence and / or ultimately apoptosis if the DNA damage is left unrepaired. The mechanisms that lead to these consequences are highlighted below.
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[bookmark: _Ref420750137]Figure 1.2 - Cellular response to a double-strand break
 If a double-strand break is recognised by the Ku70/80 complex, the break is repaired through non-homologous end joining. The DNA-PKcs can phosphorylate H2AX to recruit more DNA damage repair proteins. If the break is recognised by the MRN complex or PARP-1, ATM is activated. ATM phosphorylated and activates many other proteins. Like DNA-PKcs, it can phosphorylate H2AX. It can also activate c-Abl to inhibit repair by NHEJ. By activating BRCA1, downstream proteins RAD51 and RAD52 are activated to promote homologous recombination. ATM also phosphorylates p53 to promote apoptosis or senescence. CHK2 is phosphorylated by ATM, which can phosphorylate MDM and CDC25A to promote their degradation, thereby promoting cell cycle arrest, senescence and apoptosis.
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[bookmark: _Toc409449301][bookmark: _Toc417813885][bookmark: _Ref416515088]Figure 1.3 – Cellular response to a stalled replication fork
When the replicative helicase and polymerase become uncoupled, long stretches of single-strand DNA are formed and are bound by RPA. RPA is recognised and bound by ATRIP which can activate ATR. ATRIP is also recruited by TopBP1 to stalled replication forks. TopBP1 is brought to replication forks by the 9-1-1 complex, Rad17-RFC and RPA. ATR can phosphorylate p53 to trigger apoptosis, senescence or cell cycle arrest, and CHK1 to promote cell cycle arrest through CDC25A degradation. CHK1 also phosphorylates MDM to trigger its degradation, which then stabilises p53. Phosphorylation of BRCA1 by ATR promotes repair of the double-strand break via homologous recombination.
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[bookmark: _Toc417204083][bookmark: _Toc417674320]Poly ADP-ribose
The activation of poly(ADP-ribose) polymerases (PARPs) is one of the earliest events in the response to DNA damage. PARP1 is a protein 110 kDa in size, localized in the nucleus, that synthesizes poly(ADP-ribose) (PAR) (Hayaishi 1977). PARylation is a post-translational modification comprised of two or more subunits of ADP-ribose. PARP1 recognises single strand breaks in DNA generated by IR, ROS or altered bases, and binds to them through its zinc finger domains. PARP subsequently synthesizes PAR subunits onto itself, surrounding histones, and other acceptor proteins within seconds (Ogata et al. 1981; Kameshita & Matsuda 1984; Huletsky et al. 1985; Lindahl et al. 1995; Ménissier-de Murcia et al. 1989). These PAR chains are bound by a wide range of proteins involved in many different pathways such as DNA repair, replication, cell cycle and chromosome organization (Gagné et al. 2008). Repair pathways that have proteins with PAR-binding subunits include mismatch repair (MSH6), base excision repair (XRCC1, DNA ligase III and DNA polymerase ε) and other DNA damage recognising factors such as XPA and DNA-PK (Pleschke et al. 2000; Masson & Niedergang 1998). Poly(ADP-ribose) glycohydrolase (PARG) actively degrades these PAR chains, allowing the signal to be removed after a short time (Hayaishi 1977). 
[bookmark: _Toc417204084][bookmark: _Toc417674321]Recognition of double-strand breaks
There are many proteins that can recognise and bind double-strand breaks and depending on which binds, different repair pathways are triggered to remove the damage. As well as single-strand breaks, PARP1 has been shown to have a role in the recognition of double-strand breaks. PARP1 foci co-localise with other DSB-flanking proteins at damage sites and PARP1 deficient cells are defective in recruitment of the DNA damage proteins MRE11 and NBS1 (Haince et al. 2008).  MRE11, part of the MRN complex, is responsible for repairing the DSB through homologous recombination, alternative non-homologous end joining, single-strand annealing, or synthesis-dependant strand annealing, all of which are covered below. In competition with PARP1 and MRE11 for DSB binding is the Ku protein. Ku binds double-stranded DNA ends and cells defective in Ku have increased amounts of homology directed repair such as homologous recombination (Blier et al. 1993; Pierce et al. 2001). Instead, Ku promotes non-homologous end joining, which will be described later. 
[bookmark: _Toc417204085][bookmark: _Toc417674322]Recognition of replication stress – Replication Protein A
Upon replication stress, the DNA polymerase is restricted in its movement due to a lesion or lack of available nucleotides. The MCM complex has helicase activity responsible for unwinding of the double-stranded DNA ahead of the polymerase (Pacek & Walter 2004). As the polymerase is arrested on the single stranded, unwound DNA, the MCM helicase is not. This causes an uncoupling of the two proteins, resulting in large areas of unprotected single stranded DNA between the polymerase and helicase (Pacek & Walter 2004). Replication Protein A (RPA) is a single stranded binding protein identified as being required for T-antigen mediated unwinding of DNA from the SV40 origin (Wold & Kelly 1988). RPA binds single-stranded DNA and the ssDNA-RPA complex provides a recruitment site for the signalling protein ATR and its interacting protein ATRIP to bind to DNA and phosphorylate downstream targets for the DNA damage response (Zou & Elledge 2003). It was shown that uncoupling activates the DNA damage response, with more uncoupled replication complexes resulting in an amplification of Chk1 phosphorylation (Byun et al. 2005). 
[bookmark: _Toc417204086][bookmark: _Toc417674323]Recognition of replication stress – Fanconi anaemia pathway
Another form of replication stress is when there is a covalent bond between the two DNA strands such as the inter-strand cross-links formed by cisplatin and MMS. This lesion cannot be unwound by the replicative helicase and causes convergence of two replication forks, followed by stalling (Räschle et al. 2008). The FANC family of proteins was discovered through complementation studies of the genetically inherited disease Fanconi Anaemia. There are currently 16 FANC proteins that have been shown to be mutated in patients (Kottemann & Smogorzewska 2013; Rogers et al. 2014). A core FANC complex of proteins including FANCA, FANCC, FANCF and FANCG is responsible for the monoubiquitylation of FANCD2 which relocalises to DNA damage foci in the nucleus (Garcia-Higuera et al. 2001). The FANCM helicase is the only member of the FANC protein group that binds DNA and is thought to be responsible for recognition of these cross-linked DNA lesions, binding to them with an interacting protein FAAP24. FAAP24 is required for the monoubiquitylation of the FANCI-FANCD2 protein complex by FANCL, and cells depleted of FAAP24 are 2-3 fold more sensitive to cross-linking agents (Ciccia et al. 2007; Meetei et al. 2003). The ubiquitinated FANCD2 then coordinates downstream events to repair the cross-link which will be detailed later. 
Several Fanconi anaemia proteins are also involved in non-interstrand cross-link repair, being implicated in repairing spontaneous replication-associated double-strand breaks (Sobeck et al. 2006; Hinz et al. 2007; Kee & D’Andrea 2010).
[bookmark: _Toc417204087][bookmark: _Toc417674324]DNA damage signalling molecules
The ataxia telangiectasia mutated gene (ATM) was originally discovered as a gene mutated in the genetic disorder ataxia telangiectasia, a disease characterised by cancer predisposition, cell cycle abnormalities, chromosomal instability and sensitivity to ionising radiation (Savitsky et al. 1995). Shown to have sequence similarity to phosphatidyl-inositol-3 (PI-3) kinases, ATM protein phosphorylates other proteins involved in the DNA damage response when activated. Ionizing radiation activates ATM by dissociation of the inactive dimer after intermolecular autophosphorylation on serine 1981 (Bakkenist & Kastan 2003). 
PAR has been shown to have a possible role in being a sensor for ATM signalling, as ATM has two PAR binding domains and physically interacts with PAR and PARP-1. It was also shown that ATM is modified by PARP-1 and is required for optimal ATM activation (Aguilar-Quesada et al. 2007; Haince et al. 2007). The MRN complex has been shown to be required for ATM activation by DNA damage with defective nuclear retention of ATM and defective phosphorylation of ATM targets in cells depleted of MRN (Uziel et al. 2003). This activation by the MRN complex requires DNA ends, unwound by the MRN complex, which recruits ATM and causes dimer dissociation (Lee & Paull 2005). 
Once activated, ATM phosphorylates targets proteins such as the tumour-suppressor protein p53 (Canman et al. 1998; Banin et al. 1998), the DNA damage signalling histone H2AX (Burma et al. 2001) and the cell cycle protein kinase Chk2 (Matsuoka et al. 1998). Through these interactions, ATM can control cell cycle checkpoints, signal to DNA repair, or induce apoptosis upon large amounts of irreparable DNA damage, covered below. 
DNA-PK is made of two components: The Ku protein binds to DNA, and the DNA-PKcs is the catalytic subunit. DNA-PKcs is another member of the PI3 kinase like family, similar in sequence to ATM (Hartley et al. 1995). It requires the Ku protein and DNA ends for activation of the kinase and like ATM, phosphorylates H2AX upon ionizing radiation (Gottlieb & Jackson 1993). Although DNA-PK does not phosphorylate any other proteins responsible for the checkpoint response, phosphorylation of H2AX contributes to the accumulation of other DNA damage proteins at sites of DSBs (Gottlieb & Jackson 1993). DNA-PK plays a vital role in the phosphorylation of proteins involved in NHEJ (see 1.3.5.6). 
ATR is another PI-3 related kinase, homologous to ATM, which phosphorylates p53 when activated by UV and γ-radiation induced DNA damage (Hall-Jackson et al. 1999; Tibbetts & Brumbaugh 1999). Some studies show that although p53 phosphorylation does not directly regulate transcriptional activation or apoptosis, it plays a role in p53 stability, inhibiting negative feedback from Mdm2 (Thompson et al. 2004; Unger et al. 1999). Whereas ATM and DNA-PK both phosphorylate H2AX upon ionizing radiation, H2AX phosphorylation upon replication stress requires ATR (Ward & Chen 2001). The ATR interacting protein (ATRIP) is a target for phosphorylation by ATR, is responsible for ATR protein expression and like defects in ATR alone, ATRIP deletions cause G2/M checkpoint arrest (Cortez et al. 2001). It is the interaction of ATRIP with RPA that links and activates ATR in response to the ss-DNA bound RPA chains generated in replication stress (Zou & Elledge 2003). Along with H2AX and p53, ATR phosphorylates Chk1, once activated, to initiate the cell cycle response to DNA damage (Guo 2000). RPA also helps recruit the checkpoint protein Rad17 to single stranded DNA (Zou et al. 2003). Rad17 shares sequence homology with many clamp loaders such as the replication factor C (RFC) proteins 1 – 5and is found in a complex with subunits 2 – 5 of RFC in human cells (Lindsey-Boltz et al. 2001; Venclovas & Thelen 2000). This complex has ATPase activity, stimulated by ssDNA but not by PCNA which stimulates the RFC complex alone (Lindsey-Boltz et al. 2001). RPA and Rad17-RFC function together to recruit the other PCNA-like checkpoint complex 9-1-1. The Rad9-Rad1-Hus1 complex (9-1-1) forms a heterotrimeric ring structure like PCNA, and is loaded onto DNA by Rad17-RFC in an ATP and RPA-dependent manner (Venclovas & Thelen 2000; Zou et al. 2003; Bermudez et al. 2003). This then binds and recruits the protein TopBP1, which has an activation domain to interact with the ATR-ATRIP complex, bringing it into stalled replication forks, and phosphorylating Chk1 (Delacroix et al. 2007; Lee & Dunphy 2010). Although this mechanism of Chk1 phosphorylation is not yet complete, it is clear that there are two main sensors of ssDNA-RPA complexes with the same downstream effector – Chk1. Rad17 is phosphorylated normally during the cell cycle on Ser635 and Ser645 which is required for DNA damage signalling and the G1/S checkpoint after ionizing radiation (Post & Weng 2001; Bao et al. 2001). This phosphorylation is important for its interaction with Claspin, which has been shown to be responsible for Chk1 phosphorylation (Wang et al. 2006; Chini & Chen 2003). Although this Rad17 phosphorylation has been shown to be the effect of ATR, Rad17 can be phosphorylated independently of ATR after treatment with HU, possibly through ATM in a role of double-strand break signalling (Post & Weng 2001; Zou et al. 2002; Bao et al. 2001; Wang et al. 2014). 
[bookmark: _Toc417204088][bookmark: _Toc417674325]Effects on the cell cycle
During the cell cycle, a single cell goes through a growth phase (G1), synthesis phase (S), another growth phase (G2), followed by mitosis (M). However, in the presence of DNA damage, if cell growth and division still occurs, mutations, deletions, insertions and chromosome aberrations can become fixed in the genome causing genomic instability. So the cell has mechanisms in place to arrest the cell cycle, to give itself time to repair the damage, prior to resuming progression, which are called checkpoints. These checkpoints are found at the border of G1/S, S, at the G2/M border and before mitotic spindle assembly and are described here. 
The G1/S checkpoint prevents cells from entering S phase and starting replication, giving the cell more time to repair any DNA damage. The checkpoint is controlled by the levels of p53, which as mentioned above, is phosphorylated by ATM and ATR, as well as their downstream targets CHK1 and CHK2 upon DNA damage (Bartek & Lukas 2003; Canman et al. 1998; Tibbetts & Brumbaugh 1999; Craig et al. 2003). These kinases also phosphorylate and inactivate the ubiquitin ligase Mdm2, which can then no longer cause rapid degradation of p53 (Maya et al. 2001). This then allows p53 to accumulate and become more active as a transcription factor, up-regulating genes such as p21WAF1/CIP1 which inhibit cyclin-dependent kinases including the G1/S promoting Cyclin E / Cdk2 and Cyclin D / Cdk4 (Harper & Elledge 1995; el-Deiry et al. 1993; Ohtsubo & Theodoras 1995). This also inhibits the phosphorylation of the tumour suppressor protein Retinoblastoma (pRb), which when phosphorylated by cyclin dependent kinases, releases the bound E2F, another transcription factor that promotes the transcription of S phase associated genes (Chellappan et al. 1991; Buchkovich et al. 1989). This causes the cell to arrest in G1, halting cell cycle progression before replication begins. This mechanism is often overcome in cancer cells, seen by the high number of mutations found in p53 and Rb genes in cancer patients.
The S phase checkpoint aims to reduce replication origin firing and slow replication speed, in order that cells with any DNA damage do not undergo any further DNA replication (Seiler et al. 2007; Falck et al. 2002). Cdc45 is a protein required to form pre-initiation complexes in S phase and does so in a cyclin-CDK dependant manner (Zou & Stillman 2000; Zou 1998). Upon DNA damage, Cdk2/CyclinE is phosphorylated on tyrosine 15 through an ATM mediated signalling pathway, which prevents the loading of Cdc45 to origins and thus inhibits replication initiation (Costanzo et al. 2000). There is also evidence that Cdc45 is affected by replication stress, as the complex formation with claspin, which is required for normal replication rates (Petermann 2008), is reduced when cells are exposed to UVC induced DNA damage (Broderick et al. 2013). This is supported by work in yeast that demonstrates the binding of Cdc45 to single stranded DNA is responsible for inhibiting MCM helicase activity under replication stress, thus preventing uncoupling of helicase and polymerase (Bruck & Kaplan 2013). The Cdc7-Dbf4 protein kinase complex is another complex critical for the initiation of DNA replication (Jiang et al. 1999). This kinase complex phosphorylates the MCM proteins to facilitate an interaction with Cdc45, allowing activation of replication origins (Sheu & Stillman 2006; Montagnoli et al. 2006; Masai et al. 2006). Dbf4 is targeted by both ATM and ATR in response to DNA damage and replication stress and is important for the regulation of the S phase checkpoint (Lee et al. 2012). Phosphorylation by ATM and ATR does not inhibit Cdc7-Dbf4’s phosphorylation activity, which was suggested to be important for protecting replication fork integrity, yet phosphorylation mutants were able to undergo radio-resistant DNA synthesis (Lee et al. 2012). Work in yeast and Xenopus has shown a role for Cdc7-Dbf4 in triggering DNA replication re-initiation, releasing the 9-1-1 complex from sites of replication stress (Tsuji et al. 2008; Furuya et al. 2010). A parallel mechanism for S-phase checkpoint activation has been shown to involve the MRN complex protein Nbs1 which is phosphorylated in S phase by both ATM and ATR upon ionizing radiation and stalled forks respectively (Olson et al. 2007; Lim et al. 2000). 
The checkpoint at the G2/M border acts to ensure that no cells with existing damage pass through to mitosis. This damage may have occurred during G2 phase or in S phase where the checkpoint has been bypassed. Upon replication stress, Cdc25A is phosphorylated by Chk1 which allows the 14-3-3 proteins to bind (Chen 2003). This inhibits the de-phosphorylation of Cdk1, meaning the Cyclin B1/Cdk1 complex is not active and cannot promote mitosis. The kinase wee1, regulated by Chk1, also phosphorylates Cdk1 in an inhibiting manner to prevent transcription of mitosis associated genes (Heald et al. 1993; Parker & Piwnica-Worms 1992; Lundgren et al. 1991; Lee et al. 2001).
Another way in which the cell controls the entry into mitosis is through the mitotic spindle checkpoint. A key protein involved in this regulation is survivin. By associating with the microtubules of the spindle, survivin inhibits caspase-3’s apoptotic activity, protecting the cell from death (Li et al. 1998). As with many anti-apoptotic genes, survivin expression is repressed by p53, and inhibiting this repression is a common mechanism for cancer cells to avoid apoptosis (Hoffman et al. 2002; Olie et al. 2000).
Cdc25A phosphatase is an important determinant of the cell cycle checkpoints G1/S, S and G2/M (Jinno et al. 1994; Xiao et al. 2003; Mailand & Podtelejnikov 2002). Upon DNA damage or replication stress, Chk2 or Chk1 is phosphorylated which subsequently phosphorylates Cdc25A. This accelerates proteolysis of Cdc25A (Sørensen et al. 2003), which then can no longer activate cell cycle kinases to promote cell cycle progression (Zhao et al. 2002; Xiao et al. 2003; Sørensen et al. 2003; Falck et al. 2001; Jinno et al. 1994; Mailand & Podtelejnikov 2002).
[bookmark: _Toc417204089][bookmark: _Toc417674326]Effects on apoptosis and senescence
Programmed cell death, or apoptosis, is a mechanism used to destroy cells that cannot recover from damage and may become harmful to the body. If cells cannot repair damage to DNA, it can cause genomic instability, which as described above, acts as an enabler to the cell to acquire more cancer hallmarks. It is in these cases that it is better to lose the cell through carefully programmed cell death. The presence of DNA damage or stress is signalled through p53, and this causes up-regulation of genes involved in apoptosis such as PUMA and Bax (Nakano & Vousden 2001; Miyashita & Reed 1995). The effectors of the apoptotic pathway are the caspases that catalytically cleave several cellular proteins, to either activate them, or inactivate them. This then, in turn, causes nuclear shrinkage, cell structure collapse, and the release of pro-engulfment signals (Hengartner 2000). Apoptosis has been shown to occur in cells with p53 mutations through a p53-independent mechanism (Watson et al. 2010; Miyake et al. 2012). Apoptosis associated genes that are usually under the control of p53 can still be up-regulated in these pathways and the induction of these genes are mediated by proteins directly under p53 control such as p14ARF and p21WAF1/CIP1 (Michieli et al. 1994; Gomez-Lazaro et al. 2008; Pérez-Galán et al. 2006; Müer et al. 2012). This is thought to be mediated through a c-Myc-ARF interaction, which inhibits transcription by c-Myc, to induce hyper-proliferation driven apoptosis (Qi et al. 2004). Avoiding apoptosis is of benefit to cancer cells and the anti-apoptotic Bcl-2 proteins have been shown to provide many cancers with chemotherapy resistance and as such have been studied as a potential target for therapy (Chipuk et al. 2010; Kang & Reynolds 2009).
Senescence is the permanent arrest of cell growth, without cell death, that can be induced by DNA damage, telomere shortening and the de-repression of the ARF/INK4a genes (Collado et al. 2007). It is another mechanism that ensures cells that have unrepaired DNA damage are not proliferating. It is caused by the activation of the cyclin-dependent kinase inhibitors p16 and p21 which keep pRB in an unphosphorylated form, preventing progression of the cell cycle (Jacobs et al. 1999; Brown et al. 1997; Kiyono et al. 1998). These inhibitors are up-regulated in the presence of DNA damage, through oncogene expression and p53 respectively (Michaloglou et al. 2005; el-Deiry et al. 1993), and although activation of the p53 pathway can be reversed, maintained activation of the p16 pathway leads to irreversible growth suppression (Beauséjour et al. 2003). 
[bookmark: _Toc417204090][bookmark: _Toc417674327]DNA damage repair
[bookmark: _Toc417204091][bookmark: _Toc417674328]Base excision repair
Base excision repair (BER) is a repair mechanism used to remove and replace bases damaged by oxidation or hydrolysis. Damaged base specific DNA glycosylases remove the damaged base leaving an apurinic (AP) site. The sugar phosphate backbone is then cleaved and removed by AP-endonucleases. An interaction between DNA polymerase β and AP-endonuclease brings the polymerase to the apurinic site (Bennett et al. 1997) and with XRCC1 (acting as a scaffold protein) and DNA ligase, the gap is filled (Singhal et al. 1995; Kubota et al. 1996). Base excision repair can occur at a single base level (short patch repair) or by removing a short oligonucleotide that includes the abasic site and downstream 3’ nucleotides (long patch repair) (Klungland & Lindahl 1997; Frosina et al. 1996). The base excision repair pathway is important for repair of single strand breaks, such as those induced by oxidation and the replication stressor camptothecin (El-Khamisy 2003; Whitehouse et al. 2001; Park et al. 2002; Avemann et al. 1988). When these lesions go unrepaired and are reached by a replication fork, they collapse and are instead repaired by homologous recombination. If cells are defective in homologous recombination, they rely even more heavily on proteins that repair single strand breaks (Fan et al. 2007; Farmer et al. 2005; Bryant et al. 2005; Saleh-Gohari & Bryant 2005).
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Nucleotide excision repair (NER), like BER, is a repair process that involves the enzymatic removal of damaged nucleotides and their replacement by a DNA polymerase. Unlike BER, this is primarily for removal of “bulky” lesions such as the thymidine dimers caused by ultraviolet light. E. coli requires only 6 proteins for this repair mechanism: UvrA, UvrB, UvrC, UvrD, Pol I and Lig (Sancar 1996). In humans however, the process is more complicated, involving an estimated 12 proteins (Aboussekhra et al. 1995). The majority of proteins required for the initial steps of NER were discovered through complementation studies on cell lines derived from xeroderma pigmentosum (XP) patients. These were used because cells from XP patients are deficient in DNA repair after exposure to UV light (Cleaver 1969).  Normally, wild type cells use NER to remove the pyrimidine dimers caused by UV radiation. XP cells do so at one tenth the wild-type rate (Setlow & Regan 1969). The different complementation groups studied were suggested to represent a deficiency in different proteins (Giannelli et al. 1982) and this gave way to the discovery of the NER proteins – XPA, XPB, XPC, XPD, XPE, XPF and XPG. XPC has been shown to be involved in the initial recognition of the lesion with HHR23B (Sugasawa et al. 1998) which then recruits the pre-incision complex TFIIH (Volker et al. 2001), containing the helicases XPB and XPD which unwind the DNA. The endonucleases XPG and ERCC1-XPF are recruited (Volker et al. 2001) and after an open complex is formed, they perform a dual incision, 3’ and 5’ of the damaged nucleotides (Evans et al. 1997). Finally, polymerase eta completes the process by synthesising new DNA over the excised region (Masutani et al. 1999). Like DNA replication, this is dependent on PCNA, replication protein A (RPA) and RFC (Shivji et al. 1995). 
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Mismatch repair (MMR) is another DNA damage mechanism that corrects incorrectly paired nucleotide bases but does so post-replication. Incorrect base pairing can occur during normal DNA biosynthesis. Recognition of these lesions is performed by the heterodimeric proteins MutSα and MutSβ. These proteins are heterodimers of the MSH family of proteins, named as they are homologs of the prokaryotic MutS proteins. MutSα recognises base-base mismatches and insertion/deletions of one base, whereas MutSβ recognises longer insertion/deletion loops between 2-4 nucleotides in length, but does not recognise the base-base mismatches (Acharya et al. 1996; Palombo et al. 1996). Both MutLα (another heterodimer of MLH proteins [MutL homologs]) and PCNA are involved in the pre-excision step, bringing in other proteins such as ExoI to make the excision (Li & Modrich 1995; Umar et al. 1996; Genschel et al. 2002). The gap produced is filled using polymerase δ and PCNA (Longley et al. 1997; Gu et al. 1998). 
[bookmark: _Toc417204094][bookmark: _Toc417674331]Cross-link repair
The recruitment of repair proteins after FANCD2 monoubiquitinylation promotes the repair pathways translesion synthesis (TLS) and homologous recombination (HR). Mono-ubiquitinylated FAND2 has been shown to recruit the nuclease FAN1 and polymerase ν (also known as POLN) (Liu et al. 2010; Moldovan et al. 2010; Smogorzewska et al. 2010). The FANC core complex can also recruit the translesion DNA synthesis polymerase Rev1 (Mirchandani et al. 2008). FAN1 can degrade single-stranded and double-stranded DNA and can cleave 5’ of an ssDNA-dsDNA junction, similar to those found at a stalled replication fork. The most widely supported model for cross-link repair involves cleaving the DNA either side of the cross-link allowing it to be “unhooked” and allowing translesion polymerases to bypass the damage (Deans & West 2011). FANCM can remodel stalled forks into a “chicken-foot” structure, and this, along with homologous recombination (which is covered below), can stabilise the stalled fork while the damage is being repaired (Gari et al. 2008a; Gari et al. 2008b; Deans & West 2009). Interestingly, along with repairing DNA cross-links, proteins of the Fanconi Anaemia group have been shown to have a role in promoting repair of endogenous, replication-associated double-strand breaks by homologous recombination (Howlett et al. 2005; Taniguchi et al. 2002; Garcia-Higuera et al. 2001; Gravells et al. 2013; Sobeck et al. 2006). 
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The replicative, processive polymerases usually used to complete DNA synthesis cannot bypass DNA lesions or bulky adducts. Thus, when a replication fork reaches a lesion, DNA damage signalling pathways trigger the recruitment of specialised translesion polymerases, which, as their name suggests, can bypass such lesions. An example of a translesion polymerase is the DNA polymerase η, encoded by the XPV gene. Often mutated in xeroderma pigmentosum, polymerase η is the main polymerase responsible for replicating past cyclobutane pyrimidine dimers (CPDs), usually associated with exposure to UV light (Masutani et al. 1999; Yagi et al. 2005; Johnson et al. 1999). Pol η has also been shown to extend D-loops in vitro (McIlwraith et al. 2005). Other translesion polymerases include Rev1, Pol ζ and Pol κ, and play a role in spontaneous and DNA damage induced mutagenesis (Waters et al. 2009). Pol κ also contributes to signalling at stalled replication forks, synthesising short DNA intermediates and interacting with the 9-1-1 complex (Bétous et al. 2013). Recruitment and activation of these translesion polymerases is thought to be through the ubiquitination of PCNA upon DNA damage by the RAD6/RAD18 proteins (Bienko et al. 2005; Kannouche et al. 2004; Garg & Burgers 2005; Watanabe et al. 2004; Bi et al. 2006). The ubiquitin signal on PCNA can be removed by deubiquitinating enzymes (DUBs), such as USP1, when the DNA damage is removed (Huang et al. 2006). This process allows successful and complete DNA replication through harmful lesions. However, translesion polymerases are more inaccurate than replicative polymerases due to their lack of proofreading activity, with error rates varying between one mis-incorporated base in every 10 and one in every 1000 bases replicated (Waters et al. 2009). 
[bookmark: _Toc417204096][bookmark: _Toc417674333]Non-homologous end joining
Of the two mechanisms known to repair DSBs, Non-Homologous End Joining (NHEJ) and Homologous Recombination (HR), NHEJ is the most common in multicellular eukaryotes (Lieber et al. 2003). Where HR requires an additional chromosome or chromatid for homology dependent repair, NHEJ simply pieces together the two broken ends quickly but in an error-prone manner. Ku is the DNA binding component of DNA-PK and is a heterodimer comprising of Ku70 and Ku80 (Smith & Jackson 1999). Structural analysis has shown that Ku forms a ring around the DNA, which explains the need for a DNA end for its high affinity binding (Walker et al. 2001). DNA-PKcs is the catalytic subunit of DNA-PK and is brought to the DNA by Ku. Gene targeting studies have shown the catalytic subunit to be a vital part of NHEJ (Taccioli et al. 1998). Much has been learnt about NHEJ through V(D)J recombination. V(D)J recombination takes advantage of the error-prone NHEJ mechanism in order to generate genetic diversity for the production of antibodies. DNA-PKcs regulates the endonuclease activity of Artemis through phosphorylation and direct interaction (Ma et al. 2002). Without DNA-PKcs, the hairpin opening activity (required for V(D)J recombination) and the overhang endonucleolytic activity (required for NHEJ) of Artemis are absent (Ma et al. 2002). Once bound to the DNA end, DNA-PK is used as a scaffold to attract other proteins. These include the polymerases required to synthesise new DNA, such as polymerase λ (Capp et al. 2006) and polymerase µ (Chayot et al. 2012). As well as the nuclease complex and polymerases, the ligase complex is an important component of the NHEJ pathway. DNA ligase IV is vital for the ligation step of NHEJ (Grawunder et al. 1998) which requires the presence of the XRCC4 protein for activation (Grawunder et al. 1997). Finally, XRCC4-like factor (XLF) is a nuclear protein that interacts with both DNA ligase IV and XRCC4 and causes radiosensitivity and a defect in DSB repair when depleted (Ahnesorg et al. 2006). 
[bookmark: _Toc417204097][bookmark: _Toc417674334]Alternative non-homologous end joining
Class switch recombination in B lymphocytes and deletions and translocations at the IgH locus are the result of alternative non-homologous end joining in cells deficient in DNA ligase IV and Ku70 (Boboila & Jankovic 2010). Alternative NHEJ (Alt-NHEJ) is independent of and inhibited by Ku (Bennardo et al. 2008). The end processing factor CtlP promotes alt-NHEJ and it is thought that it is the generation of single stranded DNA by CtlP, that allows the alt-NHEJ pathway to recognise homology (Bennardo et al. 2008). Although the early steps of the repair pathway by alt-NHEJ are similar to single-strand annealing and homology-directed repair, it is distinct in the sense that it is not affected by disruption of RAD51 function (Bennardo et al. 2008). Alt-NHEJ is thought to join DNA ends with the activities of the MRN complex and DNA Ligase IIIα (Della-Maria et al. 2011; Simsek et al. 2011), but there is debate as to whether XRCC1 is involved (Della-Maria et al. 2011; Boboila & Oksenych 2012), and this highlights the theory that alt-NHEJ may be comprised of more than one pathway. 
[bookmark: _Toc417204098][bookmark: _Toc417674335]Homologous recombination
Unlike the quick but error-prone process of NHEJ, homologous recombination (HR) is highly accurate, costly, and requires another copy of the chromosome or chromatid for repair. It is conserved from bacteria through to yeast and humans with a large number of proteins involved. Whether the DSBs occur naturally (in meiosis, HR is crucial for the accurate segregation of chromosomes) or via endogenous or exogenous damage to the DNA, the first step in HR is the processing of the DSB. The Mre11-Rad50-Nbs1 (MRN) complex is vital for recognition of these strand breaks and is the first step in the DNA damage response, activating ATM (Lee & Paull 2005) (see Figure 1.2). Once bound to the DSB, MRN complex works with BLM, RPA, CtIP and DNA2 or EXO1 in an end resection complex, processing the break, to reveal a 3’ ssDNA tail, which then allows the ssDNA binding protein RPA to load (Paull & Gellert 1998; Nimonkar et al. 2011; Sartori et al. 2007). Where Ku binds to DSB ends to initiate NHEJ, Rad52 and BRCA2 proteins bind to resected DSB ends to initiate HR or single strand annealing (SSA – covered below) (Dyck et al. 1999). Their role in the initiation of HR is to catalyse the strand invasion step by displacing RPA from single stranded DNA and loading Rad51 (Sugiyama & Kowalczykowski 2002; New et al. 1998; Jensen et al. 2010; Thorslund et al. 2010). Rad51’s nuclear localisation and filament formation is dependent on BRCA1 and BRCA2, and in vitro, BRCA2 has been shown to stimulate the strand invasion step performed by RAD51 (Sung 1994; Jensen et al. 2010; Bhattacharyya et al. 2000). The phosphorylation of BRCA1 by ATR and ATM promotes homologous recombination repair of double strand breaks (Zhang et al. 2003; Gatei et al. 2001). After strand exchange, this D-loop-Rad51 complex is recognised by polymerase η, which then synthesises DNA to extend the 3’ end of the invaded strand, catalysed by Rad51 (McIlwraith et al. 2005). Once this synthesis has occurred, Rad52 captures this second DNA end, allowing the formation of a double Holliday junction intermediate (McIlwraith & West 2008). This double Holliday junction can be resolved one of two ways. It can either be resolved using a helicase, which generates primarily non-crossover products, or using an endonuclease which results in primarily crossover products. The RecQ helicases BLM and WRN are able to promote branch migration to resolve Holliday junctions (Constantinou et al. 2000; Karow et al. 2000). In the case of BLM, this involves working in a complex with topoisomerases, which are involved in removing positive or negative supercoils from DNA (Plank et al. 2006). FANCM has also been shown to bind branched DNA molecules with high specificity and promote branch migration (Gari et al. 2008b). In an alternative Holliday junction resolving pathway, the human Mus81-associated endonuclease resolves Holliday junctions through strand nicking (Constantinou et al. 2002; Gaillard et al. 2003). The recently discovered GEN1 endonuclease has been shown to bind specifically to Holliday junctions, dimerise, and resolve them using a dual incision mechanism (Rass & Compton 2010). Although homologous recombination is more accurate than NHEJ, it can lead to loss of heterozygosity (LOH). This is important in recessively inherited diseases, where one fully functional gene is enough for normal cell development, growth and maintenance, but when this copy of the gene is damaged, and the disease-causing copy is used for homologous repair, the functioning gene is lost. This is a frequent mechanism in the development of diseases such as retinoblastoma (Hansen & Koufos 1985). As well as repairing double strand breaks from DNA damage and from collapsed replication forks, homologous recombination has been suggested to resolve replication-transcription conflicts in the cell (Gottipati et al. 2008; Stoimenov et al. 2011; Jones et al. 2013).
[bookmark: _Toc417204099][bookmark: _Toc417674336]Single strand annealing
Single strand annealing is yet another mechanism to repair DSB. It relies on a small amount of homology close to the terminus of the DNA strand break and works to anneal direct repeats within the same DNA molecule. However, this process requires excision of the joining ends so some of the intervening sequence can be lost (Nicolás et al. 1995) (see Figure 1.4). The regions in between the homologous regions will be flipped out and serve as a substrate for nucleases such as ERCC1/XPF (Sargent & Rolig 1997; Sargent & Meservy 2000; Al-Minawi et al. 2008). 
[bookmark: _Toc417204100][bookmark: _Toc417674337]Synthesis dependent strand annealing
Synthesis-dependent strand annealing (SDSA) is another repair mechanism that relies on homology but does not require the formation of Holliday junctions and thus does not form an intermediate that needs to be resolved (see Figure 1.4). The D-loop is displaced by a DNA helicase and the newly synthesised DNA is annealed to the other single stranded DNA on the original chromatid, generating exclusively non-crossover products (Nassif et al. 1994). Recent work has implicated RECQL5 as the helicase to displace the D-loop and promote SDSA (Paliwal et al. 2013).
The different mechanisms used to repair double-strand breaks are summarised in Figure 1.4. 
[bookmark: _Toc417204101][bookmark: _Toc417674338]Fork stabilisation and restart
As described above, the replication fork can stall for a number of reasons whether it is single strand breaks, secondary structures within the DNA, a dNTP pool imbalance or DNA cross-links. The mechanism of stabilizing stalled forks has not yet been completely established but current evidence suggests that in order to keep a fork from collapsing, the cell must inhibit the progression of the MCM helicase, inhibit homologous recombination, and stabilize the polymerases. 
Currently, there is little evidence to suggest that ATR or Chk1 target the polymerases for replisome stability at forks, but in yeast, the checkpoint protein Rad17 is phosphorylated independently of ATM, and the phosphorylated form localises to sites of DNA replication and interacts with DNA polymerase ε (Post et al. 2003; De Piccoli et al. 2012). Polymerases themselves have been demonstrated to be involved in the signalling of the DNA damage response at stalled replication forks (Yan & Michael 2009; Zucca et al. 2013; Bétous et al. 2013).
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[bookmark: _Toc409449302][bookmark: _Toc417813886][bookmark: _Ref416515127]Figure 1.4 – Pathways of double-strand break repair
If a double strand break is recognised by DNA-PK, the complex promotes non-homologous end joining. If the double strand break is recognised by the MRN complex or PARP1, the ends are subsequently processed by exonucleases such as DNA2 or Exo1 to reveal a 3’ ssDNA tail. Proteins, including BRCA1, BRCA2, RAD51 and RAD52, then trigger strand invasion, forming a D-loop, and the synthesis of new DNA, using the opposing strand as a template. At this stage, the D-loop can be disrupted by a helicase, and original strands annealed together in the synthesis-dependent strand annealing pathway. Alternatively, the invaded strand, extended by DNA synthesis, can be captured , forming a double Holliday Junction. This can be resolved using helicases such as BLM and WRN, or by endonucleases such as Mus81 and Gen1. If there are regions of homology, or direct repeats, either side of the DSB, the break can be repaired by single-strand annealing. This process involves strand resection, followed by annealing of the homologous sequences, and cleavage of the sequence in between the repeats. Arrow heads indicate 3’ end.

Keeping the replicative helicase and polymerase coupled is necessary to avoid the loss of the helicase and the generation of large stretches of ssDNA. Loss of the yeast CHK1 homolog (Rad53), increases the amount of ssDNA at stalled forks and the association of MCM with stalled forks is lost (Sogo et al. 2002; Cobb et al. 2005). MCM2 is also a target for phosphorylation by ATR, and ATR and ATRIP directly interact with MCM7 (Cortez et al. 2004). Although the function of this modification is unknown, the evidence suggests that the helicase and polymerase remain coupled in an ATR dependent fashion (Paulsen & Cimprich 2007). Work in yeast has shown that Cdc45 may be important in stalling the helicase during replication stress through binding to ssDNA (Bruck & Kaplan 2013).
Fork regression can occur at stalled forks and is a mechanism of restart. This mechanism of DNA remodelling is performed by many different helicases, one of which is SMARCAL1. SMARCAL1 (also known as HARP) is a strand-annealing DNA helicase, defects in which cause the autosomal-recessive Schimke immune-osseous dysplasia, which has symptoms of renal dysfunction, T-cell immunodeficiency and skeletal abnormalities caused by dysfunctional bone growth (Boerkoel et al. 2002). SMARCAL1 has been shown to localize to stalled replication forks through an interaction with RPA and loss of this helicase causes hypersensitivity to replication stress inducing agents, increased spontaneous DNA damage and a G2/M arrest (Bansbach et al. 2009; Yusufzai & Kong 2009; Yuan et al. 2009). In vitro, it catalyses regression of stalled forks by annealing two single strands of DNA into the “chicken-foot” structure, and in vivo prevents MUS81-dependent double-strand breaks (Bétous et al. 2012). But as too much SMARCAL1 activity is detrimental to the cell by causing fork collapse, its activity is regulated through phosphorylation by ATR (Couch et al. 2013). 
FANCM has also been shown to be able to regress stalled forks. As well as branch migration activity and the displacement of D-loops, FANCM can displace RPA on single stranded DNA and regress stalled fork structures into 4-way intermediates / regressed forks in vitro (Gari et al. 2008a; Gari et al. 2008b). 
Helicase-like transcription factor (HLTF) has many roles in dealing with replication stress. It has E3 ligase activity, ubiquitinates PCNA upon DNA damage (crucial for recruiting translesion polymerases), and inactivating HLTF increases cell sensitivity to MMS (Motegi et al. 2008; MacKay et al. 2009). Using its translocase activity, it can regress stalled forks into 4-way junctions and dislodge proteins bound to the forks, such as PCNA, RFC and RPA in vitro, a characteristic that other helicases (such as BLM) don’t have (Blastyák et al. 2010; Achar et al. 2011). Recent work in vitro has also implicated HLTF in ATPase and RAD51-independent D-loop formation, which can be extended by DNA polymerases, suggesting a possible template-switching activity for HLTF, as well as being involved in translesion synthesis and fork reversal (Burkovics et al. 2014).
Two of the RECQ helicases have also been implicated in fork reversal and restart. Both WRN and BLM can unwind replication fork structures and anneal complementary single strands (Machwe et al. 2006; Cheok et al. 2005). As well as fork regression activity, WRN and BLM can both convert regressed forks back into functional replication forks in vitro (Machwe et al. 2011; Machwe et al. 2006; Ralf et al. 2006). BLM has been shown to promote fork restart and suppresses new origin firing in a helicase and ATR kinase target residue dependent manner, using DNA fibre assays (Davies et al. 2007). WRN too is phosphorylated by ATR which is required for its co-localisation with RPA, fork restart activity and DSB suppression (Ammazzalorso et al. 2010). The same paper suggested that phosphorylation on different sites by ATM may re-localise WRN away from forks once they have collapsed and this allows RAD51 foci to form. The ATR phosphorylation and localisation of WRN has been shown to depend on the 9-1-1 and TopBP1 complex (Pichierri et al. 2012). DNA-PK has been shown to phosphorylate WRN helicase at serines 440 and 467, and mutations in these residues cause WRN to stay at sites of DSBs after 24 hours rather than re-localise to the nucleoli, and make the cell slightly more sensitive to etoposide (Kusumoto-Matsuo et al. 2014).
Stabilization of the replication fork gives the cell time to repair the damage before replication continues. If the barrier cannot be removed or bypassed, if replication cannot be completed by dormant origin firing (Ge et al. 2007; Ibarra et al. 2008), or if the fork collapses, the fork needs to restart. How the replication fork restarts has yet to be completely characterised but a large number of models have been suggested as shown in Figure 1.5. 
Replication forks stalled by UV-induced lesions have been shown to restart by re-priming, ahead of the lesion, but this leaves single stranded gaps which readily collapse to form double strand breaks (Elvers et al. 2011). 
MUS81-EME2 aids replication restart by introducing double strand breaks in DNA by collapsing stalled forks. Cells without MUS81 (or EME2) are defective in fork restart after 24 hours of hydroxyurea, but not after only 6 hours, suggesting a role in a late acting response to prolonged replication stress (Hanada et al. 2007; Pepe & West 2014). MUS81 has also been shown to have a similar role in forming DSBs and promoting progression at stalled replication forks induced by Top1 inhibition by camptothecin (Regairaz et al. 2011). Cells depleted of MUS81 or EME2 have less broken DNA and more stalled forks after hydroxyurea treatment, demonstrating that MUS81-EME2 is responsible for collapsing stalled replication forks (Pepe & West 2014).
Stalled forks can restart by homologous recombination (Lambert et al. 2010). By doing so, the cell avoids genome rearrangements. Whether a fork uses RAD51 for homologous recombination to recover from a regressed fork, or from a double stranded DNA break after a fork has collapsed, is investigated in a paper by Petermann et al. looking at forks inactivated by short and long exposure to hydroxyurea (Petermann et al. 2010). This work led to the model that RAD51 stabilises the “chicken foot” structure and could promote homologous recombination to restart stalled replication forks after short-term replication stress. However, when these replication forks have been stalled and are inactive for longer periods of time, they collapse due to MUS81 action, and the DSBs produced can be repaired by RAD51-mediated homologous recombination. Similarly, collapsed forks that have been induced from replication machinery coming across single strand breaks have been shown to be repaired through homologous recombination (Saleh-Gohari & Bryant 2005).
Another model involves the PARP proteins which have been shown to detect stalled replication forks and recruit Mre11 for the generation of single strand DNA which leads to HR and restarting of the stalled fork (Bryant et al. 2009). 
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[bookmark: _Toc409449303][bookmark: _Toc417813887][bookmark: _Ref416515180]Figure 1.5 – Pathways of replication restart from a stalled fork
When a replication fork stalls, the polymerase and helicase become uncoupled. This leads to long stretches of ssDNA which can either be re-annealed, or the replication fork can regress, using helicases, into a four-way branched DNA structure known as a “chicken foot”. If this structure is cleaved by endonucleases, a one-ended DSB is formed which triggers homologous recombination and subsequent replication restart. Homologous recombination can also be activated directly from the chicken foot structure to restart replication without fork collapse and the formation of a double strand break. The 3’ single stranded DNA end can invade the double-stranded DNA ahead of the stalled fork. This end can then be extended by polymerases before the Holliday junctions are resolved. Arrow heads indicate 3’ end.
Adapted by permission from Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology (Petermann et al. 2010), copyright 2010.


[bookmark: _Toc417204102][bookmark: _Toc417204710][bookmark: _Toc417204770][bookmark: _Toc417674339]RECQ family
The RECQ helicases are conserved throughout evolution, with one RECQ helicase found in E. coli, one found in S. cerevisiae and five found in H. sapiens (see Figure 1.6). They have roles in replication, base excision repair, double-strand break repair, transcription, telomere maintenance and mitochondrial function (Croteau et al. 2014). They all share a homologous helicase and RecQ C-Terminal domain, which contains a zinc-binding motif, a helix-hairpin-helix winged-helix domain and a β-hairpin motif, but the human RECQ helicases have distinct, separate function in cells. In this section, the role of the RECQ helicases in maintaining genome integrity, and their role in cancer, will be discussed.
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[bookmark: _Toc409449304][bookmark: _Toc417813888][bookmark: _Ref416515198]Figure 1.6 – The RECQ helicases and their domain structure
Shown are the RECQ helicases from E. coli, S. cerevisiae and H. sapiens and their corresponding size in amino acids. They are aligned according to their homologous RECQ helicase domain shown in green. Orange is the RQC domain containing a zinc-binding motif, a helix-hairpin-helix winged-helix domain and a β-hairpin motif and the yellow regions are rich in acidic residues. The dark grey is the nuclear localisation signal and the red is the HDRC domain. Blue represents an exonuclease domain. 


[bookmark: _Toc417204103][bookmark: _Toc417674340]RecQ
The recQ gene was first identified as a mutation in Escherichia coli causing resistance to thymineless death and causing increased sensitivity to UV radiation and recombination deficiency in a recBC sbcB background (Nakayama & Nakayama 1984; Nakayama et al. 1985). The same group sequenced the gene, identifying the open reading frame and primary structure, and used mitomycin C and UV irradiation with a β-galactosidase assay to show that regulation of the recQ gene is through the SOS system (the DNA damage response in bacteria) (Irino et al. 1986). 
Purifying the RecQ protein and in vitro assays led to the discovery of its role as a DNA-dependant ATPase (Umezu et al. 1990). Umezu et al. showed  RecQ to have 3’ - 5’ helicase activity, preferring duplex DNA with a single stranded overhang, but able to unwind blunt-ended DNA duplexes at higher enzyme concentrations (Umezu et al. 1990). Further in vitro work highlighted that relatively large amounts of RecQ were required for significant unwinding and that the helicase activity was greatly improved when SSB protein was added (10-fold with partial duplex and threefold with blunt ended substrates) (Umezu & Nakayama 1993; Kowalczykowski 1994). Further studies showed that this improvement is due to a direct interaction between the two proteins. The C-terminus of SSB binds to the winged-helix domain of RecQ and abolishing either of these conserved sites diminishes SSB-stimulated helicase activity (Shereda et al. 2007; Shereda et al. 2009). The zinc finger motif is crucial for its DNA binding activity, and it can bind to and unwind a variety of DNA substrates in vitro, including 3-way and 4-way junctions, 5’ and 3’ ssDNA overhangs and flayed duplexes (Harmon & Kowalczykowski 1998; Liu et al. 2004). 
With RecA and SSB, in vitro RecQ can both initiate homologous pairing, and disrupt joint molecules formed by RecA (Harmon & Kowalczykowski 1998). It was shown to suppress spontaneous and UV-light induced illegitimate recombination in E. coli (Hanada et al. 1997). Along with the exonuclease RecJ, RecQ processes the lagging strand of DNA at replication forks blocked by UV (Courcelle & Hanawalt 1999). In cells lacking recombination intermediate-removal proteins, RecQ promotes death by the accumulation of bimolecular recombination intermediates (BRIs) (Magner et al. 2007) suggesting that RecQ promotes recombination but cannot resolve the intermediates in these defective backgrounds. RecQ also stimulates DNA catenation by Topoisomerase III and translocates along single stranded DNA, using the energy from the hydrolysis of one ATP molecule to move approximately one and a half nucleotides in length (Sarlós et al. 2012; Rad & Kowalczykowski 2012; Harmon et al. 1999; Harmon et al. 2003). This may play a role in recombination, with topoisomerase III suggested to play a role in a recombination pathway with RecQ to resolve recombination intermediates (Lopez et al. 2005).
[bookmark: _Toc417204104][bookmark: _Toc417674341]Sgs1
Slow growth suppressor 1 (Sgs1) was initially identified in Saccharomyces cerevisiae as an E. coli RecQ homolog and was found to regulate chromosome segregation, binding to, and acting in the same pathway as, Topoisomerase II and Topoisomerase III (Watt et al. 1995; Gangloff & McDonald 1994; Ng et al. 1999). Like the E. coli RecQ, Sgs1 helicase has DNA-dependant ATPase activity and unwinds DNA in a 3’ to 5’ direction, but prefers binding to forked substrates in vitro (Bennett 1998). Mutation of Sgs1 was found to cause a mitotic hyperrecombination phenotype (Watt et al. 1996) and cells without Sgs1 are more sensitive to ionizing and ultraviolet radiation (Gangloff et al. 2000). Sgs1 was also suggested to work on the same pathway as another helicase Srs2 as double mutants drastically reduced growth rates and plating efficiency (Gangloff et al. 2000; Rong & Klein 1993). These experiments serve to highlight this RecQ helicase’s role in genome maintenance, cell viability and DNA damage repair. 
Mms4/Mus81 is a complex required in the absence of Sgs1 (Mullen et al. 2001). Preferably functioning at replication fork structures, it is a nuclease that is thought to resolve stalled forks and generate DSBs, more so in the absence of Sgs1. It is this repair of recombination intermediates that is thought to contribute to the hyper-recombination phenotype seen in Sgs1 null cells (Kaliraman et al. 2001). In normal cells, Srs2 and Sgs1-Top3 suppress the number of crossovers formed by DSB repair and instead promote synthesis-dependant strand-annealing (Ira et al. 2003). 
Along with acting as a Holliday junction resolvase with Top3 (Mankouri 2011; Cejka & Kowalczykowski 2010), Sgs1 can also promote genetic stability by activating the S-phase checkpoint. It does so in a helicase and Top3 independent manner. The helicase binds to Rad53 and this checkpoint activating activity works in the same pathway as Mrc1 to stabilise the polymerases at the forks (Bjergbaek et al. 2005). 
Sgs1 can also function to promote homologous recombination through DSB resection, working with Exo1 (Gravel & Chapman 2008; Mimitou & Symington 2008; Zhu et al. 2008), generating long tracts of single stranded DNA that can be used as a substrate for Rad51 and homologous recombination. 
As well as promoting homologous recombination through strand resection and resolving Holliday junctions, Sgs1’s role in meiosis is to suppress sister chromatid exchanges (SCE) by inhibiting meiotic homologous recombination. Losing Sgs1 increases unequal SCEs and decreases the frequency of meiosis I non-disjunction events possibly due to more recombination between chromatids (Amin et al. 2010). 
Sgs1 mutants in Sacchromyces cerevisiae prematurely acquire age-associated sterility and life span is approximately 40% of that of wild-type (counted by average number of cell divisions) (Sinclair 1997), highlighting a role for Sgs1 in ageing. It has also been shown that Sgs1 has a role in telomere maintenance and elongation in cells lacking telomerase (Johnson et al. 2001; Huang et al. 2001). Cells without Sgs1 lose terminal telomeric repeats faster than normal cells and expressing Sgs1 in cells without telomerase slows senescence (Azam et al. 2006; Cohen & Sinclair 2001). The experiment showing that Sgs1 and Rad52 mutations are epistatic in senescence suggests that Sgs1 participates in a Rad52-dependent recombinational pathway of telomere maintenance (Azam et al. 2006). This telomeric recombination activity is regulated by sumoylation on K621 (sumoylated in response to DSBs) but this does not affect its roles in DNA damage tolerance, cell growth, or other recombination pathways (Lu et al. 2010).
[bookmark: _Toc417204105][bookmark: _Toc417674342]RECQL1
RecQ-like protein 1 (RECQL1) was the first of the human RecQ helicases to be discovered and was shown to be a 74 kDa DNA-dependent ATPase, sharing sequence homology with the E. coli RecQ (Puranam & Blackshear 1994; Seki et al. 1994). Although no human syndromes have been associated with defects in RECQL1, there are some suggestions that sequence alterations in the gene may be associated with cancer, such as the A159C single nucleotide polymorphism associated with a significant decrease in survival of pancreatic cancer patients (Li et al. 2006). Depletion of RECQL1 using siRNA in HeLa cells, has been shown to cause cancer specific mitotic catastrophy and reduce proliferation rate (Futami et al. 2008). Similarly, siRNA and miRNA-mediated depletion of RECQL1 reduces cell growth and increases mitotic catastrophy in tongue squamous cell carcinoma cells and suppression of RECQL1 reduces tumour size in mouse xenograph models (Tao et al. 2014). Although RECQL1 protein has been shown to be highly expressed in glioblastoma (Mendoza-Maldonado et al. 2011), its protein level is decreased in colorectal cancer cells compared to normal colon (Lao 2013). In cancer, RECQL1 may act to promote growth and prevent cell death. However, as expression of the protein varies between cancers, it is unclear whether this is true for all cancers. 
As a helicase, using ATP, and stimulated by RPA, RECQL1 can unwind 3’ tail, 3’ and 5’ flap, forked, replication fork, bubble, D-loop and 4-way junction DNA substrates in vitro as well possessing ATP-independent strand annealing activity (Sharma et al. 2005; Cui et al. 2003; Popuri et al. 2008). RECQL1 can also migrate branched DNA in vitro and may have a role in recombination evidenced by an increased number of SCEs upon depletion (LeRoy et al. 2005; Bugreev et al. 2008). 
Depletion of RECQL1 causes DNA damage-induced apoptosis, decreased cell growth and proliferation, increased γH2AX foci formation and makes cells more sensitive to both IR and camptothecin treatment (Mendoza-Maldonado et al. 2011; Sharma & Brosh 2007). In response to IR, RECQL1 forms foci, is recruited to chromatin and is phosphorylated (Sharma & Brosh 2007). In vitro work has suggested that RECQL1 catalyzes strand exchange on stalled forks (Popuri et al. 2012a). However, although RECQL1 binds to Rad51 (Sharma & Brosh 2007), siRNA-mediated depletion of RECQL1 shows increased spontaneous RAD51 foci (Sharma et al. 2007), suggesting a role in inhibiting inappropriate endogenous recombination or resolving recombination intermediates. RECQL1 has also been implicated in the non-homologous end joining pathway as well as homologous recombination. RECQL1 binds to Ku70/80 of the DNA-PK complex in vivo and work in vitro suggests RECQL1 may promote NHEJ by unwinding Ku-DNA substrates and regulating the binding of Ku to DNA (Parvathaneni et al. 2013).
RECQL1 has a role in replication as it is recruited to sites of replication initiation and reducing RECQL1 protein level decreases the replication fork speed (Thangavel et al. 2010). This association with replication origins is enhanced in the presence of replication stress where it also localises to common fragile sites (Lu et al. 2013). Its role in replication was further developed when it was discovered that RECQL1 is required for fork restart after topoisomerase inhibition. Although RECQL1 cannot regress stalled forks, RECQL1 was shown to promote the restoration of the replication fork from regressed forks, and restart replication after camptothecin treatment. This was shown to be inhibited by PARP activity, which was thought to stabilise the stalled forks and prevent restart before the replication-stalling damage is repaired (Berti et al. 2013). PARP activity is increased in RECQL1 depleted cells treated with H2O2, and is required for repair of oxidative damage in these RECQ1-depleted cells, but not for RECQL1 recruitment to chromatin under this stress (Sharma et al. 2012). RECQL1’s role in replication appears to be in replication initiation, and in the restart of replication after replication fork stalling, regulated through PARP1.
At telomeres of cells using alternative and recombination-mediated lengthening for telomere maintenance, RECQL1 physically interacts with POT1, which can stimulate its activity in vitro when telomeres contain thymine glycol. RECQL1 can unwind D-loops and loss of the helicase causes telomere loss and accumulation of telomeric sister chromatid exchanges (Popuri et al. 2014). In addition, in the presence of RPA, RECQL1 can displace proteins bound to DNA that inhibit DNA unwinding such as the telomere binding shelterin protein TRF1 (Sommers et al. 2014). This in vitro work may have implications for the role of RECQL1 at telomeres as well as any other DNA metabolic process that require RECQL1 and remodelling.
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Bloom syndrome (BS) was characterised by Dr David Bloom in 1954 as a congenital disease, with features of telangiectatic erythema (or “spider-veins” causing reddening of the skin) in infancy on the face, hands and forearms, sun sensitivity (which accentuates the telangiectasia) and stunted growth / dwarfism (Bloom 1954; German 1969). BS cells were also recorded to have a greater than 10-fold increase in sister chromatid exchanges, (Chaganti et al. 1974), slower DNA chain growth (Hand & German 1975), increased mutation rates and increased somatic recombination along with an abnormal profile of replication intermediates (Langlois 1989; Lönn et al. 1990). This increased mitotic recombination was shown to cause increased cancer predisposition in a Bloom mouse model (Luo et al. 2000). Some patients of Bloom’s syndrome have shown an abnormal immune response such as defective immunoglobin production and a weak antigenic response but this has shown to not be due to any defects in V(D)J recombination (Hütteroth et al. 1975; Hsieh et al. 1993). It was through cDNA analysis of cells from patients with Bloom’s syndrome that the BLM helicase was discovered (Ellis et al. 1995).
The helicase was shown to have homology to Sgs1, RecQ and human RECQL1, and missense, nonsense and frameshift mutations were found in the BLM sequence in Bloom’s syndrome patients (Ellis et al. 1995). It is a 3’ to 5’ helicase, uses ATP, and point mutations and experiments that have eliminated the helicase and ATPase activity have shown that these are both necessary to maintain genomic stability in cells (Bahr et al. 1998; Neff et al. 1999). In vitro, BLM translocates along single stranded DNA at a rate of one nucleotide per ATP hydrolysed (Gyimesi et al. 2010) and also has single strand annealing activity which is inhibited by ATP and single stranded DNA binding proteins (Cheok et al. 2005). In vitro, the DNA unwinding activity is stimulated by RPA, and BLM can unwind a variety of DNA substrates including 4-way junctions, replication forks, 3’ tailed duplexes, dsDNA with bubbles, D-loops and G4 DNA substrates (Brosh et al. 2000; Sun et al. 1998; Mohaghegh & Karow 2001). As previously mentioned, BLM can also regress stalled replication forks and convert these back into functional replication forks, playing a role in replication restart (Ralf et al. 2006; Machwe et al. 2006; Machwe et al. 2011; Davies et al. 2007). BLM also has a role in recombination by promoting branch migration on Holliday junctions (Karow et al. 2000).
Bloom’s syndrome helicase binds to Topoisomerase IIIα, and in vitro, can stimulate its activity, and recruit it to DNA (Wu & Hickson 2002; Wu 2000; Johnson et al. 2000). Together, they use convergent branch migration to resolve double Holliday junction substrates, stimulated by RPA (Plank et al. 2006). BLM also has been shown co-localise with the BLAP75 protein at sites of DNA damage, which is required for maintaining BLM-TopoIIIα protein levels, BLM phosphorylation, and the suppression of sister chromatid exchange (Yin et al. 2005). BLAP75 (also known as RMI1) physically interacts with TopoIIIα, RPA, and promotes binding to and the efficient dissolution of double Holliday junctions in vitro (Wu et al. 2006; Xue et al. 2013). Along with the addition of the BLAP18/RMI2 protein, which is responsible for the stability of the proteins in the complex (Singh et al. 2008), this BLM-TopoIIIα-BLAP75 complex forms a dissolvasome that dissolves double Holliday Junction substrates, made more effective with RPA (Xue et al. 2013). This function suppresses the number of crossovers formed from homologous recombination (Wu & Hickson 2003).
As well as functioning in the final stages of homologous recombination, BLM has two apparently opposing functions. BLM is suggested to promote recombination by functioning in complexes promoting end resection. To this end, BLM functions with Exo1, providing greater affinity for DNA ends, or DNA2, in complex with MRN and RPA  (Gravel & Chapman 2008; Nimonkar et al. 2011) to produce a 3’ ssDNA end that is a substrate for HR. On the other hand, BLM has been proven in vitro to be capable of dismantling the invading Rad51-ssDNA filaments and disrupt D-loops (Bugreev et al. 2007). In support of its anti-recombinase function, BLM helicase and RAD51 interact and BS cells have increased RAD51 foci (Wu et al. 2001). One protein thought to be involved in this interaction is SPIDR/KIAA0146. It is a scaffolding protein that binds BLM, is required for BLM foci formation and suppresses SCE. SPIDR also binds to and is required for foci formation of RAD51, bringing a link between RAD51 and BLM, allowing them to regulate the HR pathway (Wan et al. 2013). This anti-recombination activity adds to BLM’s pro-recombination activities, complicating the role BLM has in the cell in terms of HR. Work has been done showing that these differing roles take place at early and late steps in HR repair (Chu et al. 2010). 
Although BLM has been shown to interact with a number of proteins from the mismatch repair pathway, it is not thought to be required for MMR itself as BS cell extracts have been shown to be MMR proficient using an MMR in vitro assay (Langland et al. 2001). Instead, hMSH2/6 interacts with both BLM and RAD51 to stimulate the disruption of Holliday junctions (Yang et al. 2004).
If chromosomes do not segregate effectively at anaphase, they can form DNA bridges. BLM helicase has been shown to have a role in resolving “ultra-fine” DNA bridges (UFBs) which cannot be visualised with normal DNA stains such as DAPI (Liu et al. 2014). They are more prevalent in cells without BLM, and BLM localises to both normal anaphase bridges and UFBs, where it localises with the protein PICH (Chan et al. 2007; Rouzeau et al. 2012). These bridges are often linked to common fragile sites bound by FANCD2 and FANCI (Chan et al. 2009). BLM has been shown to play a role at telomeres in cells using alternative lengthening of telomeres (ALT). With BRCA1, BLM unwinds telomeric fork structures and both are found to co-localise at telomeres predominantly in G2 (Acharya et al. 2014). Some of the UFBs seen are classified as originating from telomeric DNA and it is possible that not being able to resolve these may be the cause of increased telomere defects seen in BS patients (Barefield & Karlseder 2012). 
As well as BLM’s homologous recombination function acting in DNA damage repair and telomere maintenance, it also may function in meiosis. It is expressed at meiotic prophase and localised at sites of synapsis (Moens & Freire 2000). Observations include the finding that in conditional knockout mice, cells show impairment in progression of meiosis, defects in pairing and synapsis, and an increase of chiasmata or chiasmata-like structures (Holloway et al. 2010). 
BLM can be post-translationally modified to bring about changes in its subcellular localisation, function and stabilisation. BLM interacts with and is phosphorylated by ATM upon exposure to ionizing radiation, causing BLM protein stabilisation (Beamish et al. 2002; Ababou et al. 2000). BLM also interacts with and is phosphorylated by ATR (Davies et al. 2004). Although phosphorylation defective BLM mutants fail to rescue BS cells from HU sensitivity, they do still suppress SCEs and localise with other repair factors (Davies et al. 2004). Phosphorylation of BLM by ATM has been shown to cause BLM to dissociate from TopoIIIα and co-localise with γH2AX after camptothecin treatment (Rao et al. 2005). Phosphorylation is required for the interaction of BLM and TopBP1, and TopBP1 competes against the E3 ligase MIB1 for binding to BLM, protecting it from degradation by the proteasome (Wang et al. 2013). Ubiquitylation by RNF8/RNF168 in the N-terminus of BLM can recruit it to sites of replication stress and is required to suppress HR at stalled replication forks (Tikoo et al. 2013). Finally, the SUMOylation of BLM has been suggested to play a role in the recruitment and binding of RAD51 (Ouyang et al. 2009).
Members of the Fanconi anaemia protein family also play a role in the function of BLM. FANCD2 mediates the assembly and phosphorylation of the BLM complex after DNA damage, promotes BLM protein stability and works in the same pathway to restart stalled forks (Chaudhury et al. 2013). FANCM can bind both RMI1 and TopoIIIα, is responsible for BLM foci formation during replication stress (but not IR) and is required for suppression of SCEs (Deans & West 2009). Finally, FANCJ directly binds BLM and is thought to regulate the stability of BLM protein (Suhasini et al. 2011).
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Werner’s Syndrome (WS) is an autosomal recessive disease, discovered by Otto Werner in 1904. The symptoms include dwarfism, premature aging, ulcers, cataracts, hypogonadism, diabetes and osteoporosis (Salk 1982). WS patients suffer from increased predisposition to a range of cancers (Goto et al. 1996) and epigenetic inactivation of Werner helicase is a common event in tumorigenesis (Agrelo et al. 2006). WS cells are also genetically unstable and more sensitive to cross-linking and topoisomerase inhibition (Lebel & Leder 1998; Poot et al. 2001).
The gene identified as being responsible for Werner’s syndrome was cloned and discovered to be homologous to other RECQ helicases (Yu et al. 1996). It has 3’-5’ NTP-dependent helicase activity, stimulated by single-stranded binding proteins such as RPA (Shen et al. 1998). As mentioned earlier, WRN can regress and restart regressed replication forks, but WRN can also unwind 5’ flaps and synthetic replication forks as well as G-quadruplex DNA in vitro (Brosh et al. 2002; Machwe et al. 2006; Machwe et al. 2011; Machwe et al. 2007; Fry & Loeb 1999). Unlike the other RecQ helicases, WRN has a 3’-5’ exonuclease activity. In vitro studies found that this activity is dependent on substrate unwinding, is stimulated by ATP, dATP and CTP, and preferentially digests recessed strands in partial duplexes (with an even greater preference for the same substrate with a single mismatched 3’ nucleotide), for both DNA and RNA (Shen 1998; Kamath-Loeb 1998; Suzuki et al. 1999; Huang et al. 2000). By using its exonuclease activity to digest the leading daughter strand, WRN can enhance regression of stalled forks and formation of daughter strand duplexes in vitro (Machwe et al. 2007).
Like other previously mentioned RECQ helicases, WRN has a role in homologous recombination. WRN interacts functionally with the HR proteins Rad52, RPA, and co-localizes with RPA and Rad51 at nuclear foci in response to DNA damage (Sakamoto et al. 2001; Brosh et al. 1999; Baynton et al. 2003). Suppression of RAD51-dependent HR, and expression of WRN or the bacterial RusA resolvase rescued WRN cells’ sensitivity to DNA damage and HR defect (Saintigny et al. 2002). The homologous recombination defect seen in Werner syndrome is thought to result in a lack of repression of aberrant HR by Werner helicase.
WRN interacts with a number of proteins involved in replication. PCNA and Topoisomerase I have been shown to bind to WRN (Huang et al. 2000; Rodrıguez-Lopez et al. 2003; Lebel et al. 1999) as well as polymerase δ (Kamath-Loeb et al. 2000). WRN increases the initiation rate of DNA synthesis and primer extension by polymerase δ, and it is thought that WRN and polymerase δ work together to degrade and replicate difficult areas of DNA secondary structure such a G-quadruplex, hairpins and DNA bubbles (Kamath-Loeb et al. 2001; Kamath-Loeb et al. 2012; Shen & Loeb 2000; Kamath-Loeb et al. 2000; Rodríguez-López et al. 2002). WRN is also implicated in fork restart after replication arrest, possibly in complex with FEN1, with WS cells restarting in a MUS81-dependent recombination pathway (Sidorova et al. 2008; Sharma et al. 2004a; Franchitto et al. 2008).
WRN is phosphorylated by DNA-PKcs after damage, and in the presence of Ku, this inhibits the exonuclease activity (Karmakar et al. 2002). Co-localisation with RPA at nuclear foci requires WRN phosphorylation by ATR. This phosphorylation also prevents DSBs forming at stalled forks and is required for efficient fork restart. Phosphorylation on different sites of WRN by ATM is required for relocalisation of WRN away from nuclear foci, and possibly away from replication forks once DSBs have formed, allowing RAD51 foci to form and HR to occur (Ammazzalorso et al. 2010). WRN may also be involved in activating ATM and the S-phase checkpoint in response to collapsed replication forks (Cheng et al. 2008).
Ku80/70 physically binds to and stimulates the exonuclease activity of WRN (Cooper & Machwe 2000; Li & Comai 2000). Ku recruits WRN to double stranded DNA and stimulates it to degrade DNA ends in vitro, possibly in a helicase-independent manner (Li & Comai 2001; Orren et al. 2001). WS cells show extensive deletion at NHEJ ends which is complemented by the introduction of the WRN protein (Oshima et al. 2002). WRN, Ku and PARP1 have been found to form a complex in vivo and in the presence of DNA, PARP1 poly(ADP-ribosyl)ates itself and Ku. This reduces the binding affinity of Ku and it can no longer stimulate the exonuclease activity of WRN (Li et al. 2004). In vitro, PARP1 also decreases the helicase activity of WRN (von Kobbe et al. 2004). WRN may also regulate PARP1 as WS cells are deficient in PARylation after treatment with H2O2 and MMS (von Kobbe et al. 2003). This suggests that WRN may have a PARP1-regulated role in repair of DNA damage sites such as DSBs, single strand breaks and stalled forks.
There is a lot of work concerning WRN’s role in telomere maintenance. Cells without WRN helicase activity show loss of the lagging strand telomeres and an increase in telomere-telomere recombination (Laud et al. 2005; Crabbe et al. 2004). The telomeric repeat binding factor TRF2 interacts with WRN and stimulates its helicase activity (Opresko et al. 2002). In ALT cells, TRF2 recruits WRN to telomeres, where it can resolve telomeric D-loops bound by TRF1 and TRF2 which can regulate WRN’s exonuclease activity (Machwe et al. 2004; Opresko et al. 2004). WRN’s D-loop resolving activity is also stimulated by the telomeric protein POT1 in vitro, which can bind WRN (Opresko et al. 2005). This work suggests that in the absence of telomerase, WRN plays a crucial role in resolving the recombination intermediates generated by the ALT pathway. 
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RecQ-like protein 4 (RECQL4) was discovered by searching through the expressed sequence tag (EST) database for sequences similar to the RecQ helicase motifs (Kitao et al. 1998). Frameshift and nonsense mutations in RECQL4, resulting in truncated proteins, were found to be the cause of Rothmund-Thomson syndrome (RTS) (Kitao et al. 1999). Symptoms include poikiloderma (skin condition causing hyper/hypo pigmentation, atrophy and telangiectasia), alopecia, cataracts, retarded growth, hypogonadism and a high incidence of malignancies (Vennos et al. 1992). Cells from RTS patients are hypersensitive to a range of DNA damage inducing agents such as hydroxyurea and camptothecin (Jin et al. 2008). Other diseases found to be caused by mutations in RECQL4 include Baller-Gerold syndrome (BGS – an autosomal recessive condition with symptoms of radial aplasia and craniosynostosis) and RAPIDLINO syndrome (Radial hypo-/aplasia, Patellae hypo-/aplasia and cleft or highly arched palate, Diarrhoea and Dislocated joints, Little size and Limb malformation, Nose slender and Normal intelligence) (Van Maldergem et al. 2006; Siitonen et al. 2003). The genetic difference between them has yet to be determined. 
RECQL4 is a 3’-5’ ATP-dependent DNA helicase with strand annealing activity (Suzuki et al. 2009; Xu & Liu 2009; Macris et al. 2006).  It has been implicated in recovery from ionising radiation as cells without the C-terminus of RECQL4 are more sensitive to IR and after treatment, have an S-phase progression defect and slower moving replication forks (Kohzaki et al. 2012). It has also been seen to have a role in replication initiation as it is recruited to replication origins at G1/S and early S phase and depleting RECQL4 protein reduces DNA synthesis and proliferation rate (Thangavel et al. 2010). The stable association of the CMG complex (Cdc45, Mcm2-7 and GINS), which plays a role in the formation and progress of replication forks, requires RECQL4 helicase (Im et al. 2009). This association is dependent on MCM10, which can inhibit RECQL4’s helicase activity. Depletion of these proteins decreased the incorporation of 3H-thymidine after hydroxyurea treatment, suggesting that RECQL4 has a role in recovery after replication stress, but as this was a 48 hour treatment, it is more likely to be due to new origin firing, rather than replication fork restart (Xu et al. 2009). 
RECQL4 is unique within the RecQ helicase family as it localises to mitochondria using a mitochondrial localisation signal and RECQL4 deficient cells have increased amounts of mitochondrial DNA (mtDNA) damage (Croteau et al. 2012; De et al. 2012). RECQL4 binds to p53, which masks their respective nuclear localisation signals, allowing them both to be re-localised to the mitochondria (De et al. 2012), where RECQL4 was shown to be required for de novo mtDNA replication (De et al. 2012). Together, RECQL4 and p53 regulate the binding of the mitochondrial polymerase γ to a specific area in the mitochondrial genome known as a mutation hotspot (Gupta et al. 2014). Both bind to polymerase γ, but RECQL4 potentiates the binding to mtDNA, and the polymerase inhibits RECQL4’s helicase activity (Gupta et al. 2014; Croteau et al. 2012). This all suggests that RECQL4 works with p53 to preserve the integrity of the mitochondrial genome.
RECQL4 stimulates the activity of, and in the presence of H2O2 co-localises with, APE1, Polβ and FEN1, all of which have roles in base excision repair. This data, together with the fact that RTS and RECQL4-deficient cells have defective H2O2 lesion repair, increased spontaneous XRCC1 foci and high endogenous level of 8-oxoG, suggests that RECQL4 may have a role in base excision repair (Schurman et al. 2009). 
RTS and RECQL4 deficient cells show abnormal telomeres suggesting a role for RECQL4 in telomere maintenance. RECQL4 associates with telomeres during replication in U2OS and HeLa cells (Ghosh et al. 2012) and in vitro work shows that  RECQL4 can unwind telomeric D-loops with WRN and, individually, preferentially unwind telomeric D-loops containing thymine glycol, stimulated by TRF2 (Ferrarelli et al. 2013; Ghosh et al. 2012).  It would appear that, like WRN and BLM, RECQL4 has a role at telomeres but further work needs to be done to clarify this.
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RecQ-like protein 5 (RECQL5) was identified along with RECQL4 by Kitao et al. searching through the expressed sequence tag (EST) database for sequences homologous to RecQ (Kitao et al. 1998). RECQL5 is a 3’ to 5’ helicase that has weak Holliday junction unwinding activity, has been shown to bind to topoisomerases 2α, 3α and 3β, and is required for cell cycle progression and DNA decatenation (Shimamoto et al. 2000; Garcia et al. 2004; Ramamoorthy et al. 2012). In vitro work has shown that it preferentially unwinds 3’ flap substrates resembling the lagging strand at replication fork structures and can promote strand exchange, as well as binding and co-localising with PCNA in vivo (Ozsoy et al. 2003; Kanagaraj et al. 2006). RECQL5 has three different isoforms, generated from differential splicing, α, β and γ (Shimamoto et al. 2000) (see Figure 1.7), although the work described below focuses on RECQL5β.
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[bookmark: _Toc409449305][bookmark: _Toc417813889][bookmark: _Ref416515211]Figure 1.7 – The isoforms of RECQL5 and their domain structure
The isoforms of RECQL5 are aligned according to their homologous RECQ helicase domain shown in green. Orange is the RQC domain containing a zinc-binding motif, a helix-hairpin-helix winged-helix domain and a β-hairpin motif and the yellow regions are rich in acidic residues. The dark grey is the nuclear localisation signal and the red is the PCNA-interacting motif (PIM). Purple represents the Set2 Rpb1 interacting (SRI) domain and the light blue is the kinase-inducible domain interacting (KIX) domain, both of which RECQL5 requires for binding to RNA Pol II. The pink BRC repeat variant  domain is required for RECQL5 to bind RAD51. 


Evidence for RECQL5’s role in HR stems from RECQL5 deficient cells showing an elevated level of sister chromatid exchanges (Hu et al. 2005). It also has a functional interaction with Rad51, the HR protein responsible for strand invasion. Cells deficient in RECQL5 have increased number of RAD51 and γH2AX foci, and RECQL5 can bind RAD51 to disrupt filament formation and inhibit homologous recombination (Hu et al. 2007). Without ATPase activity, or binding to RAD51, RECQL5 cannot exhibit its anti-recombinase activity and the RAD51 binding site contains conserved BRC domains (Schwendener et al. 2010; Islam et al. 2012; Hu et al. 2007). Work in vivo has shown that RECQL5 promotes the SDSA pathway, suppressing cross-overs, during DSB induced homologous recombination (Paliwal et al. 2013). 
RECQL5 has functional links with other proteins involved in homologous recombination. RECQL5 binds to and inhibits the exonuclease activity of MRE11 within the MRN complex (Zheng et al. 2009). The MRN complex is required to bring RECQL5 into sites of DSBs induced by IR and long HU exposure. This recruitment does not require MRE11’s exonuclease activity and is independent of the proteins BLM, WRN and ATM (Popuri et al. 2012b). The MRN complex and RECQL5 co-localize at sites of DNA damage, and when MRE11 is depleted by shRNA, the RECQL5 foci formed after HU treatment are completely abolished (Zheng et al. 2009). It may be that RECQL5 is brought into these sites of DNA damage to promote SDSA.
Another protein that has been shown to bind to RECQL5 is flap endonuclease 1 (FEN1). This protein is a 5’ to 3’ exonuclease and acts at nicks in duplex DNA. FEN1 is responsible for removing the RNA primers of the Okazaki fragments on the lagging strand during the replication process and has also been implicated in long patch base excision repair (Klungland & Lindahl 1997; Li et al. 1995). Using a flap DNA substrate susceptible to cleavage by FEN1, Speina et al. showed that RECQL5 can bind to and stimulate FEN1’s exonuclease activity (Speina et al. 2010). Other members of the RecQ helicase family (BLM, WRN and RECQL4) have also been shown to have the same binding and stimulating activity (Schurman et al. 2009; Brosh et al. 2001; Sharma et al. 2004b). With the involvement of the RECQ helicases in replication, it may indicate a role for processing Okazaki fragments. Confocal microscopy shows FLAG-RECQL5-MYC co-localizing with FEN1 before and after H2O2-induced DNA damage and this could point to a role for RECQL5 and FEN1 in BER.
RECQL5 has also been shown to have a role in protecting the cell from replication stress. The work done by Blundred et al. (2010) shows that RECQL5 forms foci during G1/S which increase in number in replication stress caused by camptothecin, hydroxyurea and thymidine, and over-expressing the helicase provides resistance to thymidine induced stress (Blundred et al. 2010). A recombination assay also showed that thymidine-induced HR was reduced in these RECQL5 over-expressing cells, suggesting promotion of an alternate repair pathway. Although the work showed that over-expressing RECQL5 had no effect on the sensitivity to CPT, Lu et al. (2009 and 2011) showed that mouse cells without RECQL5 are hypersensitive to CPT (Hu et al. 2009). This was also done in xenograph tumours derived from RECQL5 null HCT116 cells which could be killed by treatment with CPT, whereas those from the parental cell line could not (Wang et al. 2011). Also, RECQL5 deletion in FA-defective cells, increases sensitivity to CPT, and reduces replication restart after hydroxyurea-induced fork stalling in an additive manner (Kim et al. 2014). It is clear that the response of cells to replication stresses is not consistent between RECQL5 depletion and over-expression systems. 
Sensitivity to oxidative stress is also seen in RECQL5 deficient cells, with the helicase being recruited to laser-induced single strand breaks (determined by the recruitment of GFP-XRCC1 but not GFP-53BP1), and the BER protein XRCC1 staying at these sites longer, when RECQL5 is not present (Tadokoro et al. 2012). The activation of PARP1 and expression of PARP1 and XRCC1 may also be regulated by RECQL5 (Tadokoro et al. 2012). It is interesting to note that these proteins also play a role in repairing camptothecin-induced DNA damage (Smith et al. 2005; Park et al. 2002).
RECQL5 has been implicated in cross-link repair as it is recruited to cross-links formed by laser-induced trioxalen and ultraviolet radiation through its KIX domain (Ramamoorthy et al. 2013). RECQL5 knock-out cells are also more sensitive to cisplatin and MMC, with a higher number of aberrant chromosomes than wild-type (Hosono et al. 2014). Its involvement in cross-link repair is thought to be in the same pathway as FAND1/BRCA2 but different to RAD54 as depletion of RAD54 further increased sensitivity to MMC in RECQL5 depleted cells (Hosono et al. 2014).
As mentioned earlier, transcription-replication collisions are a form of replication stress. RECQL5 may have a role in repairing these collisions, as DNA damage induced by RECQL5 depletion is rescued by inhibiting transcription elongation (Li et al. 2011). RECQL5 is the only helicase from the RecQ family that contains functional domains to bind with RNA Pol II (Aygün et al. 2008). This interaction allows RECQL5 to inhibit both initiation and elongation of RNA Pol II in a helicase independent manner (Aygün et al. 2009). The domains found to be responsible for this RNA Pol II binding are KIX and SRI domains, which can bind both initiation and elongation forms of RNA Pol II or just the elongation form respectively (Islam et al. 2010). The SRI domain binds to the C-terminal repeat domain (CTD) of RPB1 from RNA Pol II when it gets phosphorylated during transcription elongation (Kanagaraj et al. 2010).  The KIX domain is responsible for resistance to camptothecin and suppression of SCEs in BLM -/- cells (Islam et al. 2010) and it is thought to compete against the transcription elongation factor TFIIS for binding to RNA Pol II (Kassube et al. 2013). Recent work has shown that RECQL5 depletion can increase RNA Pol II transcription speed whereas over-expressing it slows transcription down (Saponaro et al. 2014). The same paper showed two different experiments sharing common lost and gained chromosomal rearrangements after depleting the cell of RECQL5. Rearrangements were significantly associated with common fragile sites (CFCs) and genes (22% and 87% respectively). The wild-type cells did not share any rearrangements, or show any association with CFCs or genes (Saponaro et al. 2014). Taken together, this data suggests that RECQL5 plays an important role in maintaining genome stability under transcription-associated stress.
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It is not yet clear what role RECQL5 plays in protecting the cell from replication stress. And although work has been done showing RECQL5 is down-regulated at an mRNA and protein level in colorectal cancer cells (Lao 2013), we do not yet know if this is representative of other cancers. The hypotheses set out for this work were that RECQL5 expression is altered in bladder cancer, RECQL5 levels influence response to replication stress and that RECQL5 is a potential therapeutic target. The aims were to investigate RECQL5 expression in bladder cancer, to decrease and increase RECQL5 protein level to test sensitivity to chemotherapeutics and to investigate the function of RECQL5 during replication stress.
In this thesis, I have shown, for the first time, using western blotting, immunohistochemistry and qRT-PCR, that RECQL5 mRNA and protein levels are significantly different in bladder cancer when compared to normal bladder, and have investigated how RECQL5 expression is regulated in bladder cells. Using DNA fibre analysis and immunofluorescence, my work has contributed to the understanding of RECQL5’s role at the replication fork at times of stress induced by camptothecin, hydroxyurea, and 5,6-Dichloro-1-β-D-ribofuranosylbenzimidazole (DRB). I have assessed RECQL5’s potential as a therapeutic target, by using RNAi and expression vectors to alter the levels of RECQL5 in cells and testing the sensitivity to replication stresses. Finally, the relationship between RECQL5 and MRE11 has been investigated, using expression data from normal and cancerous bladder cells and tissues, toxicity assays, and immunoprecipitation assays.
Chapter 1 - Introduction
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[bookmark: _Toc417204112][bookmark: _Toc417204422][bookmark: _Toc417204714][bookmark: _Toc417204774][bookmark: _Toc417674553]Materials
[bookmark: _Toc210453443][bookmark: _Toc234469091][bookmark: _Toc234577899][bookmark: _Toc234580384][bookmark: _Toc234580490][bookmark: _Toc234582246][bookmark: _Toc417204113][bookmark: _Toc417204423][bookmark: _Toc417674554]General lab equipment
[bookmark: _Toc234469092][bookmark: _Toc234580385][bookmark: _Toc234580491][bookmark: _Toc234582247][bookmark: _Toc417204114][bookmark: _Toc417204424][bookmark: _Toc417674555]Lab equipment
	Item
	Company

	Agarose gel electrophoresis system
	Geneflow

	Balance
	Metler

	Benchtop centrifuge – accuSpin Micro
	Fisher Scientific

	Biological safety cabinet
	Gelman Sciences

	Colony counter
	Stuart Scientific

	Electrophoretic transfer cell
	Bio-Rad

	FACScalibur
	Becton Dickinson

	Film processor
	Konica

	Haemocytometer
	Hawksley

	Heat block
	Grant Instruments

	Heofer SE250 mighty small II system
	Amersham Biosciences

	Hoefer SE250 miniVE vertical electrophoresis unit
	Amersham Biosciences

	Incubator – bacterial culture
	Labnet

	Incubator – shaking
	Labnet

	Incubator – tissue culture
	Sanyo

	Light microscope
	Optika

	Microbiological safety cabinet
	Walker

	Mid bench centrifuge – Heraeus MegaFuge 16
	Thermo Scientific

	pH meter
	Jenway

	Pipette aid
	Drummond

	Pipettes
	Gilson

	Plate reader
	Thermo Scientific

	Power pack
	Bio-Rad

	Shaking platform
	Stovall Life Science 

	Thermal cycler
	Applied Biosystems

	Vortex
	Fisons Scientific Equipment

	Water baths
	Grant Instruments


[bookmark: _Toc234469093][bookmark: _Toc234580386][bookmark: _Toc234580492][bookmark: _Toc234582248]

[bookmark: _Toc417204115][bookmark: _Toc417204425][bookmark: _Toc417674556]Glassware, plastics and disposables
	Item
	Company

	0.22 μm Millex GP filter unit
	Millipore

	Bacterial culture dish
	Thermo Scientific

	Cell scraper
	Sarstedt

	Centrifuge tubes – 15 ml
	Corning

	Centrifuge tubes – 50 ml
	Fisherbrand

	Coverglass – 22 x 22 mm
	Menzel-Gläzer

	Coverglass – 22 x 50 mm
	Menzel-Gläzer

	Cryovials
	Nalgene

	Culture plates - 6 well
	Cellstar 

	Culture plates - 96 well
	Corning

	Eppendorfs – 0.2 ml, 0.5 ml and 2 ml 
	Sarstedt

	Eppendorfs – 1.5ml
	Greiner bio-one

	Glass bottles
	Fisher Scientific 

	Microlance needles
	Becton Dickinson

	Microscope slides
	Thermo Scientific

	Non-sterile FACs tubes
	Elkay

	Plastic pipettes – 5 ml, 10 ml and 25 ml 
	Costar

	Pyrex Glassware
	Fisher Scientific

	Gel loading tips
	Starlab

	Filter tips
	Starlab

	Refill tips
	Sarstedt

	Sterile syringes
	Becton Dickinson

	Tissue culture dish
	Cellstar

	Tissue culture flasks - T25 and T75 
	Fisher Scientific

	Universal vials
	Sarstedt


[bookmark: _Toc234469094][bookmark: _Toc234580387][bookmark: _Toc234580493][bookmark: _Toc234582249]

[bookmark: _Toc417204116][bookmark: _Toc417204426][bookmark: _Toc417674557]Purified water
Type 1 Ultra-pure deionised water (ddH2O) was produced via a Triple Red System.
[bookmark: _Toc234469095][bookmark: _Toc234580388][bookmark: _Toc234580494][bookmark: _Toc234582250][bookmark: _Toc417204117][bookmark: _Toc417204427][bookmark: _Toc417674558]Sterilisation
Glassware was washed in RBS detergent and rinsed in cold water followed by ddH2O before being dried in a hot air oven at 80 oC.  Glassware was then either hot air sterilised at 180 oC or sterilised by autoclaving in a MP24 Rodwell autoclave supplied by Scientific Laboratory Supplies. Solutions requiring sterilisation were also autoclaved.  Autoclaving was carried out at 15 p.s.i and 120 oC for 15 min.
[bookmark: _Toc210453444]Solutions to be used in tissue culture were filter sterilized using a syringe and a Millex GP filter unit (0.22 μm pore size).
[bookmark: _Toc234469096][bookmark: _Toc234577900][bookmark: _Toc234580389][bookmark: _Toc234580495][bookmark: _Toc234582251]

[bookmark: _Toc417204118][bookmark: _Toc417204428][bookmark: _Toc417674559]Chemicals
	Item
	Company

	Agar
	Fisher Scientific 

	Ammonium per sulphate (APS)
	Fisher Scientific

	Bovine serum albumin (BSA)
	Sigma-Aldrich

	Bromodeoxyuridine (BrdU)
	Sigma-Aldrich

	Dimethyl sulphoxide (DMSO)
	Fisher Scientific

	Ethylenediaminetetraacetic acid (EDTA)
	Sigma

	Ethanol 
	Fisher Scientific

	Ethidium Bromide
	Sigma-Aldrich

	Glacial acetic acid
	Fisher Scientific

	Glycerol
	Fisher Scientific

	Glycine
	Fisher Scientific

	4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES)
	Sigma-Aldrich

	Hydrochloric acid
	Sigma-Aldrich

	Industrial methylated spirit (IMS)
	Fisher Scientific

	
Isopropanol
	Fisher Scientific

	Magnesium chloride
	Fisher Scientific

	Magnesium sulphate
	Fisher Scientific

	Methanol
	Fisher Scientific

	Methylene Blue
	Sigma-Aldrich

	Paraformaldehyde in 4% solution (PFA)
	Santa Cruz

	Phenylmethanesulfonyl fluoride (PMSF)
	Sigma-Aldrich

	Potassium chloride
	BDH Laboratory Supplies

	Protease inhibitors
	Sigma-Aldrich

	Sodium dodecyl sulphate (SDS)
	Sigma-Aldrich

	SeaKem® LE Agarose
	Cambrex

	Sodium chloride
	Fisher Scientific

	Sodium hydroxide
	Fisher Scientific

	Tetramethylethylenediamine (TEMED)
	VWR

	Tris-base
	Fisher Scientific

	Triton X-100
	Sigma

	Tryptone
	Fisher Scientific

	Tween 20
	Acros Organics

	Item
	Company

	Ultra pure protogel acrylamide (30%)
	Geneflow

	Universal developer
	Champion Protochemistry

	Universal fixer
	Champion Protochemistry

	Yeast extract
	Oxoid

	β-mercaptoethanol
	Sigma-Aldrich



[bookmark: _Toc210453446][bookmark: _Toc234469098][bookmark: _Toc234577902][bookmark: _Toc234580391][bookmark: _Toc234580497][bookmark: _Toc234582253][bookmark: _Toc417204119][bookmark: _Toc417204429][bookmark: _Toc417674560]Cytotoxic agents
All chemicals were obtained from Sigma-Aldrich at a purity suitable for molecular biology.
	Cytotoxic agent
	Mechanism of action
	Diluent

	Thymidine (dT)
	Suppresses synthesis of dCTP
	DMEM

	5-Bromo-2’-deoxyuridine (BrdU)
	Thymidine analogue
	PBS

	5-Chloro-2’-deoxyuridine (CldU)
	Thymidine analogue
	DMEM

	5-Iodo-2’-deoxyuridine 
(IdU)
	Thymidine analogue
	DMEM

	Hydroxyurea (HU)
	Inhibits ribonucleotide reductase
	DMEM

	Camptothecin (CPT)
	Stabilises topoisomerase I bound to DNA preventing DNA re-ligation
	DMSO

	Nocodazole (Noc)
	Microtubule depolymerising agent
	DMSO

	5,6-Dichloro-1-beta-D-rbofuranosylbenzimidazole (DRB)
	Inhibits transcription elongation by RNA polymerase II
	DMSO

	Cycloheximide
	Inhibits translation elongation by ribosomes
	DMSO

	
5-Aza-2’-deoxycytidine
	
Inhibits the methylation of DNA
	Acetic acid:water (1:1 v/v)




[bookmark: _Ref210453364][bookmark: _Toc210453445][bookmark: _Toc234469097][bookmark: _Toc234577901][bookmark: _Toc234580390][bookmark: _Toc234580496][bookmark: _Toc234582252][bookmark: _Toc417204120][bookmark: _Toc417204430][bookmark: _Toc417674561]Antibodies
	1o Antibody
	Raised In
	Manufacturer
	Dilution Factor

	
	
	
	WB
	IF
	IHC

	
BrdU
	Mouse
	Becton Dickinson (347580)
	
	1:1000
	

	
	Rat
	AbD Serotec (OBT0030G)
	
	1:750
	

	
	Mouse
	Dako (M0744) (FACS)
	
	
	

	β-ACTIN
	Rabbit
	Sigma-Aldrich (A2228)
	1:2000
	
	

	CHK1
	Sheep
	Upstate (06-965)
	1:2000
	
	

	FLAG HRP-linked
	Mouse
	Sigma-Aldrich (A8592)
	1:5000
	
	

	MRE11
	Rabbit
	Calbiochem (PC388)
	1:2000
	
	

	RAD51
	Rabbit
	Santa Cruz Biotechnology (SC8349)
	
	1:500
	

	
RECQL5β
	
Rabbit
	Abcam (AB91422)
	1:2000
	
	

	
	
	Sigma-Aldrich (HPA029971)
	
	
	1:150

	RPA32/RPA2 (phospho T21)
	Rabbit
	Abcam (AB61065)
	
	1:250
	

	Ser 345 p-CHK1
	Rabbit
	Cell Signalling Technology (2348)
	1:1000
	
	

	Ser 139 γ-H2AX
	Rabbit
	Cell Signalling Technology
(05-636)
	1:1000
	1:250
	

	β-TUBULIN
	Mouse
	Sigma-Aldrich (T8328)
	1:1000
	
	

	c-myc
	Mouse
	Santa Cruz Biotechnology (SC47694)
	1:2000
	
	

	eIF2α
	Rabbit
	Cell Signalling Technology
(9722)
	1:2000
	
	

	eIF2α-pS51
	Rabbit
	Cell Signalling Technology (9721)
	1:2000
	
	

	53BP1
	Rabbit
	Abcam (AB36823)
	
	1:1000
	



	2o Antibody
	Manufacturer
	Dilution Factor

	
	
	WB
	IF

	AlexaFluor 488 anti-mouse
	Life Technologies (A11017)
	
	1:500

	AlexaFluor 555 anti-rat
	Life Technologies (A21434)
	
	1:500

	AlexaFluor 594 anti-rabbit
	Life Technologies (A11012)
	
	1:500

	Anti-mouse Immunoglobulins/FITC
	Dako (F0313)
	
	

	Anti-mouse IgG, HRP-linked
	Cell Signalling Technology (7076)
	1:2000
	

	Anti-rabbit IgG, HRP-linked
	Cell Signalling Technology (7074)
	1:2000
	

	Anti-sheep IgG, HRP-linked
	Invitrogen (81-860)
	1:5000
	


[bookmark: _Toc210453447][bookmark: _Toc234469099][bookmark: _Toc234577903][bookmark: _Toc234580392][bookmark: _Toc234580498][bookmark: _Toc234582254]

[bookmark: _Toc417204121][bookmark: _Toc417204431][bookmark: _Toc417674562]Cell lines
	Cell Line
	Genotype
	Reference

	MRC5V2
	
SV40 transformed human lung fibroblast cell line

	(Jacobs, 1970)

	MRC5V2 + Q5
	MRC5V2 stably transfected with plasmid expressing RECQL5β
	(Blundred et al. 2010)

	MRC5V2 + Q5KR
	MRC5V2 stably transfected with plasmid expressing helicase dead RECQL5β
	(Blundred et al. 2010)

	EJ
	Human epithelial bladder carcinoma
	(Benham et al. 1977)

	RT112
	Human epithelial bladder carcinoma
	(Benham et al. 1977)

	RT4
	Human epithelial bladder papilloma
	(Rigby & Franks 1970)

	NHU hTERT
	Immortalised normal human urothelium
	(Chapman et al. 2006)


[bookmark: _Toc210453448]
[bookmark: _Toc234469100][bookmark: _Toc234577904][bookmark: _Toc234580393][bookmark: _Toc234580499][bookmark: _Toc234582255][bookmark: _Toc417204122][bookmark: _Toc417204432][bookmark: _Toc417674563]Tissue culture reagents
[bookmark: _Toc234469101][bookmark: _Toc234580394][bookmark: _Toc234580500][bookmark: _Toc234582256][bookmark: _Toc417204123][bookmark: _Toc417204433][bookmark: _Toc417674564]Foetal calf serum
Foetal calf serum (FCS) that was free of virus, endotoxin and mycoplasm contamination was supplied by Seralab.  This was filter sterilised prior to use and was stored at -20 oC.
[bookmark: _Toc234469102][bookmark: _Toc234580395][bookmark: _Toc234580501][bookmark: _Toc234582257][bookmark: _Toc417204124][bookmark: _Toc417204434][bookmark: _Toc417674565]Presept
Presept tablets were supplied by Johnson and Johnson Medical Ltd and a solution was prepared by dissolving 5 tablets in 2 L of tap water. This was stored at room temperature.
[bookmark: _Toc234469103][bookmark: _Toc234580396][bookmark: _Toc234580502][bookmark: _Toc234582258][bookmark: _Toc417204125][bookmark: _Toc417204435][bookmark: _Toc417674566]Tissue culture medium
Dulbeccos Modified Eagle’s medium (DMEM) was supplied by Lonza containing 4.5 g/L glucose with L-glutamine and was stored at 4 oC.  It was supplemented with 1% non essential amino acids from BioWhittaker and 10% FCS.
Complete Keratinocyte Serum Free Media (KSFM) was made with Keratinocyte-Serum Free Medium (KSFM) with L-Glutamine supplemented with epidermal growth factor (EGF) (5 ng/ml) and bovine pituitary extract (BPE) (50 ng/ml) (Gibco) with 30 ng/ml of cholera toxin (Sigma-Aldrich) (this promotes cell growth by increasing intracellular cAMP levels). 
[bookmark: _Toc234469104][bookmark: _Toc234580397][bookmark: _Toc234580503][bookmark: _Toc234582259][bookmark: _Toc417204126][bookmark: _Toc417204436][bookmark: _Toc417674567]Trypsin and versene/EDTA
[bookmark: _Toc210453449][bookmark: _Toc234469105][bookmark: _Toc234577905][bookmark: _Toc234580398][bookmark: _Toc234580504][bookmark: _Toc234582260]Trypsin EDTA with 200mg/L Versene (EDTA) and 170,000 U Trypsin/L was supplied by Lonza.
[bookmark: _Toc417204127][bookmark: _Toc417204437][bookmark: _Toc417674568]Trypsin inhibitor
Cells passaged using KSFM required 500 µg/ml of trypsin inhibitor from Glycine max (soybean) (Sigma) due to the media having no serum.
[bookmark: _Toc234469106][bookmark: _Toc234580399][bookmark: _Toc234580505][bookmark: _Toc234582261][bookmark: _Toc417204128][bookmark: _Toc417204438][bookmark: _Toc417674569]1x phosphate buffered saline (PBS)
1x PBS was produced by dissolving 1 Oxoid PBS tablet in 100 ml of ddH2O.  This was autoclaved and stored at room temperature.  
[bookmark: _Toc234469107][bookmark: _Toc234580400][bookmark: _Toc234580506][bookmark: _Toc234582262][bookmark: _Toc417204129][bookmark: _Toc417204439][bookmark: _Toc417674570]Tris-buffered saline (TBS)
10x TBS was made by dissolving 24.2 g of Tris base and 80 g of NaCl in a small volume of ddH2O.  The solution was then adjusted to pH 7.6 using HCl before adding sufficient ddH2O to make the total volume 1 L.  The 10x stock was autoclaved and kept at room temperature. 
[bookmark: _Toc234469108][bookmark: _Toc234580401][bookmark: _Toc234580507][bookmark: _Toc234582263][bookmark: _Toc417204130][bookmark: _Toc417204440][bookmark: _Toc417674571]1 M Tris pH 6.8, 7.4 and 8
121.14 g of tris(hydroxymethyl)aminomethane was dissolved in 700 ml of ddH2O.  The solution was adjusted to the required pH using HCl and sufficient ddH2O was added to achieve a total volume of 1 L.  The solutions were autoclaved before being stored at room temperature.  
[bookmark: _Toc234469109][bookmark: _Toc234580402][bookmark: _Toc234580508][bookmark: _Toc234582264][bookmark: _Toc417204131][bookmark: _Toc417204441][bookmark: _Toc417674572]1.5 M Tris pH 8.8
1.5 M Tris was made by dissolving 181.71 g of tris(hydroxymethyl)aminomethane in 700 ml of ddH2O and the solution was adjusted to pH 8.8 using HCl.  Sufficient ddH2O was added to achieve a total volume of 1 L and the solution was autoclaved before being stored at room temperature.
[bookmark: _Toc234469110][bookmark: _Toc234580403][bookmark: _Toc234580509][bookmark: _Toc234582265][bookmark: _Toc417204132][bookmark: _Toc417204442][bookmark: _Toc417674573]Ethidium bromide
1 100 mg tablet was dissolved in 20 ml of ddH2O to produce a 5 mg/ml stock of ethidium bromide.  The stock was foil-wrapped and stored at room temperature.  The working concentration was 0.5 μg/ml.

[bookmark: _Toc234469111][bookmark: _Toc234580404][bookmark: _Toc234580510][bookmark: _Toc234582266][bookmark: _Toc417204133][bookmark: _Toc417204443][bookmark: _Toc417674574]0.5 M EDTA 
186.1 g disodium ethylene diamine tetra-acetate was added to 750 ml of ddH2O.  The pH was adjusted as required by the addition of solid sodium hydroxide pellets.  The volume was then adjusted to 1 L with ddH2O and the solution was stored at room temperature. 
[bookmark: _Toc210453450][bookmark: _Toc234469112][bookmark: _Toc234577906][bookmark: _Toc234580405][bookmark: _Toc234580511][bookmark: _Toc234582267][bookmark: _Toc417204134][bookmark: _Toc417204444][bookmark: _Toc417674575]Plasmids
Vector maps are included in the Appendix
pjPP136 – contains the RECQL5β cDNA sequence. Stably incorporated into MRC5V2 cells for the MRC5V2+Q5 cells line. A gift from Dr. Pavel Janscak.
pjPP136KR – contains the RECQL5β cDNA sequence with the helicase domain disrupted by a K58R point mutation.  Stably incorporated into MRC5V2 cells for the MRC5V2+Q5KR cell line. A gift from Dr. Pavel Janscak.
pMirReportTM miRNA Expression Reporter Vector (Invitrogen)
pRL-TK Renilla Luciferase Control Reporter Vector (Promega)
pIRESpuro3 wild-type RECQL5 and RECQL5KR
pIRESpuro3 wild-type Mre11 and Δ5-7Mre11 (Wen et al. 2008)
[bookmark: _Toc417204135][bookmark: _Toc417204445][bookmark: _Toc417674576]RNAi
siRNA was ordered in Desalt form and made up to 100nM stock solution and further diluted to 20μM working solutions using RNAse-free water and 5x siRNA buffer provided.
siGENOME SMARTpool RECQL5 siRNA (Thermo Scientific):
RECQL5-01: GAACGCUGGUGCAGAACGA
RECQL5-17: GGAUAAAGCCAAUGUCAGG
RECQL5-03: UAAGACGCCUUUACAGGAG
RECQL5-04: ACCCUAAAGGUACGAGUAA

MRE11 (custom oligonucleotides – eurofins):
MRE11a: GGAGGUACGUCGUUUCAGA
MRE11b: GGAAAUGAUACGUUUGUAA
MRE11c: CGAAAUGUCACUACUAAGA
MRE11d: GAAAGGCUCUAUCGAAUGU
RECQL5β (custom oligonucleotides – eurofins):
Q5β-1: UGAAGAAGGUGGCCGAUAU
Q5β-3: CUGCAAAUGUUGUGGUCAA
[bookmark: _Toc417204136][bookmark: _Toc417204446][bookmark: _Toc417674577]Primers and probes
[bookmark: _Toc417204137][bookmark: _Toc417204447][bookmark: _Toc417674578]TaqMan® Gene Expression Assays (Life Technologies) 
Predesigned TaqMan® Assays with gene-specific probes
RECQL5 (Hs00188633_m1)
RECQL5β (Hs00696986_g1)
MRE11 (Hs00967443_m1)
Controls
Heat shock protein 90kDa alpha (cytosolic), class B member 1 (HSP90AB1) (Hs03043878_g1)
Testis enhanced gene transcript protein (TEGT) (Hs01012085_m1)
Mitochondrial ATP synthase, H+ transporting F1 complex beta subunit (ATP5B) (Hs00969573_mH)
[bookmark: _Toc417204138][bookmark: _Toc417204448][bookmark: _Toc417674579]RECQL5 3’UTR cloning and sequencing
Primer 1: ACTGACCTCGAGGCCTGTGTGGCCCCCAGAGA (XhoI)
Primer 2: ACTGACGCGGCCGCGAAAAGGGCTGTGTGCACGC (NotI)


[bookmark: _Toc417204139][bookmark: _Toc417204449][bookmark: _Toc417204715][bookmark: _Toc417204775][bookmark: _Toc417674580]Methods
[bookmark: _Toc417204140][bookmark: _Toc417204450][bookmark: _Toc417674581]Bacterial cell culture
[bookmark: _Toc417204141][bookmark: _Toc417204451][bookmark: _Toc417674582]SOB media and SOB agar
400ml of SOB media was made of 2% Trypton, 0.5% Yeast extract, 10mM NaCl, 2.5mM KCl, 10mM MgCl2 and 10mM MgSO4 and autoclaved. 400ml of SOB agar was made as SOB media, with the addition of 1.5% bacterial agar.
[bookmark: _Toc417204142][bookmark: _Toc417204452][bookmark: _Toc417674583]Making agar plates
SOB agar was heated for 3 minutes using a microwave to dissolve. When the agar mix had cooled but still liquid, selective antibiotics were added. Ampicillin was added to a final concentration of 100 µg/ml while kanomycin was added to a final concentration of 50 µg/ml. This was then poured into Bacterial Culture dishes (Thermo Scientific) and once set stored at 4°C. 
[bookmark: _Toc417204143][bookmark: _Toc417204453][bookmark: _Toc417674584]Transformation
NEB 5-alpha Competent Escherichia coli (High Efficiency) (New England Biolabs) cells were used for heat shock transformation. The E. coli were thawed on ice and 1-5 μl containing 1 pg – 100 ng of DNA was added to the cell mix. This was flicked to mix and then left to incubate on ice for 30 minutes. The cells were then heat shocked at 42 °C for 30 seconds then placed back on ice for 5 minutes. 950 μl of room temperature SOB media was added to the cell and DNA mix and shook for 1 hour at 37 °C. Selection plates were warmed at 37 °C. Cells were mixed by flicking and inverting the tube then serial dilutions were spread onto the selection plates and left to incubate overnight at 37 °C. Successfully transformed cells grew as colonies and were picked for starter cultures the next day.
[bookmark: _Toc417204144][bookmark: _Toc417204454][bookmark: _Toc417674585]Bacterial culture
Starter cultures were made of 5 ml of SOB media with selective antibiotics and were left to shake overnight at 37°C with a 20-200 µl pipette tip used to pick a colony of interest from growth plates. After growth, the pipette tip was removed and the starter cultures were then either spun down and used for plasmid extraction, using the GenElute™ Plasmid Miniprep Kit (Sigma), or 1ml was taken and used to inoculate a 100 ml of selective SOB media. These larger cultures were again shaken overnight at 37°C and used for maxiprep plasmid extraction, using GenElute HP Plasmid Maxiprep Kit (Sigma), the next day. 
[bookmark: _Toc417204145][bookmark: _Toc417204455][bookmark: _Toc417674586]RNA studies
[bookmark: _Toc417204146][bookmark: _Toc417204456][bookmark: _Toc417674587]RNA extraction
RNA from the bladder cell lines (NHU, RT4, RT112 and EJ) was extracted using the RNeasy Mini Kit (Qiagen). Approximately 1 x 106 cells were used and manufacturer’s instructions were followed to isolate 5 – 35 μg of total RNA.
[bookmark: _Toc417204147][bookmark: _Toc417204457][bookmark: _Toc417674588]Reverse transcription
cDNA was generated from RNA using the Applied Biosciences High Capacity cDNA Reverse Transcription Kit. 10 µl RT mix was added to 10 µl of RNA and left on a programme for 25°C for 10 minutes, 37°C for 2 hours and 85°C for 5 minutes, soaking at 4°C before being stored in the -20°C freezer.
[bookmark: _Toc417204148][bookmark: _Toc417204458][bookmark: _Toc417674589]qRT-PCR
Quantitative real-time polymerase chain reaction is a technique used to analyse the levels of mRNA in a sample from the reverse transcription generated cDNA. For the Taqman assay, specific gene-targeting probes are attached to a reporter and a quencher molecule. During PCR, when the polymerase reads through the DNA bound to the probe, the probe is broken up, allowing the reporter to move away from the quencher and release light. The light is measured, and as the reaction progresses and the DNA is amplified, more fluorescence is released and is mapped onto a dissociation curve. The more light released corresponds to greater amounts of cDNA. The amount of cDNA is given as a threshold cycle or “Ct” value. This is the number of PCR cycles it takes for the levels of fluorescence to reach a given threshold. 
The cDNA was thawed and used in the Taqman assay using the Applied Biosystems Taqman Universal PCR master mix to a final volume of 10 µl. Samples first were heated to 95°C for 10 minutes then went through 50 cycles of 95°C for 15 seconds then 60°C for 1 minute. The dissociation curve was then calculated. ΔCT values were calculated by subtracting the average of the CT values for ATP5B, HSP90 and TEGT from the CT values given by the RECQL5, RECQL5β or MRE11 probe.
[bookmark: _Toc417204149][bookmark: _Toc417204459][bookmark: _Toc417674590]DNA studies
[bookmark: _Toc417204150][bookmark: _Toc417204460][bookmark: _Toc417674591]Polymerase chain reaction
The 3’UTR from each of the 4 bladder cell lines was amplified using PCR. This was done using the Phusion High-Fidelity PCR Master Mix (New England Biolabs) following manufacturer’s instructions using primers detailed above. PCR products were checked for size using agarose gel electrophoresis. 
[bookmark: _Toc417204151][bookmark: _Toc417204461][bookmark: _Toc417674592]Digestion
1 μg of pMirReport vector was digested with 1 μl PmeI ((10,000 units/ml) New England Biolabs) using 10 x CutSmart Buffer (New England Biolabs) for 2 hours at 37 °C to give blunt ends. Complete digestion was confirmed with agarose gel electrophoresis. 
[bookmark: _Toc417204152][bookmark: _Toc417204462][bookmark: _Toc417674593]Ligation
Blunt ended DNA, sequenced from the 3’UTR of the RECQL5β mRNA from the bladder cancer cell lines, was ligated into the digested pMirReport vector using T4 DNA ligase (New England Biolabs). 20 ng of insert was added to 20 ng of vector with 10 x T4 DNA Ligase Reaction Buffer and 1 μl of T4 DNA Ligase (400,000 units/ml) made up to 20 μl with nuclease-free water. This was left overnight at 16 °C before transforming into competent bacteria.
[bookmark: _Toc417204153][bookmark: _Toc417204463][bookmark: _Toc417674594]Plasmid extraction 
Colonies from the agar plates were picked and cultures grown in 5 ml of SOB media with 100 μg/ml ampicillin, shaking overnight at 37 °C. These cultures were then spun down to a pellet and the plasmid was isolated using a GenElute™ Plasmid Miniprep Kit (Sigma). Manufacturer’s instructions were followed. 
[bookmark: _Toc417204154][bookmark: _Toc417204464][bookmark: _Toc417674595]Agarose gel electrophoresis
1% agarose gels were made by adding 2 g SeaKem LE agarose to 200 ml of 1x TAE buffer (400 mM Tris base, 10 mM EDTA pH 8 and 1.1% Glacial Acetic Acid, pH 7.6 - 7.8 in ddH2O) before heating the buffer in the microwave for 3 minutes to dissolve the agarose.  The solution was left at room temperature to cool before 0.5 μg/ml ethidium bromide was added.  This was then poured into a mould with a 15-well comb and was left at room temperature to set.  The comb was then removed and the gel was immersed in 1x TAE in a Geneflow agarose gel electrophoresis system tank.  The plasmid or digested DNA was mixed with 5x DNA loading dye and ddH2O to a total volume of 20 μl.  This was loaded into the gel wells alongside 5 μl of Hyperladder 1 DNA size ladder.  The gel was run at 60V for 1 - 2 h to separate the bands of DNA.  The gel was visualised using a UV transilluminator and imaged using the Kodak Electrophoresis Documentation and Analysis System 120 and the Kodak 1D image analysis software.  The size and concentration of the DNA was measured using the reference of the Hyperladder 1 DNA size ladder. 
[bookmark: _Toc417204155][bookmark: _Toc417204465][bookmark: _Toc417674596]Sequencing
Sequencing was performed by the Core Genomic Facility at the University of Sheffield using primers detailed above. Sequences were analysed using FinchTV and Sequencer 5.0.
[bookmark: _Toc417204156][bookmark: _Toc417204466][bookmark: _Toc417674597]Mammalian tissue culture
[bookmark: _Toc417204157][bookmark: _Toc417204467][bookmark: _Toc417674598]Passaging cells
The EJ, RT112, RT4 and MRC5V2 cell lines were grown and cultured in standard DMEM media. Flasks of cells were washed in phosphate buffered saline (PBS) before cells were removed from the flask surface with 1 ml of Trypsin EDTA. The cells in trypsin were diluted with 9 ml of standard media and this was then used to seed new flasks. NHU hTERT Y372 cell line was grown and cultured in Complete KSFM. After washing in PBS, cells trypsinised off the flask surface were collected in 5 ml of Complete KSFM with trypsin inhibitor. Cells were then pelleted by spinning cells at 2000 rpm for 3 minutes (Heraeus MegaFuge 16 – Thermo Scientific) and resuspended in 10 ml of KSFM. This was then used to seed a new flask. 
[bookmark: _Toc417204158][bookmark: _Toc417204468][bookmark: _Toc417674599]Cryopreservation
After cells were collected from the plate using trypsin/versene and spun down, pellets were resuspended in 10% FCS DMEM media (KSFM for NHU hTERT) at a density of approximately 5 x 106 cells per ml. DMSO was added dropwise (slowly) to the cells to a final concentration of 10% v/v, mixing gently throughout. 1 ml aliquots were placed in cryovials labelled with the date, name and cell line (with passage number if known), and stored in the -70°C freezer. 
[bookmark: _Toc417204159][bookmark: _Toc417204469][bookmark: _Toc417674600]Thawing cells 
Cells were thawed rapidly in a water bath set at 37°C then transferred to a falcon tube. 9 ml of DMEM  with 10% FCS was added slowly to the cells (the first 1 ml taking approximately 1 minutes to add, the second 1 ml taking 45 seconds, etc.) and then this was spun down and resuspended in 10 ml of media. This was added to a new flask and left overnight, before growing up and freezing more aliquots to store in the freezer.
[bookmark: _Toc417204160][bookmark: _Toc417204470][bookmark: _Toc417674601]siRNA transfection
Short interfering RNAs can be used to deplete cells in culture of a specific mRNA’s (Elbashir et al. 2001). They are 23 nucleotides long, double-stranded RNA molecules that recognise mRNA sequences for the targeted gene. With the assistance of the RNA-induced silencing complex (RISC), siRNA binds to its complementary sequence on mRNA molecules and cleaves them, therefore reducing the amount of “message” in the cell. Due to the possible off target effects of siRNA, a non-coding, or “scrambled” sequence, is transfected alongside the experiment as a negative control. 
[bookmark: _Toc417204471][bookmark: _Toc417204876][bookmark: _Toc417674602]Forward siRNA transfection (HeLa and MRC5V2)
2,000 cells per well in 100 µl media were plated into 96 well plates 24 hours before transfection so that cells would be approximately 30% confluent for transfection. Per well, 0.4 µl of 20 µM siRNA and 12.5 µl of Serum-Free DMEM (SFM) (as above) were mixed and incubated for 5 minutes alongside 0.15 µl of Thermo Scientific Dharmafect 1 diluted in 12.5 µl of SFM (per well of a 6-well plate – 8 µl of siRNA in 250 µl of SFM and 3 µl of Dharmafect in 250 µl of SFM and protein depletion confirmed by western blotting). The diluted siRNA and Dharmafect were then mixed and incubated for 20 minutes at room temperature. This siRNA-Dharmafect-SFM complex was then added dropwise to the surface of the media on the cells and left 24 hours before adding drugs. 
[bookmark: _Toc417204472][bookmark: _Toc417204877][bookmark: _Toc417674603]Reverse siRNA transfection (EJ and NHU)
Per well of a 6-well plate 1.25 µl of 20 µM siRNA was diluted in 500 µl of SFM and left to incubate for 5 minutes at room temperature before adding 5 µl of Invitrogen Lipofectamine RNAiMAX and incubating at room temperature for a further 15-20 minutes. The siRNA-RNAiMAX-SFM complex was then pipetted to the bottom of the well before adding the cells on top (100,000 cells per well of a 6 well in 2ml media). Cells were left 24 hours before re-plating into toxicity assays or harvesting for Western Blotting.
[bookmark: _Toc417204161][bookmark: _Toc417204473][bookmark: _Toc417674604]DNA transfection
Cells were plated so that they would be approximately 80% confluent for transfection. Cells in 6 well plates were transfected with 0.5 – 1 μg of DNA and 3 μl of Lipofectamine 2000 (Life Technologies) per well, and cells in 90 mm tissue culture dishes were transfected with 2.5 – 5 μg of DNA and 15 μl of Lipofectamine 2000. DNA and Lipofectamine were incubated separately in 250 μl of serum-free DMEM (1.25 ml for a 90 mm dish) for 5 minutes before mixing together and leaving to incubate at room temperature for 20 minutes. Lipofectamine-DNA complexes were then added to cells and left in the 37°C CO2 incubator for 24 – 72 hours.
[bookmark: _Toc417204162][bookmark: _Toc417204474][bookmark: _Toc417674605]MTT toxicity assay
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) is reduced to purple formazan by enzymes found in mitochondria. Because all living cells need mitochondria to survive, this assay can determine cell viability and therefore serves as a good tool to assess chemosensitivity in cell lines (Carmichael et al. 1987). Cells were plated 24 hours before transfection of siRNA / adding drugs in the concentrations and duration shown. 5 days after plating, 50 µl of 3 mg/ml MTT (made in PBS) was added to the cells and incubated for 3 hours. The media was then removed using an aspirator and the purple formazan precipitate dissolved in 200 µl of dimethyl sulphoxide (DMSO) per well. Optical Density (OD) values were then read using a Thermo Scientific Multiskan FC set at 540 nm and survival fractions for each concentration were calculated and compared to untreated controls. Assays were repeated three times and averages and standard deviations were calculated. 
[bookmark: _Toc417204163][bookmark: _Toc417204475][bookmark: _Toc417674606]Clonogenic cell survival assay 
For each experiment, 500 and 2500 cells were plated out per plate per drug concentration. After plating, cells were left to adhere for approximately 6 hours before adding the drugs. Cells were left to form colonies for 10 days, then the media was poured off and cells stained with methylene blue in methanol (4 g/L). Colonies were counted using Stuart Scientific Colony Counter, and survival fractions for each dose were calculated relative to the untreated control. Assays were repeated three times and averages and standard deviations were calculated.
[bookmark: _Toc417204164][bookmark: _Toc417204476][bookmark: _Toc417674607]Protein studies
[bookmark: _Toc417204165][bookmark: _Toc417204477][bookmark: _Toc417674608]Cycloheximide protein stability assay 
Cycloheximide is a drug that can inhibit protein synthesis in mammalian cells (Stoyanova et al. 1979). Protein stability can be determined by culturing cells in the presence of cycloheximide and analysing the specific protein levels over time. 
90 mm plates with 1.5 x 106 cells were plated 24 hours prior to treatment. Cells were exposed to 100 µM cycloheximide (100 µl of a 10 mM working stock was added to the 10 ml of media on the surface of the cells) for the times shown. DMSO was used as a control due to the cycloheximide being dissolved in DMSO. Cells were then scraped off the plate and lysed (see 2.2.5.2). Protein levels were analysed by Western Blot where c-myc levels were used as a positive control for translation inhibition due to its short half-life (Salghetti, Kim et al. 1999). Protein levels relative to the protein loading control were quantified using Image J. The assay was repeated three times and averages and standard deviations calculated.
[bookmark: _Toc417204166][bookmark: _Toc417204478][bookmark: _Toc417674609]Cell lysates for western blotting 
Cells seeded at 200,000 per well of a 6-well plate (1 x106 cells for a 90 mm dish) 48 hours earlier, were washed with ice cold PBS and collected from the plate into ice cold PBS (200 µl PBS per well for a 6-well and 500 µl for a 90 mm dish) using a cell scraper (Sarstedt). Cells were then pelleted at 4°C at 3,000 rpm for 5 mins before resuspending in RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 0.1 % SDS, 1 % NP-40, 0.5 % Sodium Deoxycholate, 10 µl SIGMAFAST protease inhibitor (Sigma), 10 µl of Phosphatase Inhibitor Cocktail 2 and 3 (Sigma), and made up to 1 ml with water) with approximately the same volume as the pellet. This was then vortexed every 5 mins for 20 mins, then passed through a 25 G needle 10 times and spun down at 4 °C at 13,400 rpm for 10 mins. The supernatant was collected and stored in the -20 °C freezer before quantification and Western Blotting. 
[bookmark: _Toc417204167][bookmark: _Toc417204479][bookmark: _Toc417674610]Protein quantification 
Protein standard curves were made using bovine serum albumin (BSA). 1 µl of the protein samples was added to 800 µl of water, and 200 µl of BioRad Protein Assay Dye Reagent Concentrate was added to the samples and standards. After 5-30 minutes, the OD was measured using Thermo Scientific Multiskan FC set at 595 nm. Using Microsoft Excel, the OD of the protein standards was plotted against the concentration to make the standard curve, and the formula of this curve was used to calculate the concentration of the protein samples. This value was used to determine how much of each sample to load in each well. 
[bookmark: _Toc417204168][bookmark: _Toc417204480][bookmark: _Toc417674611]SDS-PAGE Western blot
The western blotting technique allows identification of the presence / levels of proteins using specific antibodies. Protein samples are initially denatured in a SDS based loading buffer (which coats the protein in a negative charge), and loaded into the stacking gel which allows separation of the samples to be maintained. The SDS denaturing polyacrylamide gel separates the proteins by size once a current is passed through it. The proteins are transferred onto a membrane which is then blocked with a dilute protein solution (which prevents any non-specific binding by the antibody). Primary antibodies are bound to the target proteins and this is followed by the secondary antibody which is conjugated to the horse radish peroxidise enzyme. When the membrane is exposed to the chemi-luminescent substrate, it gives off light where the secondary antibody is bound, and is detected when the blot is exposed to x-ray film. 
[bookmark: _Toc417204481][bookmark: _Toc417204886][bookmark: _Toc417674612]Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis (PAGE)
8-12 % polyacrylamide gels were made of UltraPure Protogel (National Diagnostics), water, 1.5 M Tris (pH 8.8), 10 % SDS, 10 % APS and TEMED, with a 5 % stacking gel using 1.0 M Tris (pH 6.8) as follows: 
	
	8 %
	10 %
	12 %
	5 % (stacking gel)

	Water (ml)
	4.6
	4.0
	3.3
	3.4

	30 % acrylamide (ml)
	2.7
	3.3
	4.0
	0.83

	1.5 M Tris (pH 8.8) (ml)
	2.5
	2.5
	2.5
	0

	1.0 M Tris (pH 6.8) (ml)
	0
	0
	0
	0.63

	10% SDS (ml)
	0.1
	0.1
	0.1
	0.05

	10% APS (ml)
	0.1
	0.1
	0.1
	0.05

	TEMED (ml)
	0.006
	0.004
	0.004
	0.005



Between 15-50 μg of protein was loaded in each well diluted in Loading buffer (50 mM Tris pH 6.8, 2 % SDS, 10 % glycerol, 50 mM β-mercaptoethanol, 0.004 % bromophenol blue). 10 μl of BioRad Precision Plus Protein Standards were run alongside the samples and empty lanes filled with 5 μl of 5 x Loading buffer. Gels were run at 150 V for 1 hour in Amersham Biosciences Mighty Small II For 8 x 7 cm Gels in SDS-PAGE Running Buffer (25 mM Tris Base, 0.19 M Glycine, 0.1 % SDS).
[bookmark: _Toc417204482][bookmark: _Toc417204887][bookmark: _Toc417674613]Transfer
Transferred in a BioRad Criterion Blotter at 50 V for 1 hour 30 minutes to Whatman Protran Nitrocellulose Transfer Membrane in Towbin buffer (0.1 % SDS, 20 % methanol, 25 mM Tris Base, 0.19 M Glycine).
[bookmark: _Toc417204483][bookmark: _Toc417204888][bookmark: _Toc417674614]Blocking
Membranes were blocked for 1 hour in 5 % Marvel PBS-T (0.05 % Tween 20).
[bookmark: _Toc417204484][bookmark: _Toc417204889][bookmark: _Toc417674615]Antibodies 
Primary antibodies were incubated with the membrane overnight at 4 °C on a shaker. 3 x 10 minute washes in PBS-T were then performed before incubation in HRP-labelled 2° antibody (1/2000 in 5 % Marvel PBS-T) for 1 hour on a shaker.  3 x 10 minute washes were performed again before applying detection reagent.
[bookmark: _Toc417204485][bookmark: _Toc417204890][bookmark: _Toc417674616]Developing
1.5 ml of Amersham ECL Western Blotting Detection Reagent was added to each membrane. The blot was then exposed to Fujifilm Fuji Medical X-Ray Film and developed and fixed using a Konica SRX 101A Processor. 
[bookmark: _Toc417204486][bookmark: _Toc417204891][bookmark: _Toc417674617]Analysis
Films were electronically scanned and band density was quantified using ImageJ software. Western blots were repeated three times and averages and standard deviations calculated.
[bookmark: _Toc417204169][bookmark: _Toc417204487][bookmark: _Toc417674618]Immunohistochemistry
Bladder cancer and normal tissue array (BL1002) and test array (T124a) purchased from US Biomax, Inc. 
[bookmark: _Toc417204488][bookmark: _Toc417204893][bookmark: _Toc417674619]Dewax and hydrate 
Slides were agitated and dewaxed in 2 baths of xylene for 10 minutes each followed by 5 x 3 minute washes in decreasing concentrations of IMS (100 %, 100 %, 95 %, 90 % and 75 %). Slides were then washed for 5 minutes in running tap water. 
[bookmark: _Toc417204489][bookmark: _Toc417204894][bookmark: _Toc417674620]Antigen retrieval 
Slides were put in Heat Induced Epitope Retreival (HIER) buffer (Sodium Citrate Buffer, 10 mM Sodium Citrate, 0.05 % Tween 20, pH 6) and microwaved on high for 3 minutes and then again on low for 7 minutes, ensuring the slides remain below the level of buffer. Slides were then left to cool at room temperature. 
[bookmark: _Toc417204490][bookmark: _Toc417204895][bookmark: _Toc417674621]Block endogenous peroxidise activity 
Slides were washed in distilled water for 3 x 3 minutes before being incubated at 37 °C in 3 % hydroxygen peroxide in methanol for 30 minutes. 
[bookmark: _Toc417204491][bookmark: _Toc417204896][bookmark: _Toc417674622]Block non-specific staining 
Slides were washed in distilled water for 3 x 3 minutes. Slides were then removed from the water and placed in a humidifying chamber. The tissue section was outlined with an ImmEdge wax pen and blocking solution (10 % goat sera (same species as animal used for secondary antibody) and 10 % casein in PBS) was dropped onto the tissue section and left to incubate for 30 minutes at room temperature. 
[bookmark: _Toc417204492][bookmark: _Toc417204897][bookmark: _Toc417674623]Primary antibody 
Excess sera was flicked off the slides and primary antibody (2 % goat sera and 2 % casein in PBS with an antibody concentration of 1/150) was dropped onto the tissue section and left to incubate in the humidifying chamber overnight at 4 °C. 
[bookmark: _Toc417204493][bookmark: _Toc417204898][bookmark: _Toc417674624]Secondary antibody 
The primary antibody was flicked off and slides washed for 3 x 3 minutes in PBS. Secondary antibody (2 % sera and 2 % casein in PBS with an antibody concentration of 1/200) was then added to the slide and incubated for 1 hour and 30 minutes.
[bookmark: _Toc417204494][bookmark: _Toc417204899][bookmark: _Toc417674625]ABC (Horseradish peroxidise kit) 
The ABC solution was made up 30 minutes before the end of the secondary antibody incubation. 2 drops of reagent A and 2 drops of reagent B (from the Vector Laboratories, Vectastain Elite ABC Kit) were added to PBS-T (0.1 % Tween 20). This was left to stand for 30 minutes before use. After the secondary antibody incubation, slides were washed for 3 x 3 minutes in PBS before adding the ABC solution and incubating at room temperature for 30 minutes. 
[bookmark: _Toc417204495][bookmark: _Toc417204900][bookmark: _Toc417674626]DAB (Diaminobenzidine) 
Slides were washed in PBS for 2 x 5 minutes and during the second wash, the DAB was prepared. 2 drops of buffer was added to distilled water, followed by 4 drops of DAB and 2 drops of hydrogen peroxide. This was then vortexed and added to the slide for 2 – 9 minutes. This was washed off in distilled water for 5 minutes. 
[bookmark: _Toc417204496][bookmark: _Toc417204901][bookmark: _Toc417674627]Haematoxylin nuclear stain
Nuclei were stained by immersing slides in Gill’s Haematoxylin for 45 seconds. Slides were washed in a bath of running water for 5 minutes.
[bookmark: _Toc417204497][bookmark: _Toc417204902][bookmark: _Toc417674628]Dehydrate, clear and mount 
Tissues were dehydrated by washing slides for 5 x 3 minutes in increasing concentrations of IMS (70 %, 90 %, 99 %, 100 % and 100 %) followed by 2 x 5 minute washes in clean mounting xylene. Cover slips were mounted using DPX and left to dry.
[bookmark: _Toc417204498][bookmark: _Toc417204903][bookmark: _Toc417674629]Microscopy
Slides were imaged using an Aperio Slide Scanner.
[bookmark: _Toc417204499][bookmark: _Toc417204904][bookmark: _Toc417674630]Analysis
Images were scored by Dr Susan Morgan (Histopathologist at the Royal Hallamshire Hospital)
[bookmark: _Toc417204170][bookmark: _Toc417204500][bookmark: _Toc417674631]Dual luciferase reporter assay
Luciferases are a group of enzymes that react with substrates to give off light which can be experimentally measured and quantified using a luminometer. To identify how genes are regulated, sequences of interest, such as promoters or 3’UTRs, can be cloned into vectors containing genes that encode luciferases. These vectors can then be transfected into model systems and the effect of these sequences on luciferase gene regulation can be observed. 
[bookmark: _Toc417204501][bookmark: _Toc417204906][bookmark: _Toc417674632]Plating and transfection 
Each well of a 6 well plate with 80 % confluent EJ or NHU hTERT cells was transfected with 3.5 μg of pMirReportTM (vector alone or with the 3’ UTR of RECQL5 cloned in) and 0.5 μg of Renilla plasmid (pRL-TK) (see 2.2.4.5) and left for 24 hours. 
[bookmark: _Toc417204502][bookmark: _Toc417204907][bookmark: _Toc417674633]Protein lysis
Cells were lysed according to manufacturer’s instructions, using the Dual-Luciferase Reporter Assay System – passive lysis for 15 minutes at room temperature on the shaker using the 1 x Passive Lysis Buffer provided. Alongside, another well was lysed as above using 1 x RIPA buffer in order to quantify the protein concentrations between cell lines (see 2.2.5.2).
[bookmark: _Toc417204503][bookmark: _Toc417204908][bookmark: _Toc417674634]Luciferase assay
Luciferase assay reagent (LAR) and Stop & Glo® Substrate was prepared according to manufacturer’s instructions. 25 μg of protein for each sample was transferred to a well in an opaque, white 96-well plate. A GloMax® 96 Microplate Luminometer w / Dual Injectors was used to carry out the following protocol automatically: 100 μl of LAR was added to each well followed by a 2 second pre-measurement delay, then a 10 second measurement period. Then, 100 μl of Stop & Glo® was added, again with a two second pre-measurement delay before a 10 second measurement period. 
[bookmark: _Toc417204504][bookmark: _Toc417204909][bookmark: _Toc417674635]Analysis
Firefly luciferase activity was calculated relative to Renilla luciferase activity and then the activity of the vector with the 3’UTR incorporated relative to control. Mean and standard deviation was calculated from 4 repeats.
[bookmark: _Toc417204171][bookmark: _Toc417204505][bookmark: _Toc417674636]Immunofluorescence
Cells were plated into 6 well plates on top of microscope cover slips. Cells were left 4-6 hours before drug treatments were added. After the drug treatments, the media was removed and cells washed twice with PBS. Cells were fixed for 20 minutes in 4 % PFA before being permeabilised. Cells were then washed (as shown below) before being blocked for 30 minutes – 1 hour and primary antibodies were left incubating overnight at 4 °C. Primary antibodies were washed off before adding secondary for 1 hour at room temperature in the dark. Finally, cells were washed twice in PBS before being mounted onto microscope slides using Vectashield with DAPI (Vector Laboratories). 
	Antibody
	Permeabilise
	Wash
	Block
	Antibody solution

	γH2AX
	0.5% PBS-Triton-X (1x10 mins)
	TBS (3x5 mins)
	3% BSA in PBS
	1% BSA in TBS

	RAD51
	
	0.05% PBS-Triton-X (4x15 mins)
	
	3% goat serum in PBS

	53BP1
	
	0.2% PBS-Tween20 (3x5 mins)
	0.5% BSA in 0.25% PBS-Triton-X
	0.5% BSA in 0.25% PBS-Triton-X

	RPA
	
	0.05% PBS-Triton-X (3x5 mins)
	
	0.5% BSA in 0.25% PBS-Triton-X



[bookmark: _Toc417204172][bookmark: _Toc417204506][bookmark: _Toc417674637] Immunoprecipitation
Cells from a 90 mm tissue culture dish were washed twice with ice cold PBS before scraping cells off the surface into 500 µl of ice cold buffer (Tris pH 7.4 100 mM, Triton X-100 1%, EDTA pH 8 5 mM and NaCl 50 mM) with phosphatase and protease inhibitors. This was then vortexed and left on ice for 30 minutes before passing the lysate through a 25 G Microlance Needle. This was then spun down at 4 °C in a centrifuge at 13,200 rpm for 10 minutes. 2 µl of the supernatant was used to calculate protein concentration and 10 % of the supernatant was saved as an input. The rest was split between the number of antibodies used for the precipitation. 5 µl of antibody (supernatant with no antibody was used for a negative control) was added to the supernatant and if this was less than 250 µl it was made up to this total volume using buffer.  After this was mixed for 2 hours at 4 °C, it was added to 75 µl of protein A sepharose beads (Invitrogen), washed three times in buffer. This was allowed to mix for a further hour at 4 °C. The beads were then washed three times in buffer and proteins eluted by adding 5 x loading buffer and boiling for 5 minutes. This was then run on an SDS-PAGE gel for analysis.
[bookmark: _Toc417204173][bookmark: _Toc417204507][bookmark: _Toc417674638]FLAG immunoprecipitation
For immuno-precipitating proteins tagged with Flag, the same protocol as 2.2.5.8 was followed but the buffer was replaced with 50mM Tris pH 8.0, 200 mM NaCl, 1 % Triton X-100, 1 mM EDTA, 1 x protease inhibitor and 1 x phosphatase inhibitors and the beads were replaced with Anti-Flag M2 Affinity Gel (Sigma). 
[bookmark: _Toc417204174][bookmark: _Toc417204508][bookmark: _Toc417674639]DNA fibre analysis
DNA Fibre Analysis is a method used for visualising DNA replication in mammalian cells. It can be used to determine fork speed, fork stalling, new origin firing and fork asymmetry in cycling cells, with or without DNA damage (Técher et al. 2013; Merrick et al. 2004). The method used is described below although other techniques are available (such as DNA combing, involving capturing DNA in agarose plus and stretching out DNA fibres on a silanized coverslip) (Bianco et al. 2012).
[bookmark: _Toc417204175][bookmark: _Toc417204509][bookmark: _Toc417674640]Labelling
CldU was added to cells to a final concentration of 25 μM and incubated for 20 minutes. Drugs were added directly to the media in concentrations and for times shown. IdU was added to cells (if after incubation with a drug, cells were washed with media before IdU was added) to a final concentration of 250 μM for 20 minutes before washes with PBS. Cells were collected using trypsin and diluted to a concentration of 5 x 105 cells/ml in cold PBS. 
[bookmark: _Toc417204176][bookmark: _Toc417204510][bookmark: _Toc417674641]Spreading
2 μl of cells was pipetted onto 5 slides and left to dry till they were sticky (not dry) at room temperature for 5-7 minutes. 7 μl of spreading buffer (200 mM Tris-HCl pH 7.4, 50 mM EDTA, 0.5 % SDS) was added to the sticky cells and mixed gently with the pipette tip, then left to incubate for 2 minutes. These slides were then tilted slightly (resting the edge of the slide on top of a 96-well plate), so that the drops run down slowly, reaching the bottom edge of the slide in 3-5 minutes. The slides were dried completely, then fixed in methanol / acetic acid (3:1) and this was left to evaporate off.  Slides were left overnight at 4 °C. 
[bookmark: _Toc417204177][bookmark: _Toc417204511][bookmark: _Toc417674642]Immunostaining
Slides had 2 x 5 minute washes in water before rinsing, and denatured in 2.5 M HCl for 1 hour. Slides were then rinsed twice with PBS followed by 2 x 5 minutes washes in blocking solution (1 % BSA and 0.1 % Tween 20 in PBS). These were incubated for 1 hour in the blocking solution before incubating with the primary antibody (1:1000 Rat α-BrdU (AdB Serotec) and 1:750 Mouse α-BrdU (Becton Dickinson)) for an hour. This was followed by 3 rinses in PBS before fixing the DNA fibres with 3 % PFA in PBS for 10 minutes. After 3 more rinses in PBS and 3 x 5 minute washes with blocking solution, the secondary antibody was added to the slides (α-Rat AlexaFluor 555 and α-Mouse AlexaFluor 488, both 1:500) and incubated at room temperature for 1 hour 30 minutes. Slides were then rinsed twice in PBS, washed 3 times with blocking solution and rinsed again twice in PBS before mounting the slides with cover slips using Fluoroshield. These were stored in the freezer long term for microscopy.
[bookmark: _Toc417204178][bookmark: _Toc417204512][bookmark: _Toc417674643]Microscopy
DNA fibres were imaged using an Olympus FV1000 confocal microscope with a PLAPON 60X Oil objective lens using lasers of 488 and 543 nm wavelength to visualise AlexaFluor 488 and AlexaFluor 555 respectively. Images were saved as OIB files and opened with OLYMPUS FLUOVIEW software where they were exported as tifs.
[bookmark: _Toc417204179][bookmark: _Toc417204513][bookmark: _Toc417674644]Analysis
DNA fibre lengths were measured in ImageJ using tifs. Scale was changed using distance in pixels as 1024 and known distance as 211.761 μm. Lengths of CldU and IdU tracts were measured and transferred to Excel. Fork speeds in kb/min were calculated by multiplying the distance by 2.59 (which gives the number of kilobases replicated) (Jackson & Pombo 1998) and dividing by the length of time incubated in the thymidine analogues (in the fork speed experiments this is 20 minutes).
The percentage of stalled forks or new origins fired was calculated by counting the number of exclusively red (for stalled forks) or green (new origins) tracts and dividing that by the total number of forks counted (i.e. for stalled forks, number of red tracts, divided by the number of red tracts plus red+green tracts [continued forks]).
Fork asymmetry was calculated by measuring IdU tracts from divergent forks. The shorter tract was divided by the longer, and this value was taken as a percentage to represent the amount of fork symmetry.
[bookmark: _Toc417204180][bookmark: _Toc417204514][bookmark: _Toc417674645]Fluorescence-activated cell sorting (FACS)
FACS is the measurement of individual cells through a cytometer. Using lasers, the cytometer can determine a number of characteristics of a cell, including size and shape, by how light scatters when the cell passes through the laser. When fluorescent dyes or antibodies are used, the cytometer can quantify how much of the antibody or dye is in the cell. 
[bookmark: _Toc417204181][bookmark: _Toc417204515][bookmark: _Toc417674646]Propidium iodide (PI) staining
The amount of DNA in any cell increases as the cell moves through the cell cycle.  PI is a fluorescent molecule which can intercalate into DNA and can be used to determine the phase of cell cycle that any particular cell is in. 
Cells were washed with PBS and harvested with trypsin. Cells in trypsin were diluted with media and centrifuged at 1500 rpm for 3 minutes. Cell pellets were resuspended in 1 ml of ethanol and left to incubate at -20 °C between 1 hour and 1 week. The ethanol was then removed by centrifuging the cells at 1500 rpm for 3 minutes and cells washed with PBS. Cells were left in 1 ml PBS to rehydrate for 1 hour at room temperature. PBS was removed by centrifuging at 1500 rpm for 3 minutes and then cells were resuspended in 500 μl of PI/RNAse solution (18 μg/ml PI, 8 μg/ml RNAse A) and left for 1 hour and 30 minutes in the dark at 4 °C before analysis on the BD FACScalibur. 10,000 events were collected for each sample. Analysis of FACS samples was performed on FloJo and gates for cell cycle phases were determined by using the base of the first peak for G1 and the base of the second peak for G2. The events in between these two gates were classed as cells in S phase.
[bookmark: _Toc417204182][bookmark: _Toc417204516][bookmark: _Toc417674647]Bromodeoxyuridine (BrdU) staining
BrdU is a thymidine analogue that can be targeted using an antibody. When BrdU is added to cells in culture, only the actively proliferating cells will incorporate it into the DNA. The BrdU primary antibody can be bound by a secondary antibody, conjugated to a fluorescent molecule. When analysed using the cytometer, the proportion of actively cycling cells can be determined.
Cells were given a 20 minute treatment with 10 μM BrdU before harvesting with trypsin. Cells were then washed twice and resuspended in 1 ml of ice cold 70% ethanol and incubated for 30 minutes at 4 °C or stored at -20 °C for up to a week. Cells were spun down and ethanol removed, followed by two washes with PBS. Pellets were resuspended in 1 volume of 2 M HCl and incubated at room temperature for 30 minutes. The acid was then spun off and the pellet washed three times in PBS and once in PBS-T (PBS + 0.1% BSA + 0.2% Tween20, pH 7.4). 10 μl of anti BrdU antibody (Dako MO744) solution (5 μl antibody + 5 μl PBS) was added to the cell pellet and left in the dark at room temperature for 30 minutes. The cell pellet was then washed twice in PBS-T and 50 μl of secondary antibody (1:10 anti-mouse FITC in PBS (Dako FO313)) was added to the pellet and left in the dark at room temperature for 20 minutes. Cells were washed once more with PBS before 15 minute treatment with 50 μl of RNAse A (100 μg/ml) and finally adding 200 μl of PI (50 μg/μl) before analysing on the Attune Acoustic Focusing Cytometer. 

[bookmark: _Toc417204183][bookmark: _Toc417204517][bookmark: _Toc417204716][bookmark: _Toc417204776][bookmark: _Toc417674648]Statistics
Statistical differences in mRNA expression between normal bladder and bladder cancer tissues were analysed using ΔCT values and the Mann-Whitney test. 
Statistical differences in relative protein expression, from ImageJ analysis, between bladder cell lines were analysed using an unpaired, two-tailed Student’s t-test.
A statistical difference between observed and expected results of RECQL5 protein expression in a bladder cancer tissue microarray was tested using the Chi squared test.
Statistical differences between proportions of cells in different cell cycle phases were analysed using paired, two-tailed Student’s t-tests.
Statistical differences in relative protein expression after cycloheximide treatment, from ImageJ analysis, between the normal bladder cell line NHU hTERT and the bladder cancer cell line EJ were analysed using a paired, two-tailed Student’s t-test.
Statistical differences between luciferase reporter activity in the normal bladder cell line NHU hTERT and the bladder cancer cell line EJ were analysed using paired, two-tailed Student’s t-tests.
Statistical differences between average fork speed, percentage of stalled forks, percentage of new origins and fork asymmetry between cells with over-expressed RECQL5, or depleted for RECQL5, were analysed using paired, two-tailed Student’s t-tests.
Statistical differences in survival fraction in clonogenic survival and MTT assays were analysed using a paired, two-tailed Student’s t-test.
Statistical differences in cell number between control transfected and targeting siRNA transfected cells in proliferation assays were analysed using a paired, two-tailed Student’s t-test.
Correlation between mRNA expression levels was measured using the Pearson product-moment correlation coefficient. 
Chapter 2 – Materials and Methods
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[bookmark: _Toc410205814][bookmark: _Toc417204185][bookmark: _Toc417204718][bookmark: _Toc417204778][bookmark: _Toc417813933]Introduction
Mutations causing defects, or deletions, of the RECQ helicases are associated with human diseases which show increased susceptibility to cancers (Luo et al. 2000; Goto et al. 1996; Hu et al. 2007). Along with disease-causing mutations, a number of polymorphisms have been identified for the RECQ helicases that can determine survivability and susceptibility to cancers (Sassi et al. 2013; Zhi et al. 2014; Cotton et al. 2009; Li et al. 2006).
There are also several examples suggesting higher RECQ helicase expression in sporadic cancer. RECQL1 is over-expressed in glioblastoma and when depleted, it reduces the ability of cells to form colonies (Mendoza-Maldonado et al. 2011). RECQL4 is over-expressed in prostate cancer and depleting it can reduce proliferation and survival of prostate cancer cells (Su et al. 2010). The RECQ helicases have also been shown to be up-regulated when cells are transformed by SV40 (Kawabe et al. 2000).  Interestingly, the expression level of RECQ helicases is differentially regulated in colorectal cancers with higher levels of BLM and RECQL4 mRNA and lower levels of RECQL1 and RECQL5 mRNA and protein compared to matched normal colon (Lao 2013). However, there doesn’t seem to be a common pattern as to whether an increase or decrease in the expression of each helicase is associated with cancer. When taken together, these studies reveal that the expression of RECQ helicases is often altered in cancer.
RECQL5 has been implicated in protecting the cell from replication stress. As bladder cancer is treated with drugs that induce replication stress (e.g. Gemcitabine), if RECQL5 was found to be a potential therapeutic target, inhibitors could be used alongside current treatment to increase the efficacy of chemotherapy. 
We hypothesised that RECQL5 mRNA and protein levels would be altered in bladder cancer. Quantitative Real Time-PCR, Western blotting and immunohistochemistry were used to investigate RECQL5 mRNA and protein levels in bladder cancer and normal tissue, using both primary and cell line material. Protein stability, cell cycle profiling, 5-aza-2’deoxycytidine treatment and luciferase reporter assays were then used to investigate the relationship between mRNA and protein in bladder cancer and normal cell lines. 
[bookmark: _Toc410205815][bookmark: _Toc417204186][bookmark: _Toc417204719][bookmark: _Toc417204779][bookmark: _Toc417813934]RECQL5β mRNA levels are decreased in bladder cancers compared to normal bladder tissue
To investigate the level of RECQL5 mRNA in bladder cancer, a qRT-PCR Taqman assay was used, with a probe that recognised all three isoforms of RECQL5, in primary bladder cancers and normal bladder tissue (Figure 3.1 A). Although the difference between the mRNA levels in normal and cancer samples wasn’t significant, there was a significant increase in RECQL5 mRNA in the cancers that recurred compared to those that did not (Student’s t-test, p value = 0.013) (Figure 3.1 A). 
This assay was repeated with a Taqman probe that recognised only RECQL5β (Figure 3.1 B). Using this probe, there was a significant decrease in mRNA levels in the bladder cancers compared to the normal bladder tissue (Student’s t-test, p value = 0.0001). However, the association with RECQL5 and cancer recurrence was lost when probed for RECQL5β alone. 
To see how representative bladder cell lines are of the patient material, both assays were performed with cDNA isolated from the bladder cancer cell lines EJ, RT112 and RT4 and the immortalised normal bladder cell line NHU hTERT. The results from this assay overlapped well with the patient data, indicating that the tissue culture cell lines are a good model for bladder cancer in terms of RECQL5 mRNA levels.
To see if this was a pattern observed in other cancers, Taqman assays for RECQL5 and RECQL5β were run on a small tissue microarray containing normal and cancer tissue from kidney, liver, lung, ovary, prostate and thyroid (Figure 3.2 A and B respectively). Although the majority of tissues showed no difference in mRNA levels of RECQL5 between normal and cancer tissue, RECQL5β mRNA was significantly decreased in thyroid carcinoma samples compared to normal thyroid tissue (Student’s t-test, p value = 0.0476) (Figure 3.2 B). 
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[bookmark: _Toc410205935][bookmark: _Toc417813890]Figure 3.1 – RECQL5β mRNA levels in primary bladder cancers and normal bladder tissue, with levels in commonly used cell lines overlaid 
Taqman qRT-PCR was performed on 177 primary bladder tumour samples (characterised as to whether they recurred (n=25) or not (n=17)) and 15 normal tissue samples using a probe that recognised all 3 isoforms of RECQL5 (α, β and γ) (A), and a probe that recognised RECQL5β specifically (B). Overlaying crosses represent the ΔCT values from the qRT-PCR performed on the bladder cancer cell lines EJ, RT112 and RT4 and the immortalised normal bladder cell line NHU, using the same primers (values 4.59, 5.49, 6.19 and 3.27 respectively for RECQL5 and 5.47, 7.94, 7.00 and 3.44 respectively for RECQL5β). * and *** indicate a Mann-Whitney test p value of < 0.05 and 0.0005 respectively. Data are presented as a Tukey box and whisker plot with the box representing the median, upper and lower quartiles, and the whiskers representing the largest value within 1.5 interquartile ranges of the upper quartile and the lowest value within 1.5 interquartile ranges of the lower quartile.
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[bookmark: _Toc410205936][bookmark: _Toc417813891]Figure 3.2 – qRT-PCR cancer screen for expression of RECQL5 and RECQL5β mRNA
Taqman qRT-PCR was performed on 9 cancer and 3 normal samples for each tissue type shown using a probe that recognised all 3 isoforms of RECQL5 (α, β and γ) (A), and a probe that recognised RECQL5β specifically (B) (bladder data shown in Figure 3.1 has been incorporated into the graph for reference). * and *** indicates a Mann-Whitney test p value of < 0.05 and 0.0005 respectively. Data are presented as a Tukey box and whisker plot with the box representing the median, upper and lower quartiles, and the whiskers representing the largest value within 1.5 interquartile ranges of the upper quartile and the lowest value within 1.5 interquartile ranges of the lower quartile.







[bookmark: _Toc410205816][bookmark: _Toc417204187][bookmark: _Toc417204720][bookmark: _Toc417204780][bookmark: _Toc417813935]RECQL5β protein is over-expressed in bladder cancers compared to normal bladder tissue
To determine whether the difference in mRNA expression between cancer and normal bladder is reflected at protein level, Western blotting in cell lines and immunohistochemistry in primary tumour material was performed. 
For the bladder cell lines, cell pellets were collected, lysed, and levels of RECQL5β protein analysed using Western blot. As shown in Figure 3.3, each of the three cancer cell lines, EJ, RT112 and RT4, had significantly higher levels of RECQL5β protein expression when compared to the immortalised normal bladder cell line (Student’s t-test, p values = 0.002.1, 0.044 and 0.044 respectively). It was not possible to detect the α and γ isoforms due to the epitope of the antibody.
As this protein data only represents cell lines, a bladder cancer tissue microarray was used, to investigate whether primary bladder cancers also have higher levels of RECQL5β protein expression. The tissue microarray was stained for RECQL5 using immunohistochemistry, and samples were scored for strength of nuclear staining, with any cytoplasmic staining not being counted, as this was considered to represent RECQL5α and RECQL5γ (Figure 3.4 A). 97% of the malignant bladder samples scored weak, medium or strong for RECQL5 nuclear staining whereas the 89% of normal bladder samples were negative for any nuclear staining (Figure 3.4 B). The chi-squared test showed this observed distribution of scores to be significantly different to the expected distribution by chance (Chi-square test, p value = 0.00001). A small number of malignant samples had cytoplasmic staining (n=3), with none of the normal samples having any cytoplasmic staining for the RECQL5 antibody. This may have been indicative of RECQL5α and γ expression; however, it was not possible to perform any statistical analysis due to the low number of samples. 
The bladder cancer tissue microarray gave information on stage and grade for each of the bladder cancer samples but when we analysed the relationship with RECQL5β staining, there were no significant differences between stages or grades (Figure 3.4 C and D). 
These data showed that significantly more cancer samples stain more strongly for RECQL5β than normal tissue, which suggests the same pattern of RECQL5β over-expression by cancers as was seen in the cell lines using Western blotting (Figure 3.3). As the protein expression data did not correlate with the mRNA expression data, how RECQL5 protein expression is regulated in normal and cancerous bladder was investigated further.
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[bookmark: _Toc410205937][bookmark: _Toc417813892]Figure 3.3 – RECQL5β protein expression in bladder cell lines
(A) Lysates from cancer cell lines EJ, RT4 and RT112 and immortalised normal cell line NHU hTERT were run on an SDS-PAGE gel and probed using an antibody for RECQL5β and for actin as a protein loading control. Two independent repeats, taken on successive passages, are shown for each cell line. (B) Band intensity for RECQL5β was quantified relative to β-actin using ImageJ. Western blots were repeated with different passages of cell pellets. Averages and standard deviations of 4 independent repeats are shown. * and *** indicates a Student’s t-test p value of < 0.05 and 0.005 respectively. 
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(Figure continues on the next page)
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[bookmark: _Toc410205938][bookmark: _Toc417813893]Figure 3.4 – RECQL5β expression in primary bladder cancers and normal bladder tissue
(A) A bladder tumour microarray containing 10 normal and 40 tumour histology samples was stained for RECQL5 and scored 0, 1, 2 or 3 depending on whether the nuclear staining was negative, weak, medium, or strong respectively. None of the normal samples had medium or strong staining. Scoring was performed by Dr Susan Morgan. (B) Graph representing the percentage of normal and malignant tissues that scored negative, weak, medium or strong for nuclear RECQL5. The statistical chi-squared test gave a p-value of 0.00001. (C) Percentage of metastatic tissues scored at stage I, II, III or IV (phenotype of cells). Chi-squared test showed this distribution as not significantly different from expected. (D) Percentage of metastatic tissues scored at grade 1, 2 or 3 (category of tumour). Chi-squared test showed this distribution as not significantly different from expected. 


[bookmark: _Toc410205817][bookmark: _Toc417204188][bookmark: _Toc417204721][bookmark: _Toc417204781][bookmark: _Toc417813936]Difference in RECQL5β protein expression is not due to cell cycle differences between cell lines
Previous work has shown that RECQL5 forms foci specifically during S phase and that protein expression is up-regulated following replication stress (Blundred et al. 2010). Therefore, it was investigated whether differences in cell cycle profiles could explain the difference in protein expression seen between cancerous and normal bladder cells. 
Although propidium iodide cell cycle profiles showed EJ cells to have slightly more cells in S phase, this was not significantly different from the NHU hTERT cells (Figure 3.5). However, when labelled with BrdU to assess proliferation, the EJ cells showed a significant increase of approximately 20% more cells containing BrdU than the NHU hTERT cells (Student’s t-test, p value = 0.032) (Figure 3.6). Although this may show EJ cells cycling more actively than the NHU cells, 60% of cells containing BrdU after only 20 minutes is extremely high and may be an artefact of the labelling protocol.
Considering the differences in percentage of cells in S-phase and in the percentage of proliferating cells, it was important to determine whether the protein expression of RECQL5, like foci, is regulated in a cell cycle dependant manner. Using nocodazole, EJ, NHU hTERT and MRC5V2 cells were synchronised at the G2/M checkpoint before being released into normal media. The EJ and MRC5V2 cells synchronised and released well, with approximately 40% of cells being in S phase 12 and 15 hours post-release respectively. The NHU hTERT cells also synchronised well, with 70% of cells in G2 after nocodazole treatment, and a corresponding reduction in S-phase cells. However, although the cells progressed into G1, this is where they accumulated with no further progression, as there were no increases in the percentage of cells in S-phase observed over 15 hours (Figure 3.7 A and B). It was noted that a large proportion of NHU hTERT cells died after treatment with nocodazole. 
Performing western blots on harvested EJ and MRC5V2cells did not show any differences in RECQL5β expression as cell cycle profiles changed (Figure 3.7 C). The levels of RECQL5β do seem altered in the NHU hTERT samples but this did not correlate with changes in any cell cycle phase. However, as nocodazole is a microtubule disrupting agent, actin would have been a more reliable control than β-tubulin.
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[bookmark: _Toc410205939][bookmark: _Toc417813894]Figure 3.5 – Cell cycle distribution of cell lines EJ and NHU hTERT. 
(A) Examples of unsynchronised cell cycle profiles for each of the cell lines following treatment with propidium iodide. (B) Quantification of the percentage of cells at each stage of the cell cycle. Quantification shows the mean and standard deviation from three independent repeats. There is no significant difference between the percentage of EJ and NHU cells at any stage of the cell cycle (Student’s t-test, p value G1 = 0.74, S = 0.22, G2 = 0.39).
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[bookmark: _Toc410205940][bookmark: _Toc417813895]Figure 3.6 – Percentage of actively proliferating cells in the cell lines EJ and NHU as determined by BrdU incorporation.
(A) Examples of FACS plots for asynchronous EJ and NHU cells, after 20 minutes in BrdU containing media, showing (i) single cells and (ii) BrdU positive cells. (B) Quantification of 3 repeats showing the percentage of BrdU positive cells in the EJ and NHU samples relative to the total number of single cells. ** indicates a Student’s t-test p-value of <0.005. 
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(Figure continues on the next page)
[bookmark: _Toc410205941][bookmark: _Toc417813896]Figure 3.7 – The expression of RECQL5β through the cell cycle in MRC5, EJ and NHU hTERT cell lines.
(A) Examples of cell cycle profiles for the cell lines MRC5V2, EJ and NHU having being synchronised with nocodazole for 16 hours and released into normal media for 0, 3, 6, 12 or 15 hours or non-synchronised (un). Profiles were used to calculate percentage of cells in each phase of the cell cycle. (B) Quantification of percentage of cells in each phase after three independent repeats for each cell line showing the average and standard deviation. (C) Western blot showing the expression of RECQL5β for each synchronised sample using β-tubulin as a protein loading control. Percentage of cells in S-phase is also shown at each time for reference. 
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[bookmark: _Toc410205818][bookmark: _Toc417204189][bookmark: _Toc417204722][bookmark: _Toc417204782][bookmark: _Toc417813937]Regulation of RECQL5β is not due to altered promoter methylation status
One way in which the expression of a gene transcript can be regulated is through promoter methylation. Examination of the RECQL5 gene using the UCSC Genome Browser identified a CpG island in the promoter of RECQL5, suggesting possible gene expression regulation through promoter methylation (Figure 3.8 A) (Karolchik et al. 2014; Kent et al. 2002; Gardiner-Garden & Frommer 1987). To investigate this possibility, EJ and NHU hTERT cells were treated with the de-methylating agent 5-Aza-2′-deoxycytidine for 72 hours and RECQL5β protein levels were analysed using Western blot. The protein Cep131 was used as a positive control due to its expression being increased upon treatment with 5-aza-2’-deoxycytidine (Aoto et al. 1995). Although the induction of Cep131 expression can be seen after 5-aza-2’-deoxycytidine treatment in EJ cells, RECQL5β expression is not changed (Figure 3.8 B). RECQL5β expression was not altered after treatment in the NHU hTERT cells either, although interestingly, there was also no difference in control (Cep131) levels. This may indicate that RECQL5β is not controlled through promoter methylation in the cancer cell lines, but the experiment needs to be repeated with an alternative control to determine whether promoter methylation has an effect in normal bladder cells. As this assay was performed with protein analysis, it will need to be repeated, analysing mRNA levels, before ruling out that differential methylation is controlling transcription of RECQL5.
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[bookmark: _Toc410205942]
[bookmark: _Toc417813897]Figure 3.8 – RECQL5β protein expression after global demethylation using Western blotting. 
(A) Screenshot of the UCSC Genome Browser using Human Feb. 2009 (GRCh37/hg19) Assembly (http://genome.ucsc.edu/) showing chromosome location, CpG islands, density plots for transcription factors and H3K27 acetylation, for the RECQL5 DNA sequence. (B) Western blot showing the expression of RECQL5β in the EJ and NHU hTERT cell line with and without 5-aza-2'-deoxycytidine treatment. Cep131 and β-actin are used as controls for demethylation and protein loading respectively. o/e indicates a longer exposure blot. 






[bookmark: _Toc410205819][bookmark: _Toc417204190][bookmark: _Toc417204723][bookmark: _Toc417204783][bookmark: _Toc417813938]The stability of RECQL5β protein is similar between cancer and normal cell lines
If the cancer cell line had acquired a mutation that stabilised or reduced turnover of the RECQL5β protein, it would go some way to explaining the discrepancy between the mRNA and protein levels. It was therefore hypothesised that RECQL5β protein would be more stable in the cancer cell line EJ compared to NHU cells. This was investigated by inhibiting protein synthesis using cycloheximide and analysing the level of protein in both cell lines over 24 hours. C-myc protein was used as a positive control for protein turnover due to its short half life of only 30 minutes (Ramsay et al. 1984). After 24 hours of cycloheximide treatment, although the amount of c-myc protein decreased significantly in both the bladder cancer and normal cell line, RECQL5β protein levels remained steady with no changes in either of the cell lines (Figure 3.9). This would suggest that there is not a change in protein stability in the cancer cell line EJ, but because the cycloheximide treatment was toxic to the cells after 24 hours, we cannot make any statements as to the stability of RECQL5β protein after this time. Longer term experiments were not conducted due to this toxicity. 
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	(Figure continues on the next page)
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[bookmark: _Toc410205943][bookmark: _Toc417813898]Figure 3.9 – RECQL5β protein expression over 24 hours
(A+B) Example of a Western blot showing RECQL5β expression with and without cycloheximide (CHX) treatment for 0, 4, 8 and 24 hours in the EJ (A) and NHU hTERT (B) cell line. C-myc and β-actin were used as controls for inhibition of protein synthesis and protein loading respectively. Western blot for RECQL5 and c-myc with EJ  cell extracts represents an exposure of 10 minutes while NHU represents an exposure of one hour. Quantification of c-myc (C+D) and RECQL5β (E+F) protein expression using band density relative to β-actin. There is no significant difference in relative RECQL5β expression between cells treated with and without cycloheximide at any time point in either of the cell lines.








[bookmark: _Toc410205820][bookmark: _Toc417204191][bookmark: _Toc417204724][bookmark: _Toc417204784][bookmark: _Toc417813939]RECQL5β 3’UTR does not confer differential protein expression between bladder cell lines
Mayr et al. (2009) described how mutations in 3’UTRs can lead to loss of translational regulation. Mutations causing alternative polyadenylation (APA) lead to shorter mRNAs, meaning sites of miRNA regulation can be lost (Mayr & Bartel 2009). Investigating this, searching for possible miRNAs on TargetScan (http://www.targetscan.org/) (Lewis et al. 2005) yielded only three conserved matches, hsa-miR-4251 and 4656, with 1 and 8 deep sequencing reads respectively, and the predicted hsa-miR-4297 (Goff et al. 2009; Persson et al. 2011). 
The 3’UTRs of RECQL5β from our 3 bladder cancer cell lines and immortalised normal cell line were sequenced and compared to the consensus sequence found on PubMed (NM_004259.6). Aligning the 577 base pair 3’UTR sequences showed no differences which would imply that there are no mutations in the 3’UTR of our cells ruling out a translation difference through miRNA site disruption or APA (Figure 3.10 A). 
Martin et al. (2014) showed how the expression of MRE11 mRNA and protein did not correlate when they analysed the expression levels in bladder tumours. This was discovered to be due to MRE11 being under regulation by a differentially expressed miRNA which targeted the 3’UTR and reduced translation (Martin et al. 2014). To see if a similar mechanism was responsible for the regulation of RECQL5β, the 3’UTR was cloned into a luciferase reporter which was transfected into EJ and NHU cells. If there was a miRNA present in either the EJ or the NHU cells that regulated translation from the RECQL5 3’UTR, then the expression from the luciferase reporter would be reduced. As shown in Figure 3.10 B, luciferase activity did not significantly change when the cells were transfected with the vector containing the 3’UTR compared to the vector alone. There may still be a miRNA that targets RECQL5β, but the results show that if there is, it regulates the translation of the protein to a similar extent in both cancer and normal bladder cells or not via the 3’UTR (Ørom et al. 2008; Jopling et al. 2005). 




[image: ]

[bookmark: _Toc410205944][bookmark: _Toc417813899]Figure 3.10 – Sequence of RECQL5β 3’UTR and luciferase reporter assay.
(A) Portion of the aligned RECQL5 3’UTR sequences from EJ, RT112, RT4 and NHU hTERT cell lines and the consensus sequence from NCBI, showing no differences. Full sequence alignment is shown in the Appendix. (B) The 3’UTR was cloned into the multiple cloning site of the luciferase reporter pMirReport and transfected into EJ and NHU hTERT cells. Luciferase activity was measured and quantified. The results are shown are the average and standard deviation of 3 independent repeats. There was no significant difference in luciferase activity between the cells transfected with vector alone and the vector with the 3’UTR. 




[bookmark: _Toc410205821][bookmark: _Toc417204192][bookmark: _Toc417204725][bookmark: _Toc417204785][bookmark: _Toc417813940]Regulation of translation initiation is altered in bladder cancer cells to increase global protein translation
Another possible explanation for the discordance between RECQL5β mRNA and protein levels is alteration of protein translation. One way in which the cell regulates translation is through translation initiation and the formation of the ternary complex (Gebauer & Hentze 2004). This ternary complex is formed of the eukaryotic initiation factor 2 (eIF2 - made of 3 subunits α, β and γ), GTP and Met-tRNA. eIF2-GDP is acted on by the nucleotide exchange factor eIF2B to form eIF2-GTP which goes on to form the ternary complex. Phosphorylation of eIF2α, following stress, shock, infection or amino acid availability, causes a tight binding to eIF2B, inhibiting its exchange activity, inhibiting ternary complex formation, and inhibiting global protein synthesis (Krishnamoorthy et al. 2001; Murtha-Riel et al. 1993; Kaufman & Davies 1989). 
Lysates from EJ and NHU hTERT cells were analysed for the phosphorylation status of eIF2α using Western blotting. This showed there is no difference in total eIF2α expression between cell lines but the phosphorylation status of eIF2α was higher in the NHU cells (Figure 3.11). Because high eIF2α phosphorylation implies inhibition of translation initiation and low eIF2α phosphorylation implies normal translation initiation, it can be proposed that global translation rates are higher in bladder cancer than in the normal bladder line. Therefore, despite the fact there is less RECQL5 mRNA, the increased translation rates in the cancer cell line mean that higher protein levels are seen. Even though there is increased mRNA in the normal bladder cells, the lower translation rates mean this is not reflected at a protein level. This altered translation initiation regulation may go some way to explain why we see more RECQL5β protein in our cancer cells. 
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[bookmark: _Toc410205945][bookmark: _Toc417813900]Figure 3.11 – Phosphorylation of the eukaryotic initiation factor 2α (eIF2α). 
Western blot of the phosphorylation of eIF2α and the expression of RECQL5β in EJ and NHU hTERT cells. Lysates from cancer cell line EJ and immortalised normal cell line NHU hTERT were run on an SDS-PAGE gel and probed using antibodies for RECQL5β  and Ser51 phosphorylated eIF2α. eIF2α and β-tubulin are used as controls for protein loading. o/e indicates a blot with a longer exposure. (n=3)

[bookmark: _Toc410205822][bookmark: _Toc417204193][bookmark: _Toc417204726][bookmark: _Toc417204786][bookmark: _Toc417813941]Discussion
Here, RECQL5β mRNA was shown to be decreased in bladder cancer compared to normal bladder tissue (Figure 3.1B). This is consistent with reduced RECQL5 mRNA seen in colorectal cancer (Lao 2013). Lao et al. used a probe against total RECQL5, but here, no difference was seen when probing for all three isoforms in bladder samples, implying that α and γ mRNA expression is not significantly lower in cancerous bladder compared to normal bladder tissue, and α and γ isoforms mask the difference seen with RECQL5β. It may be that the difference in RECQL5β mRNA in colorectal cancer is larger than in bladder cancer, or that differences in RECQL5 α and γ mRNA contribute to the difference in colorectal cancer but not bladder.
The small tissue array probed for RECQL5β mRNA (Figure 3.2 B), showed a significant decrease in expression levels in thyroid carcinomas compared to normal thyroid tissue, and a similar trend could be seen with lung and kidney samples. Although this was done with a small number of samples, and without any colorectal cancer samples to compare with previous work (Lao 2013), it supports the hypothesis that RECQL5β mRNA depletion may be a common phenomenon in more than just bladder cancer.
Protein levels from the bladder cell lines did not match the mRNA levels seen in primary patient material or the cell lines (Figure 3.3). Unfortunately, there was no matched material available for protein analysis but a commercial bladder cancer tissue microarray, once stained using IHC, showed that RECQL5 protein level was increased in cancers compared to the normal bladder (Figure 3.4). This is not consistent with the expression of RECQL5 in colorectal cancer, as Lao et al. showed a decrease in nuclear staining compared to normal tissue (Lao 2013). Contrary to the mRNA data, RECQL5 protein levels may vary between cancers. 
Kawabe et al. suggested that the RECQ helicase protein levels are up-regulated in transformed and actively proliferating cells (Kawabe et al. 2000). They showed that RECQL5β does not change when B lymphocytes were treated with PMA or when transformed by EBV, but that RECQL5 is up-regulated in tumour cells in log phase of growth (Kawabe et al. 2000). The results here show that RECQL5 is not cell-cycle regulated and although EJs may have more S-phase and actively proliferating cells than the NHU hTERTs (when examined using FACS and BrdU incorporation - Figure 3.6 B), the question of whether these proliferating cells have higher expression of RECQL5 has yet to be addressed. Isolating the BrdU positive cells and analysing the protein level using Western blot would be a good way to investigate this. However, an alternative BrdU labelling protocol may need to be used due to the high percentage of labelled cells seen after 20 minutes. The loss of RECQL5β expression in NHU cells after synchronization did not seem to correlate with changes in any particular cell cycle phase, and may be due to a cell-death driven response. 
A CpG island found proximal to the promoter of RECQL5 suggested a promoter methylation mechanism for the regulation of RECQL5 expression. 5-aza-2’-deoxycytidine treatment of EJ cells showed an increase in the Cep131 protein expression but not in RECQL5β suggesting that it is not regulated by promoter methylation (Figure 3.8). We did not see an increase in Cep131 expression in our normal bladder cell line which may be due to the promoter not being methylated in these cells. Performing qRT-PCR to investigate RECQL5 mRNA expression after global demethylation would provide more direct evidence as to the regulation of transcript levels, rather than analysing protein abundance.
Protein stability does not seem to be a mechanism altered between normal and cancerous bladder cells as RECQL5β levels were stable in both EJ and NHU hTERT cells over 24 hours. However, it cannot be assumed this is the case beyond 24 hours as treatment with cycloheximide became toxic to the cells after one day and thus the experiment had to be stopped at this time.
RECQL5β 3’UTR analysis using TargetScan showed a number of conserved stretches of nucleotides but only a few obscure, unconfirmed miRNA target sites. DNA sequencing showed no sequence differences in the 3’UTR of RECQL5 mRNA in the bladder cells lines. Luciferase assays were performed with the RECQL5β 3’UTR to detect any differences in expression although these did not show any significant differences between cell lines (Figure 3.10). RECQL1 has been shown to be a target for miRNA regulation using the 3’UTR (Tao et al. 2014), but work here suggests RECQL5 is not targeted differentially between normal bladder and bladder cancer cell lines using the 3’UTR. 
Altered eIF2α phosphorylation-dependent translation initiation is a strong candidate to explain the difference in mRNA and protein levels between normal and cancer cell lines. Analysis of more mRNA-protein patterns will need to be examined to identify whether global translation is indeed increased in bladder cancer cells; alternatively, incorporation of S35 could be used to measure rates of protein synthesis between cell lines. Whether this is true for the primary cancers as well could be determined by investigating the levels of eIF2α phosphorylation, using IHC. However, it is difficult to determine which of the cell lines has abnormal eIF2α phosphorylation. As the cancer cells are by definition cells that have transformed from the norm, it is likely to be the cancer cells that have altered translation initiation, but the increased phosphorylation in the NHU hTERT cells suggests that it might be these cells that are under some form of stress from culturing that causes a decrease in global protein translation. It cannot be ruled out that there may be specific regulation for RECQL5 translation, such as enhancers or microRNAs targeting the 5’UTR, but the reduced eIF2α phosphorylation in bladder cancer cells, suggests that this loss of control of translation initiation may contribute to the increased RECQL5 protein levels seen.
Chapter 3 – Results
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[bookmark: _Toc410221376][bookmark: _Toc417204195][bookmark: _Toc417204728][bookmark: _Toc417204788]Introduction
RECQL5 has been suggested to play a role at replication forks due to its association with topoisomerases (Shimamoto et al. 2000; Ramamoorthy et al. 2012), the observed increase in sensitivity to replication stress when RECQL5 is depleted (Wang et al. 2011; Hu et al. 2009; Hu et al. 2007) and the increased resistance to replication stress when RECQL5β is over-expressed (Blundred et al. 2010). 
Dynamics of the replication fork can be analysed using DNA fibre analysis. This involves sequentially incubating cells with two different thymidine analogues for a set amount of time and spreading the DNA fibres before visualising them on a fluorescence microscope using specific antibodies. These replication tract lengths can be measured and fork speed calculated. In addition, the percentage of forks stalled, new origins fired, and fork continuation after DNA damage can be analysed (Merrick et al. 2004; Técher et al. 2013; Petermann et al. 2010; Elvers et al. 2011).
Analysis of other RECQ helicases using the DNA fibre analysis method (Merrick et al. 2004) has demonstrated that WS and BLM cells replicate slower than their complemented counterparts (Rao et al. 2007; Basile et al. 2014; Sidorova et al. 2008; Rodríguez-López et al. 2002). RECQL1 and RECQL4 have also been shown to play a role in replication initiation using DNA fibre analysis (Thangavel et al. 2010). Furthermore, RECQL1 has been shown to be involved in restart of forks stalled by camptothecin, in a manner that is inhibited by PARP (Berti et al. 2013). 
Here, RECQL5 helicase protein levels have been depleted using siRNA, and increased by stable over-expression in cell lines, and DNA fibres analysed to investigate RECQL5’s role at the replication fork endogenously and during, or post, replication stress. As well as using agents that directly cause replication stress, the transcription inhibitor DRB has been used to investigate fork dynamics when the transcription machinery is compromised. Immunofluorescence was also used to analyse how DNA damage signalling is linked to the replication fork changes seen at a single fork level.

[bookmark: _Toc410221377][bookmark: _Toc417204196][bookmark: _Toc417204729][bookmark: _Toc417204789]Over-expressing RECQL5β increases endogenous fork speed
As increasing RECQL5β protein levels can provide resistance to thymidine induced death and cell cycle slowing (Blundred et al. 2010), it was hypothesised that differences in replication fork speed would be seen in over-expressing cells. Using the same MRC5V2 RECQL5β over-expressing cells used by Blundred et al., DNA fibre analysis was performed and endogenous fork speed was measured. With both the CldU and the IdU label, it could be seen that the replication fork was quicker in the cells over-expressing the full-length RECQL5β (CldU and IdU, Student’s t-test, p value < 0.0001) (Figure 4.1). Cells over-expressing the helicase-dead RECQL5β did not replicate any faster than the wild-type cells when measured by CldU but did so for IdU (Student’s t-test, p value < 0.0001). In order to out-compete the CldU for integration into the DNA, IdU has to be put onto the cells at a much higher concentration. This may cause increased replication stress on the cells (as we see when treating with thymidine), possibly being the cause of the slower fork speeds that we see when measuring using IdU tracts. For all experiments after this, CldU is shown in the main text and IdU is shown in the Appendix.
This increased replication fork speed phenotype was rescued by depleting RECQL5β protein levels in RECQL5β over-expressing MRC5V2 cells using siRNA targeting RECQL5β which decreased fork speed to wild-type levels (Student’s t-test, p value <0.0001) (Figure 4.2 C). Using siRNA targeting all 3 isoforms of RECQL5 also significantly reduced replication fork speed (Student’s t-test, p value <0.0001) but this is only the result from two repeats. There was no significant different in speeds when comparing fibres from cells treated with siRNA targeting all three RECQL5 isoforms and those treated with siRNA targeting RECQL5β.
Together, these data suggest that RECQL5β promotes increased endogenous replication fork speed in a helicase dependent manner. As there was faster IdU measured fork rates in MRC5V2 cells over-expressing helicase-dead RECQL5 compared to wild-type MRC5V2 cells, the helicase-dead RECQL5 may promote increased fork speeds in the presence of the increased replication stress caused by IdU.
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[bookmark: _Toc410221388][bookmark: _Toc417813901]Figure 4.1 – Replication fork speed in MRC5V2 cells over-expressing RECQL5β 
(A) Lysates from wild-type MRC5V2, RECQL5β over-expressing MRC5V2 cells (MRC5V2+Q5), and helicase-dead RECQL5β over expressing cells (MRC5V2+Q5KR) were run on a Western blot to analyse RECQL5β protein levels. (B) Diagram showing the exposure of cells to thymidine analogues CldU and IdU (5-chloro-2′-deoxyuridine and 5-iodo-2′-deoxyuridine) for the DNA fibre analysis experiment including a sample image of a continuous DNA replication fibre. (C + D) The fork speeds from 3 independent experiments using the CldU and IdU label respectively. Measured fork speeds between the 10th and 90th percentiles are shown in a box and whisker diagram with all other speeds indicated as dots. A total of 750 forks for each cell line were counted (250 from each of 3 independent repeats). *, ** and *** indicate a Student’s t-test p value of <0.05, <0.001 and <0.0001 respectively. (E+F) Distribution of forks speeds from DNA fibre analysis for CldU and IdU labels respectively. Mean and standard deviation from three independent repeats are shown. 


[image: ]
[bookmark: _Toc410221389][bookmark: _Toc417813902]Figure 4.2 – Replication fork speed in MRC5V2+Q5 cells with RECQL5β siRNA 
(A) MRC5V2 cells over-expressing RECQL5β (MRC5V2+Q5) were depleted of RECQL5β using a pool of 2 siRNAs targeting all three isoforms of RECQL5 (Q5), RECQL5β (Q5β) or transfected with a non-targeting control (Con). Lysates were analysed using Western blotting. (B) The analogue incubations for DNA fibre analysis performed on RECQL5 depleted and control transfected cells for fork speed measurement. (C) The fork speeds from 3 independent experiments using the CldU label. Measured fork speeds between the 10th and 90th percentiles are shown in a box and whisker diagram with all other speeds indicated as dots. A total of 750 forks for each cell line were counted (250 from each of 3 independent repeats [Q5 RNAi data is only from two repeats, therefore only 500 fork speeds were counted]). ** and *** indicate a Student’s t-test p value of <0.001 and <0.0001 respectively. (D) Distribution of replication fork speeds in control transfected and RECQL5β siRNA transfected cells. 

[bookmark: _Toc410221378][bookmark: _Toc417204197][bookmark: _Toc417204730][bookmark: _Toc417204790]Over-expressing RECQL5β decreases endogenous fork stalling and new origin firing
If a replication fork arrests in the first 20 minutes of the analogue incubation step, it can be visualised as a single red fibre, unattached to any green fibres (Figure 4.3 A). As well as natural fork arrest (when the replication comes to the end of its cycle), red only fibres can represent stalled forks that have not finished replicating DNA and have been stopped by replication stress. When the percentage of endogenous stalled/arrested forks was measured in the RECQL5 over-expressing cell lines, there were significantly less than in the wild-type and the helicase-dead expressing lines (Student’s t-test, p value = 0.024 and 0.023 respectively) (Figure 4.3 B). This again suggests that RECQL5β mediated protection of cells from endogenous fork stalling is a helicase-dependent mechanism. 
Replication origins are sequences of DNA used to start replication during S phase (Gerhardt et al. 2006). As replication forks stall during replication stress, dormant replication origins can be fired in order to complete replication and survive replication stress (Ge et al. 2007). The number of new origins fired can be measured using DNA fibre analysis. Any new replication origins fired in the second 20 minutes of analogue incubation can be visualised as green only fibres rather than fibres that have red and green, which resemble continued forks (Figure 4.3 A). The RECQL5β over-expressing cells showed significantly less new origin firing than wild-type and helicase-dead expressing cells (Student’s t-test, p value = 0.0087 and 0.024 respectively), and although over-expressing the helicase-dead protein did significantly reduce firing compared to the wild-type (Student’s t-test, p value = 0.015), this was intermediate between wild-type and RECQL5β over-expressing cells which suggests the helicase function is not solely responsible for this decrease in new origin firing (Figure 4.3 C). 
siRNA was used to rescue the reduced number of stalled forks and new origins fired in the RECQL5β over-expressing cells. When RECQL5β was depleted, there was a trend showing both increased stalled forks and new origins fired compared to untransfected (Figure 4.3 B+C) but this also occurred with the control siRNA. Transfection with siRNA may be causing the increase in stalled forks and new origin firing in the control cells, or, RECQL5 depletion caused cells to overcome the RECQL5 induced changes seen in over-expressing cells.
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[bookmark: _Toc410221390][bookmark: _Toc417813903]Figure 4.3 – Endogenous stalled forks and new origin firing in MRC5V2 cells over-expressing RECQL5β 
(A) Diagram of analogue incubation times and example fibres of a continued fork, a stalled replication fork and a newly fired origin. (B) Number of stalled forks (red fibres alone) was counted and divided by the number of stalled forks plus the number of continuous forks (fibres of red and green). This gave a percentage of endogenous stalled forks for MRC5V2 cells. (C) Percentage of new origins fired (purely green fibres) was calculated by dividing the number of new origins by the number of new origins plus continuous forks. MRC5V2 cells over-expressing RECQL5β (MRC5V2+Q5) were transfected with siRNA targeting all 3 isoforms of Q5 (Q5) and RECQL5β alone (Q5β) along with a non-targeting control (Con). Percentages of stalled forks (D) and new origins fired (E) were determined using DNA fibre analysis. There were no significant differences between transfected cells. Averages and standard deviations of three independent repeats are shown (Q5 RNAi data is only from two repeats). 500 forks were counted for each repeat. * indicates a Student’s t-test p value of <0.05. 
Fork asymmetry is interpreted as a measurement of fork pausing (Letessier et al. 2011). It is calculated by working out the ratio of the shortest strand to the longest strand of IdU, stemming from opposite sides of the same CldU strand (Figure 4.4 A). Over-expressing RECQL5β shifted the distribution of symmetry (Figure 4.4B). The wild-type MRC5V2 cells had the increasing numbers of forks in each group as the symmetry increases with the most in <100% but RECQL5 over-expressing cells had forks equally spread in the groups between <20% and <100% symmetry. Helicase-dead RECQL5β over-expressing cells also had a slight shift in symmetry distribution when compared to the wild-type MRC5V2 cells, with the most frequent group of fork having <80% symmetry rather than 100%. This suggests that increasing the amount of RECQL5 increases fork pausing with the active helicase providing more pausing than expressing the protein without helicase function. However, these analyses were based on only 61, 65 and 58 forks and more will need to be counted to verify these data.
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[bookmark: _Toc410221391][bookmark: _Toc417813904]Figure 4.4 – Replication fork asymmetry in MRC5V2 cells over-expressing RECQL5β 
[bookmark: _Toc410221379][bookmark: _Toc417204198][bookmark: _Toc417204731][bookmark: _Toc417204791](A) Diagram of analogue incubation times and an example of a symmetric and an asymmetric fork. (B) Fork asymmetry was calculated by measuring the length of IdU tracts from divergent forks from fibres of MRC5V2 cells, RECQL5 over-expressing MRC5V2 cells (MRC5V2+Q5) and RECQL5 helicase-dead over-expressing MRC5V2 cells (MRC5V2+Q5KR). The shorter tract was divided by the longer tract and this taken as a percentage of symmetry (equal IdU tracts either side of a CldU tract are 100% symmetrical). The frequency of different fork symmetries is shown (n=61, 65 and 58 for MRC5V2, MRC5V2+Q5 and MRC5V2+Q5KR respectively).

Depleting cells of RECQL5β does not alter replication fork dynamics
As cells depleted of WRN, BLM, RECQL4 and RECQL1 all yielded endogenous differences in fork dynamics (Rao et al. 2007; Basile et al. 2014; Thangavel et al. 2010; Rodríguez-López et al. 2002), it was hypothesised that cells depleted of RECQL5β would show a phenotype at a molecular level. MRC5V2 cells were depleted of RECQL5β using siRNA and DNA fibres analysed for any differences. Replication fork speed remained unchanged compared to control transfected cells, as did the percentage of stalled forks, the percentage of new origins fired, and fork asymmetry (Figure 4.5).
This suggests that there may be redundancy between RECQ helicases in terms of replication fork maintenance. Alternatively, our method of depleting cells of RECQL5β (through siRNA transfection) may not be effective enough to see a difference in DNA replication fork dynamics. Depletion of RECQL5 protein levels through shRNA or gene deletions may yield changes in replication fork speed.

[bookmark: _Toc410221380][bookmark: _Toc417204199][bookmark: _Toc417204732][bookmark: _Toc417204792]Over-expressing RECQL5β does not influence speed of fork restart after hydroxyurea treatment
As increasing the amount of RECQL5β protein increased the replication fork speed endogenously, it warranted investigation as to whether this was still the case during or following replication stress. Replication forks were arrested after 20 minutes of CldU incubation using 2 mM hydroxyurea for 2 hours. Hydroxyurea changes the nucleotide pool by inhibiting ribonucleotide reductase and 2 hours of treatment causes more fork stalling, rather than fork collapse (associated with 24 hours of treatment) (Petermann et al. 2010). This was followed by 1 hour of IdU to identify any forks that could restart after hydroxyurea-induced stalling (Figure 4.6 A). MRC5V2 cells over-expressing helicase or helicase-dead RECQL5β did not have any more or less stalled forks after hydroxyurea treatment (Figure 4.6 C). Although the percentage of new origins was decreased in the cells that expressed the helicase-dead RECQL5β, this was not significant (Student’s t-test, p = 0.077) (Figure 4.6 D). There were no differences in the percentage of continued forks (Figure 4.6 B). 
Along with the number of continuous forks, stalled forks, and new origins fired, the speed at which the forks recovered from hydroxyurea-induced replication stress was calculated. This was done by measuring the length of the IdU tracts. MRC5V2 cells over-expressing RECQL5 or helicase-dead RECQL5 both had quicker fork rates than wild-type MRC5V2 cells (Student’s t-test , p<0.0001) but there was no significant difference between the two (Figure 4.6 E). This suggests that RECQL5 may play a role in the speed of recovery from hydroxyurea-induced stalled forks in a helicase independent manner. RECQL5β’s function at replication forks may be different following different types of replication stress. Although we see a difference during endogenous replication stress in the number of stalled forks and new origins fired, we do not see a difference during or following hydroxyurea induced stress. However, we do see an increase in the percentage of stalled forks in hydroxyurea treated compared to untreated cells (Figure 4.3 B and 4.6 C) (4-8 % to 15-20 %). There may be a function for RECQL5β at new origin firing after replication fork stalling (Figure 4.6 C), and this could be clarified using an alternative source of replication stress. 
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[bookmark: _Toc410221392][bookmark: _Toc417813905]
Figure 4.5 – Replication fork dynamics in MRC5V2 cells depleted of RECQL5β 
Fork dynamics were measured using DNA fibre analysis techniques using the analogues and times shown (A). MRC5V2 cells were depleted of RECQL5β using a pool of 2 siRNAs targeting RECQL5β (Q5β) or transfected with a non-targeting control (Con) and analysed using Western blotting (B). Fork speeds of CldU tracts between the 10th and 90th percentiles are shown in a box and whisker diagram with all other speeds indicated as dots. A total of 750 forks for each treatment were counted (250 from each of 3 independent repeats) (C). For each graph, averages and standard deviations from three independent repeats are shown for fork speed distribution (D), percentage of stalled forks (E) and new origins fired (F). Fork asymmetry (G) was measured as previously described (n=75 and 68 for Con and Q5β respectively). There were no significant differences in fork dynamics between control and RECQL5β depleted cells. 

[bookmark: _Toc410221381][bookmark: _Toc417204200][bookmark: _Toc417204733][bookmark: _Toc417204793]RECQL5β protects replication forks from camptothecin induced fork slowing
As RECQL5-depleted cells are more sensitive to camptothecin (Hu et al. 2007; Hu et al. 2009), it was investigated whether RECQL5β over-expression could rescue wild-type cells from camptothecin-induced replication stress. 
Camptothecin was added to cells an hour before thymidine analogue incubation and left on for the duration of the experiment (Figure 4.7 A). As expected, camptothecin significantly slowed replication fork speed in wild-type cells (Student’s t-test, p value = 0.0075) (Figure 4.7 B + C) (Tuduri et al. 2009). When RECQL5β was over-expressed, camptothecin treatment no longer slowed replication forks and the increased speed seen endogenously when compared to wild-type, was maintained (Figure 4.7 B + D). When the helicase-dead RECQL5β was expressed, cells were protected from camptothecin induced fork slowing and interestingly, fork speed was significantly increased compared to untreated cells, to level similar to MRC5V2+Q5 (Student’s t-test, p value <0.0001) (Figure 4.7 B + E).
Only MRC5V2+Q5 cells saw a significant increase in the percentage of stalled forks when treated with camptothecin (Student’s t-test, p value = 0.047) (Figure 4.7 F). There were no differences in fork stalling between cell lines treated with camptothecin. The percentage of endogenous and camptothecin induced stalled forks was slightly increased when compared to previous endogenous fork data (Figure 4.3 B) (4-8 % to 12 %) but there was still a significant decrease in endogenous stalled forks cells over-expressing RECQL5β compared to wild-type cells (Student’s t-test, p value = 0.029). 
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[bookmark: _Toc410221393][bookmark: _Toc417813906]Figure 4.6 – Replication fork restart after hydroxyurea treatment 
Wild-type MRC5V2 cells and those over-expressing RECQL5 (MRC5V2+Q5) and helicase-dead RECQL5 (MRC5V2+Q5KR) were incubated with both thymidine analogues separated by a 2 hour treatment with 2 mM hydroxyurea (A). Percentage of continued forks (B), percentage of stalled forks (C) and new origins fired (D) were calculated. Fork speeds were calculated from IdU tracts (E). Speeds between the 10th and 90th percentiles are shown in a box and whisker diagram with all other speeds indicated as dots. A total of 750 forks for each cell line were counted (250 from each of 3 independent repeats). (F) Distribution of fork speeds after hydroxyurea treatment is shown (averages and standard deviations of three independent repeats). *** indicates a Student’s t test p value of <0.0001. 
Only MRC5V2 showed a significant increase in the number of new origins fired when treated with camptothecin (Student’s t-test, p value = 0.022) (Figure 4.7 G). There were no differences in new origin firing between cell lines treated with camptothecin. Percentages of new origins fired in untreated and camptothecin-treated MRC5V2+Q5 and MRC5V2+Q5KR cells were increased compared to previous endogenous fork data (Figure 4.3 C). In this experiment, untreated MRC5V2+Q5 cells showed a significant increase in new origin firing compared to wild-type, the opposite to the result shown earlier (Figure 4.3 C). This may reflect changes in fork dynamics after significant cell passaging due to acquired mutations. 
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(Figure continues on the next page)
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[bookmark: _Toc410221394][bookmark: _Toc417813907]Figure 4.7 – Replication fork dynamics in MRC5V2 cells over-expressing RECQL5β, during camptothecin treatment
Wild-type MRC5V2 cells and those over-expressing RECQL5β (MRC5V2+Q5) and helicase-dead RECQL5β (MRC5V2+Q5KR) were incubated with both thymidine analogues in the presence of 10 nM CPT (A). (B) Fork speeds were calculated from CldU tracts and those between the 10th and 90th percentiles are shown in a box and whisker diagram with all other speeds indicated as dots. A total of 750 forks for each cell line and treatment were counted (250 from each of 3 independent repeats) (B). Distribution of fork speeds during CPT treatment is shown for CldU in wild-type (C), RECQL5β over-expressing (D), and helicase-dead RECQL5β over-expressing MRC5V2 cells (E). Percentages of stalled forks and new origins fired were calculated (F+G). Averages and standard deviations of three independent repeats are shown. * and *** indicate a Student’s t-test p value of <0.05 and <0.0001 respectively. 

These data suggest that RECQL5β has a helicase independent mechanism for protecting replication fork speeds in the presence of camptothecin while functional RECQL5β does not seem to have a role in protecting forks from stalling or in new origin firing in the presence of camptothecin. However, as there is not a significant increase in fork stalling and new origin firing in all cells when treated with camptothecin, the treatment is not extensive enough to see differences. 


[bookmark: _Toc410221382][bookmark: _Toc417204201][bookmark: _Toc417204734][bookmark: _Toc417204794]RECQL5β protects replication forks from DRB induced fork slowing
RECQL5β is the only RECQ helicase to interact with and bind to RNA Polymerase II subunit RPB1 (Aygün et al. 2008). RECQL5β also inhibits transcription through this interaction (Kanagaraj et al. 2010; Saponaro et al. 2014), and the increased DNA damage induced when RECQL5 is depleted is rescued when the transcription inhibitor DRB is added (Li et al. 2011). Together, this suggests that RECQL5β plays a role in preventing and / or repairing transcription-associated DNA damage by inhibiting RNA Pol II. In addition, the work here shows that camptothecin, which is a topoisomerase I inhibitor, altered replication fork speed in a manner moderated by RECQL5. As topoisomerase I has been shown to play a role in suppressing transcription-associated DNA damage, using DNA fibre analysis, (Tuduri et al. 2009), we hypothesised that RECQL5 would play a role in transcription-associated DNA damage, and that this could be seen using DNA fibre analysis. 
Cells were incubated for 12 hours with the transcription inhibitor DRB before adding the thymidine analogues (Figure 4.8 A). The same trend seen with camptothecin treatment was seen in the fork dynamics of DRB treated cells (Figure 4.8 B). Adding DRB to wild-type MRC5V2 cells slowed replication fork speeds (Student’s t-test, p value <0.0001). When DRB was added to RECQL5β over-expressing cells, no difference in replication fork speed was seen. Finally, there was an increase in fork speed when DRB was added to MRC5V2 cells expressing the helicase dead protein (Student’s t-test, p value <0.0001) (Figure 4.8C). 
DRB did not increase the number of stalled forks or new origins fired when compared to untreated cells. As with camptothecin, there was no difference in the number of stalled forks or new origins fired between cell lines in the presence of DRB (Figure 4.8 F+G).
In order to investigate the long term effects of DRB treatment in MRC5V2 cells, clonogenic survival assays were performed. The MRC5V2 cells over-expressing either the fully functional or the helicase dead RECQL5β were more sensitive to DRB at higher concentrations compared to wild-type MRC5V2 cells (Student’s t-test, p value = 0.0061 and 0.0023 respectively) (Figure 4.9 A + B). However, when RECQL5β was depleted using RNAi in the wild-type cells there was no increase or decrease in sensitivity to DRB (Figure 4.9 C + D). 
These data suggest that RECQL5 may play a role in protecting cells from transcription induced replication stress. As the treatment with DRB did not induce any additional fork stalling, it cannot be determined whether RECQL5 prevents fork stalling in transcription stress, but the fork speed data suggests it may maintain fork progression. However, this does not seem to be beneficial for the cell as treatment with DRB over longer periods of time was more toxic to cells with over-expressed RECQL5β or helicase-dead RECQL5β (Figure 4.9).
[image: ](Figure continues on the next page)
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[bookmark: _Toc410221395][bookmark: _Toc417813908]Figure 4.8 – Replication fork dynamics in MRC5V2 cells over-expressing RECQL5β, during DRB treatment
Wild-type MRC5V2 cells and those over-expressing RECQL5β (MRC5V2+Q5) and helicase-dead RECQL5β (MRC5V2+Q5KR) were incubated with both thymidine analogues in the presence of 10 nM DRB (A). (B) Fork speeds were calculated from CldU tracts and those between the 10th and 90th percentiles are shown in a box and whisker diagram with all other speeds indicated as dots. A total of 750 forks for each cell line and treatment were counted (250 from each of 3 independent repeats) (B). Distribution of fork speeds during DRB treatment is shown for CldU in wild-type (C), RECQL5β over-expressing (D), and helicase-dead RECQL5β over-expressing MRC5V2 cells (E). Percentages of stalled forks and new origins fired were calculated (F+G). Averages and standard deviations of three independent repeats are shown. * and *** indicate a Student’s t-test p value of <0.05 and <0.0001 respectively. 

[bookmark: _Toc410221383][bookmark: _Toc417204202][bookmark: _Toc417204735][bookmark: _Toc417204795]The increased fork speed in camptothecin and DRB provided by RECQL5βKR may be dependent on replication-transcription collisions
If the decrease in fork speed in wild-type cells seen when either camptothecin or DRB are added to cells is through the same pathway, then adding both together should not decrease the speed any further. If their mechanism for fork slowing is through different pathways, then a further increase may be seen. To investigate this, both camptothecin and DRB were added to the cells and thymidine analogues were added (Figure 4.10 A). 
Compared to untreated, adding both drugs together in MRC5V2 cells did not significantly change the fork speed (Figure 4.10 B). Compared to DRB alone, adding camptothecin and DRB significantly increased the fork speed back to untreated levels (Student’s t-test, p value = 6.6 x 10-3). This suggests that the decreases in fork speed that we see when inhibiting replication or transcription, are dependent on each other. 
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[bookmark: _Toc410221396][bookmark: _Toc417813909]Figure 4.9 – Altering levels of RECQL5β in MRC5V2 cells and testing sensitivity to DRB
(A) RECQL5β over-expressing MRC5V2 cells (MRC5V2+Q5) were plated into clonogenic toxicity assays with wild-type (MRC5V2) and helicase-dead RECQL5β over-expressing cells (MRC5V2+Q5KR) and exposed to increasing concentrations of DRB. (B) Toxicity at 30 μM is represented as a bar chart. MRC5V2 cells were depleted of RECQL5β (Q5β) using siRNA, or transfected with a non-targeting control, re-plated into a clonogenic toxicity assay and exposed to concentrations of DRB. Survival was calculated relative to untreated cells and survival fraction shown (C). Averages and standard deviations of three independent repeats are shown. ** and *** indicate a Student’s t-test p value of <0.01 and <0.005 respectively. 

To test whether this was true for the increases seen in fork speed in MRC5V2+Q5KR cells, camptothecin and DRB were added to these cells and DNA fibre dynamics analysed. Adding both drugs together in MRC5V2+Q5KR cells did not significantly change the fork speed compared to untreated (Figure 4.10 B). Compared to DRB or CPT alone, adding camptothecin and DRB significantly decreased the fork speed back to untreated levels (Student’s t-test, p value = 3.3 x 10-2). This suggests that the mechanism for causing increased fork speed with these drugs is not through the same pathway and in fact, the changing of the fork speed is dependent on the pathway inhibited by the other drug. This explains why there is no difference when both drugs are used. Over-expression of RECQL5β protects cells from fork slowing by camptothecin and DRB, and there is no difference in speed whether these drugs are added individually or together (Figure 4.10 B). 
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(Figure continues on the next page)
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[bookmark: _Toc410221397][bookmark: _Toc417813910]Figure 4.10 – Replication fork dynamics in MRC5V2 cells over-expressing RECQL5β, during camptothecin and DRB treatment
Wild-type MRC5V2 cells and those over-expressing RECQL5β (MRC5V2+Q5) and helicase-dead RECQL5β (MRC5V2+Q5KR) were incubated with both thymidine analogues in the presence of 10 nM DRB and 10 nM CPT (A). (B) Fork speeds were calculated from CldU tracts and those between the 10th and 90th percentiles are shown in a box and whisker diagram with all other speeds indicated as dots. A total of 750 forks for each cell line and treatment were counted (250 from each of 3 independent repeats) (B). Percentages of stalled forks and new origins fired were calculated (C+D). Averages and standard deviations of three independent repeats are shown. * and *** indicate a Student’s t-test p value of <0.05 and <0.0001 respectively.
Cells treated with both camptothecin and DRB did not have any differences in stalled forks or new origins fired when compared to untreated cells. Like camptothecin and DRB individually, there were no differences in the number of stalled forks or new origins fired between cell lines when fibres were analysed after camptothecin and DRB treatment (Figure 4.10 C + D).
As the differences seen in fork speed are dependent on either replication or transcription, this data may suggest that these differences are due to replication-transcription collisions. As over-expressing RECQL5β protected cells from this replication-transcription collision dependent slowing, in a helicase independent manner, it may be that RECQL5β prevents collisions occurring, repairs the damage caused by these collisions or acts as a platform for recruiting factors that protect fork speed or repair the damage.

[bookmark: _Toc410221384][bookmark: _Toc417204203][bookmark: _Toc417204736][bookmark: _Toc417204796]Treating cells with both CPT and DRB does not reduce DNA damage signalling compared to treating with each individually
In wild-type MRC5V2 cells, adding both CPT and DRB together increased fork speed when compared to adding each drug individually. It was then investigated whether this was caused by changes in DNA damage in the form of strand breaks, by replication stress seen by stretches of single stranded DNA, or whether repair of these possible collisions could be seen as RAD51 foci.  
In MRC5V2, MRC5V2+Q5 and MRC5V2+Q5KR cells, camptothecin and DRB were added, individually and together in the same concentrations and treatment length as the DNA fibre assay (Figure 4.10). The amount of DNA damage was visualised using immunofluorescence with antibodies for γH2AX, 53BP1, RAD51 and RPA. 
DNA damage, seen as γH2AX foci, showed no significant differences between cell lines when cells were left untreated but all lines saw increases when camptothecin was added. DRB treatment did not increase foci compared to untreated and when both CPT and DRB was added, the number of cells with more than 10 foci remained the same as when treated with CPT alone (Figure 4.11). There was a small but significant decrease in the number of MRC5V2+Q5 cells positive for foci compared to MRC5V2+Q5KR when treated with both CPT and DRB (Student’s t-test, p value = 0.038). When both replication and transcription are inhibited, it appears that there is less overall DNA damage signalling, in the cells over-expressing RECQL5β than those expressing helicase-dead RECQL5β. There were no significant differences in percentage of γH2AX foci positive cells in any of the cell lines between camptothecin treatment and treatment with camptothecin and DRB. However, caution must be used when interpreting these results due to the high amount of background γH2AX staining in the untreated samples (approximately 30% of cells with more than 10 foci). 
Analysing of double-strand breaks through staining for 53BP1, showed a similar pattern as γH2AX with camptothecin showing an increase in signalling, DRB treatment showing no difference to untreated, and when both camptothecin and DRB are added together, signalling is the same level as camptothecin alone (Figure 4.12). There was no difference in cells with 53BP1 foci between camptothecin alone and camptothecin and DRB together. There was a significant decrease in 53BP1 signalling in the presence of DRB in MRC5V2+Q5KR cells compared to wild-type cells (Student’s t-test, p value = 3.8 x 10-2). This suggests helicase-dead RECQL5β prevents DSBs forming when transcription is inhibited. 
Staining for RAD51 was used as a proxy to measure the amount of homologous recombination after treatment with the replication and transcription inhibitors. Camptothecin induced homologous recombination in all three cells lines and this was not significantly reduced when DRB was added. DRB did not significantly change the number of cells with RAD51 foci in any of the cell lines but, like 53BP1, when treated with DRB, MRC5V2+Q5KR cells had fewer RAD51 foci positive cells than MRC5V2 (Student’s t-test, p value = 3.2 x 10-2) (Figure 4.13). As the same difference is seen with double-strand break signalling (i.e. 53BP1), it would suggest that these are being repaired by homologous recombination and as there are less DSBs in MRC5V2+Q5KR with DRB, there is less repair.
To quantify the amount of replication stress in the cell, antibodies for RPA were used to examine foci formed after replication and transcription inhibition. Looking at the percentage of cells with RPA foci did not show any significant changes between drug treatments or between cell lines, but there was a trend for increased replication stress in wild-type and over-expressing cells when treated with CPT, DRB, or CPT and DRB. When the percentages were quantified relative to respective untreated, it can be seen that over-expressing helicase or helicase-dead RECQL5β significantly decreases the RPA signalling in CPT (Student’s t-test, p value = 3.2 x 10-2 and 7.3 x 10-3 respectively) and the same trend is seen when treated with DRB, and CPT with DRB, but this is not significant (Figure 4.14). However, as this is relative number of foci, it may be that the higher levels of RPA foci in MRC5V2+Q5 and MRC5V2+Q5KR untreated cells are skewing the results.
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[bookmark: _Toc410221398][bookmark: _Toc417813911]Figure 4.11 – γH2AX foci in RECQL5β over-expressing MRC5V2 cells after treatment with camptothecin and DRB
Wild-type MRC5V2 cells and those over-expressing RECQL5β (MRC5V2+Q5) and helicase-dead RECQL5β (MRC5V2+Q5KR) were exposed to the same treatments as with the DNA fibre analysis but cells were fixed and stained for γH2AX (A). (B) Percentage of cells with greater than 10 γH2AX foci was calculated. Averages and standard deviations of three independent repeats are shown. * indicates a Student’s t-test p value of <0.05 between indicated samples. 200 cells were counted for each of 3 independent repeats. Images were taken at a magnification of x 60. 
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[bookmark: _Toc410221399][bookmark: _Toc417813912]Figure 4.12 – 53BP1 foci in RECQL5β over-expressing MRC5V2 cells after treatment with camptothecin and DRB
Wild-type MRC5V2 cells and those over-expressing RECQL5β (MRC5V2+Q5) and helicase-dead RECQL5β (MRC5V2+Q5KR) were exposed to the same treatments as with the DNA fibre analysis but cells were fixed and stained for 53BP1 (A). (B) Percentage of cells with greater than 10 53BP1 foci was calculated. Averages and standard deviations of three independent repeats are shown. * indicates a Student’s t-test p value of <0.05 between indicated samples. 200 cells were counted for each of 3 independent repeats. Images were taken at a magnification of x 60.
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[bookmark: _Toc410221400][bookmark: _Toc417813913]Figure 4.13 – RAD51 foci in RECQL5β over-expressing MRC5V2 cells after treatment with camptothecin and DRB
Wild-type MRC5V2 cells and those over-expressing RECQL5β (MRC5V2+Q5) and helicase-dead RECQL5β (MRC5V2+Q5KR) were exposed to the same treatments as with the DNA fibre analysis but cells were fixed and stained for RAD51 (A). (B) Percentage of cells with greater than 10 RAD51 foci was calculated. Averages and standard deviations of three independent repeats are shown. * indicates a Student’s t-test p value of <0.05 between indicated samples. 200 cells were counted for each of 3 independent repeats. Images were taken at a magnification of x 60.
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[bookmark: _Toc410221401][bookmark: _Toc417813914]Figure 4.14 – RPA foci in RECQL5β over-expressing MRC5V2 cells after treatment with camptothecin and DRB
Wild-type MRC5V2 cells and those over-expressing RECQL5β (MRC5V2+Q5) and helicase-dead RECQL5β (MRC5V2+Q5KR) were exposed to the same treatments as with the DNA fibre analysis but cells were fixed and stained for RPA (A). (B) Percentage of cells with greater than 5 RPA foci was calculated. Averages and standard deviations of three independent repeats are shown. (C) Relative number of cells with greater than 5 RPA foci was calculated by normalising the percentages to the untreated sample of the respective cell line. * indicates a Student’s t-test p value of <0.05 between indicated samples. 200 cells were counted for each of 3 independent repeats. Images were taken at a magnification of x 60.

Taken together, the immunofluorescence foci data show a different pattern to that seen with the DNA fibre data. Although the fibre data suggests that the changes in fork speed are dependent on transcription or replication, the damage caused by camptothecin is not rescued by transcription inhibition. The data here suggests that a helicase-dead RECQL5 may play a role in reducing double strand breaks in cells treated with DRB and RECQL5 may prevent replication stress caused by camptothecin and DRB.

[bookmark: _Toc410221385][bookmark: _Toc417204204][bookmark: _Toc417204737][bookmark: _Toc417204797]Discussion
The data above shows that over-expressing RECQL5β increases endogenous replication fork speed in a helicase dependent manner (Figure 4.1). The RECQL5β over-expression seen in the MRC5V2+Q5 and MRC5V2+Q5KR cells is to a similar extent seen by Blundred et al. (Blundred et al. 2010) (Figure 4.1 A). The fact that it is a helicase dependent phenotype suggests that RECQL5β’s DNA unwinding capabilities are used to resolve endogenously occurring DNA intermediates that slow fork speed. These cannot be removed by helicase-dead RECQL5β which is why fork speed is not increased in MRC5V2+Q5KR cells. Although there is an indication that fork asymmetry may increase when RECQL5 is over-expressed (Figure 4.4), previous work suggests that this increased replication speed does not compromise replication fidelity, as MRC5V2 cells over-expressing RECQL5β or expressing a helicase-dead RECQL5β have the same spontaneous mutation rate as wild-type MRC5V2 cells (Blundred et al. 2010).
MRC5V2+Q5 cells also exhibit a decreased number of stalled forks and new origin firing compared to MRC5V2 and MRC5V2+Q5KR (Figure 4.3). With the number of stalled forks, this was a helicase-dependent contribution, and something that would normally cause the replication fork to stall or arrest is being over-come by over-expressing RECQL5β and allowing the fork to continue. New origins may be reduced in these over-expressing cells purely because there are less forks stalling, so fewer origins need to be fired to complete replication. But, because the helicase-dead RECQL5β seems to be reducing the number of origins fired as well, we cannot rule out a direct, helicase-independent role for RECQL5β in origin firing. However, repeating this data alongside replication and transcription inhibition, showed that although the percentage of endogenous stalled forks was still reduced in MRC5V2+Q5 cells, new origins were increased. This may be explained by small changes in replication fork dynamics as cells are significantly passaged. 
Increased fork speed could be partially rescued by depleting over-expressing cells of RECQL5β (Figure 4.2). Although we saw a significant decrease in fork speed when we used a pool of two RECQL5β siRNAs, we did not see that difference when we used a pool of two siRNAs targeting all 3 isoforms of Q5, but this was only from two repeats. It may be that the Q5β pool is more effective at knocking down RECQL5β than the Q5 pool but this did not seem to be the case in the MRC5V2+Q5 cells (Figure 4.2A). It would appear that even control transfected cells have reduced fork speed compared to the untransfected MRC5V2+Q5 (1 kb/min to 1.1 kb/min) (Figure 4.1 C) suggesting that the transfection itself may be affecting fork speed. Counting stalled forks and new origins fired showed a trend of being rescued when RECQL5β was depleted but this was not significant. There were also increased stalled forks and new origins fired in transfected cells compared to untransfected cells (Figure 4.3). Transfection may too increase the number of stalled forks and new origins fired. 
Although differences were seen in DNA fibre dynamics upon RECQL5β over-expression, no changes were seen when RECQL5 levels were depleted. Fork speed, number of stalled forks, new origins and fork asymmetry were unchanged when RECQL5β was depleted using siRNA (Figure 4.5). Because we see differences in fork dynamics when RECQL5β is over-expressed but not when depleted, it may be that its function in endogenous replication is redundant and other RECQ helicases can perform these roles in RECQL5β’s absence. It would be interesting to see whether depleting BLM or WS cells of RECQL5β would further decrease fork speed (Rao et al. 2007; Sidorova et al. 2013). 
RECQL5 has been shown to be brought to sights of HU-induced DNA damage by MRE11 (Zheng et al. 2009). However, when RECQL5β is over-expressed, there is no change to dynamics after 2 hours of hydroxyurea treatment. The number of stalled forks, new origins fired and restarted forks remained the same between the MRC5V2, MRC5V2+Q5 and MRC5V2+Q5KR cell lines as did the speed of fork restart. As the DNA fibre work was done using a 2 hour incubation, it could be that RECQL5β does not have a role at HU-induced stalled forks but may have a role at HU-induced collapsed forks (Petermann et al. 2010). Measuring restart after a longer HU incubation could identify whether RECQL5β does have a role in restart of HU-induced collapsed forks. There was an indication that MRC5V2+Q5KR cells had reduced new origin firing, although this was not significant (Figure 4.6 C). It would be interesting to investigate whether this was true for other replication stresses. If a helicase-dead RECQL5β inhibited new origin firing, it would explain why MRC5V2+Q5KR cells are more sensitive to thymidine-induced replication stress (Blundred et al. 2010). Unfortunately, a protocol for analysing fork dynamics in thymidine is yet to be optimized due to the chemical similarity between thymidine, CldU and IdU. Using aphidicolin to inhibit replication could be another possible line of investigation.
Although RECQL5 null cells have been shown to be more sensitive to camptothecin (Wang et al. 2011; Hu et al. 2009; Hu et al. 2007), over-expression of RECQL5β does not seem to influence cell survival when exposed to the topoisomerase inhibitor (Blundred et al. 2010). The work described here shows that RECQL5β over-expression protects cells from camptothecin induced replication fork slowing (Figure 4.7). As there was no difference in fork speed in camptothecin between MRC5V2+Q5 and MRC5V2+Q5KR, this is likely to be a helicase-independent mechanism. An increase in speed is seen compared to untreated when camptothecin is added to MRC5V2+Q5KR cells suggesting that inhibiting replication, or introducing single-strand breaks, resolves the endogenous slowing caused by the helicase-dead RECQL5β. If adding replication or transcription stress prevents the need for a helicase-functional RECQL5, the over-expressed helicase-dead RECQL5 could provide replication speed benefit through other means, such as recruitment of other proteins through protein-protein interactions. However, it is interesting to note that there are no differences in the number of stalled forks or new origins fired. The helicase may be contributing to processivity of the replication machinery but cannot assist in the resolving of camptothecin-induced lesions that cause the replication fork to stall or arrest. 
Investigating the relationship of RECQL5β showed that cells over-expressing either the functional or the helicase dead protein were more sensitive to transcription inhibition but depleting cells of RECQL5β did not show any change in sensitivity (Figure 4.9). RECQL5 may be acting on intermediates produced by transcription inhibition, which then become more toxic to the cell. However, when looking at DNA fibres, MRC5V2+Q5 fork speed did not decrease when cells were exposed to DRB and the fork speed in MRC5V2+Q5KR actually increased (Figure 4.8). The wild-type cells did not show any significant differences in fork speed but there was a trend of decreasing speed in DRB. RECQL5β may protect cells from transcription-inhibition induced replication fork speed slowing, and it is possible this increased speed in RECQL5β over-expressing cells is responsible for the increased sensitivity to DRB, possibly by allowing bypass of dangerous DNA damage legions. As with camptothecin, RECQL5 does not seem to influence fork stalling or new origin firing in DRB as there were no significant differences between the cells lines.
Increases and decreases in fork speed after replication and transcription inhibition appear to be dependent on transcription and replication respectively as when both were inhibited, the same fork speed is seen as in untreated. Transcription-replication collisions are dependent on both replication and transcription, but the immunofluorescence data suggests that the damage caused by camptothecin is not reduced by transcription inhibition (Figure 4.11 – 4.14). It may be that the low dose of CPT isn’t inducing enough replication stress. The increase in percentage of RPA foci positive cells is small as is the decrease in fork speed in the wild-type cells. It may be possible to increase the dose of camptothecin to increase replication stress, without significantly increasing the amount of DSBs formed by collapsing forks (Chaudhuri & Hashimoto 2012).
It would appear that a helicase function is required to remove damage shown by γH2AX when replication and transcription are inhibited (Figure 4.11). This may also be explained by a dominant negative effect from the helicase-dead RECQL5β, causing more damage when the two processes are inhibited. 
53BP1 foci data show that the helicase-dead expressing cells have a significantly lower number of foci indicative of DSBs when treated with DRB. This is also seen with RAD51 foci, with MRC5V2+Q5KR cells showing significantly fewer cells with RAD51 foci when treated with DRB compared to wild-type. This may resemble collapsed forks and the repair of them via homologous recombination. Although the RAD51 foci data shows MRC5V2+Q5 having fewer cells with foci than MRC5V2, this was not significant, and the question of whether the helicase-functional RECQL5β can reduce DSBs and HR in DRB still remains. 
RPA foci were examined to analyse the extent of replication stress in the cells when treated with replication and transcription inhibitors. Percentages of foci-positive cells were variable and did not yield any significant differences between treatments or cell lines. Calculating the relative number of cells with more than five RPA foci showed that over-expressing RECQL5β (either helicase functional or helicase dead) reduces replication stress induced by camptothecin. Foci formed by DRB and CPT + DRB were also decreased in MRC5V2+Q5 and MRC5V2+Q5KR cells but this was not significant. These data point to possible a role for RECQL5β being involved in the resolving of replication stress caused by inhibiting Topoisomerase I. 
The phenotypes we see through DNA fibre analysis were not consistent using immunofluorescence. This may be due to DNA fibre analysis being a more sensitive technique that is recognising slowing of replication forks, which may indicate replication stress that cannot be detected by counting RPA foci. Performing the DNA fibre experiments with and without RNAse (which would degrade the DNA-RNA hybrids caused by replication-transcription collisions) would shed more light onto whether the differences in speed are due to the collision of replication and transcription machineries. 
When interpreting these results, it is important to take into account the cell line used. MRC5V2 cells have been transformed with the SV40 virus, which causes the expression of the SV40 large T antigen. This causes the sequestration of both pRb and p53, two major tumour suppressors. This means that when DNA replication stress is added to the cell, these cells will be relying on alternative, pRb- and p53-independent pathways. Without further studies, it is unclear what these may be, and what role RECQL5 has is in these pathways, if any.
Chapter 4 – Results
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[bookmark: _Toc410223035][bookmark: _Toc417204206][bookmark: _Toc417204739][bookmark: _Toc417204799]Introduction
Cells depleted of WRN, BLM, RECQL1 or RECQL4 are more sensitive to the topoisomerase 1 inhibitor and replication stressor camptothecin (Rao et al. 2005; Lebel & Leder 1998; Sharma & Brosh 2007; Jin et al. 2008). Using embryonic fibroblasts (MEFs) derived from RECQL5 null mice, RECQL5 was shown to be required for cell survival in camptothecin (Hu et al. 2009). Depleted cells showed greater sensitivity to camptothecin, increased replication-dependant apoptosis, an increase in damaged DNA, and an increased sensitivity when RECQL5 was depleted together with RAD51. Further, RECQL5 null HCT116-derived tumours respond better to camptothecin treatment than the parental lines (Wang et al. 2011) which has potential therapeutic implications in colon cancer. Work here has shown that the over-expression of RECQL5 protects cells from camptothecin-induced replication fork slowing (Chapter 4) but work done by Blundred et al. showed that this over-expression does not increase resistance to camptothecin (Blundred et al. 2010). 
RECQL5 has been shown to have a role in resistance to thymidine-induced replication stress. Over-expressing RECQL5β provides increased survival, reduced DNA damage signalling, and can overcome S-phase arrest when treated with thymidine (Blundred et al. 2010). 
Many bladder cancers are treated with drugs that induce replication stress (e.g. gemcitabine – blocks replication after incorporation into DNA and inhibits ribonucleotide reductase). We show RECQL5 is over-expressed in bladder cancer and that in MRC5V2 cells, over-expression of RECQL5 moderates response to replication stress. Thus, RECQL5 may be a potential target for inhibition to increase efficacy of current bladder cancer treatments. To investigate whether RECQL5 is a viable target for treatment, protein levels were manipulated and response to replication stress assayed.
RNAi was used to deplete immortal normal bladder, bladder cancer, and MRC5V2 cells of RECQL5 and pjPP136 and pjPP136KR vectors were used to transiently over-express full-length and helicase-dead RECQL5 respectively. Clonogenic and MTT toxicity assays were used to test the sensitivity of cells with altered RECQL5 levels to replication stresses and immunofluorescence, fluorescence activated cell sorting, and western blotting were used to investigate RECQL5’s role in DNA damage signalling during replication stress. 
[bookmark: _Toc410223036][bookmark: _Toc417204207][bookmark: _Toc417204740][bookmark: _Toc417204800]Bladder cancer cells are more sensitive to replication stress than normal bladder
MTT assays were performed using NHU hTERT and EJ cells to compare the sensitivities to different replication stresses (Figure 5.1). As shown, when compared to the immortalised normal bladder cell line NHU hTERT cells, the bladder cancer cell line EJ was significantly more sensitive to camptothecin (200 nM CPT Student’s t test, p value = 0.0037), thymidine (7 mM dT Student’s t test, p value = 0.0034) and hydroxyurea (3 mM HU Student’s t test, p value = 0.0033). This is the opposite to what is expected from a RECQL5 over-expressing cell line (Blundred et al. 2010). As there are many genetic differences between cell lines, we continued to investigate and manipulate RECQL5 levels within a single genetic background.
[bookmark: _Toc410223109][bookmark: _Toc417813915][image: ]Figure 5.1 – Sensitivity of NHU and EJ cells to replication stress. 
NHU and EJ cells were tested for relative sensitivity to replication stress using the MTT assay. Drugs tested included (A) camptothecin (CPT) (6 hours), (B) thymidine (dT) (96 hours) and (C) hydroxyurea (HU) (6 hours). Average and standard deviations from three independent repeats are shown. *, ** and *** indicates a Student’s t-test p-value of <0.05, 0.01 and 0.005 respectively. 
[bookmark: _Toc410223037][bookmark: _Toc417204208][bookmark: _Toc417204741][bookmark: _Toc417204801]Transfecting cells with a pool of RECQL5 siRNA sensitises cells to replication stress
The Dharmacon SMARTpool siRNA for RECQL5 is made of 4 different siRNAs, targeting exons common to all three isoforms of the helicase. Figure 5.2 A and 5.3 A shows that when transfected into EJ and MRC5V2 cells, it was effective at depleting cells of RECQL5β protein. 
To determine if depleting cells of RECQL5β sensitised cells to replication stress, EJ cells transfected with a non-targeting control or the SMARTpool siRNA were re-plated into a toxicity assay and treated with increasing concentrations of the replication stressors camptothecin, thymidine and hydroxyurea (Figure 5.2). Cells transfected with the RECQL5 pool were significantly more sensitive to both camptothecin and thymidine. Although the assay was only performed once with hydroxyurea, this showed an increase in sensitivity when cells were depleted of RECQL5. 
The same assays were performed in MRC5V2 cells (Figure 5.3). There was no difference in sensitivity to camptothecin between the control and RECQL5 pool siRNA transfected cells, but there was still a small but significant difference in sensitivity to thymidine at 4 mM (Student’s t-test, p value = 0.0018). With hydroxyurea, the two repeats showed a small decrease in the survival fraction of the RECQL5 depleted cells compared to the control (not significant). It could be interpreted that the depletion in EJ cells was more effective than in MRC5V2 cells, this may explain why the EJ cells are more sensitive to the replication stresses (Figure 5.2 A and 5.3 A). The transfection efficiency may vary between cells lines and if the effects of RECQL5 depletion are to be compared between cell lines further, more optimisation of transfection and measurement of efficiency should be done to ensure similar RECQL5 depletion.
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[bookmark: _Toc410223110][bookmark: _Toc417813916]Figure 5.2 – Sensitivity of EJ cells, depleted of RECQL5, to replication stress. 
(A) Western blot of cell lysates from EJ cells transfected with an siRNA pool targeting RECQL5 (Q5) or a non-targeting control (Con) and probed with an antibody for RECQL5β and β-actin as a protein loading control. Re-plating cells depleted of RECQL5 by RNAi, into a clonogenic toxicity assay, leaving drugs on for the duration of the experiment (>10 days), and testing sensitivity to (B) camptothecin (CPT), (C) thymidine (dT) and (D) hydroxyurea (HU). Non-targeting siRNA was used as a control. For camptothecin and thymidine, average and standard deviations from three independent repeats are shown. For hydroxyurea, only the result from one experiment is shown. *** indicates a Student’s t-test p-value of <0.005. 
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[bookmark: _Toc410223111][bookmark: _Toc417813917]Figure 5.3 – Sensitivity of MRC5V2 cells, depleted of RECQL5, to replication stress. 
(A) Western blot of cell lysates from MRC5V2 cells transfected with an siRNA pool targeting RECQL5 (Q5) or a non-targeting control (Con) and probed with an antibody for RECQL5β and β-actin as a protein loading control. Cells depleted of RECQL5 using RNAi were re-plated into a clonogenic toxicity assay and sensitivity to (B) camptothecin (CPT), (C) thymidine (dT) and (D) hydroxyurea (HU) was tested, leaving drugs on for the duration of the experiment (>10 days). Non-targeting siRNA was used as a control. For camptothecin and thymidine, average and standard deviations from three independent repeats are shown. For hydroxyurea, only the results from two repeats are shown. * indicates a Student’s t-test p-value of <0.05. 


[bookmark: _Toc410223038][bookmark: _Toc417204209][bookmark: _Toc417204742][bookmark: _Toc417204802]Sensitivity to replication stress from the RECQL5 siRNA pool is due to off target effects
The pool is comprised of four individual siRNAs, thus it is important to identify whether all four of the siRNAs conferred the same sensitivity to replication stresses to rule out any off target effects. In terms of efficacy of RECQL5β protein depletion, in the EJ cells (Figure 5.4 A), siRNAs Q5-1, 2 and 3 all depleted the protein levels to the same extent but Q5-4 did not seem to reduce the amount of RECQL5β protein compared to the control. In the MRC5V2 cells (Figure 5.4 B), all four siRNAs reduced the amount of RECQL5β protein, with Q5-1 being slightly more effective. Transfected MRC5V2 cells were re-plated into clonogenic toxicity assays and survival calculated relative to the control siRNA. Using one drug concentration, it showed that the small difference seen in survival in camptothecin was due to Q5-2 and not any of the siRNAs from the RECQL5 pool (Figure 5.5 A). Cells transfected with Q5 pool and Q5-2 siRNAs showed significant decreases in survival (Student’s t-test, p value = 0.025 and 0.046 respectively) whereas cells transfected with the remaining siRNAs showed no significant differences in survival relative to the control. The same pattern was seen using thymidine, where the pool and Q5-2 showed significant decreases in survival compared to the control (Student’s t-test, p value = 0.046 and 0.035 respectively), whereas Q5-1, 3, and 4 did not show any significant difference (Figure 5.5 B). Therefore, it can be assumed that the Q5-2 siRNA is having an off target effect to increase the sensitivity of cells to replication stresses and depleting cells of RECQL5 protein does not increase sensitivity to the same extent.
To confirm that depleting cells of RECQL5 did not have any effect on sensitivity to camptothecin or thymidine, two siRNAs designed to target only the RECQL5β isoform, along with a combined pool, were used alongside the Dharmacon SMARTpool siRNAs. These siRNAs effectively depleted cells of RECQL5β protein but did not show any increase in sensitivity with the drugs and concentrations tested in the MRC5V2 cells (Figure 5.4 and 5.5). This result indicates that RECQL5 does not have a role in protecting cells from replication stress induced cell death in MRC5V2 cells.
EJ cells were only tested once with each drug and similarly to the MRC5V2 cells, it was Q5-2 and the pool that showed a decrease in survival (Figure 5.5 C + D). Other than siRNAs Q5-2, Q5-3 and Q5-4, depleting EJs of RECQL5 resulted in a small increase in sensitivity to camptothecin. Additionally, transfection of all siRNAs with the exception of Q5-2 resulted in a large increase in resistance to thymidine (Figure 5.5). To investigate this, clonogenic toxicity assays were repeated with the pool targeting only RECQL5β (Figure 5.6). This showed a small but significant increase in sensitivity when RECQL5β was depleted in cells treated with 10 nM CPT compared to control (Student’s t-test, p value = 0.035). Interestingly, siRNA pool-mediated depletion of RECQL5β showed a significant increase in resistance to thymidine when compared to control transfected cells (Student’s t-test, p value = 0.01). This was approximately ten-fold at 3 mM and at a level similar to that seen in the individual siRNA experiment. There was no significant difference in cell survival in response to hydroxyurea in cells with or without RECQL5β depletion. This indicates that RECQL5β may have a role in protecting cells from camptothecin-induced toxicity, sensitising cells to thymidine, but not in the mechanism of hydroxyurea induced cell death in EJ cells.
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[bookmark: _Toc410223112][bookmark: _Toc417813918]Figure 5.4 – Depleting RECQL5 protein levels in EJ and MRC5V2 cells using the individual siRNAs that make up the SMARTpool. 
Cells were transfected with each siRNA from the SMARTpool to assess the level of depletion (Q5-1, Q5-2, Q5-3 and Q5-4), along with a non-targeting control (Con), the SMARTpool (Q5 pool), and a two siRNAs that targeted RECQL5β specifically, individually (Q5β-1 and Q5β-3) and as a pool (Q5β pool). siRNA transfection was performed in (A) EJ and (B) MRC5V2 cells. 
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[bookmark: _Toc410223113][bookmark: _Toc417813919]Figure 5.5 – Relative sensitivity of cells transfected with each of the siRNAs from the SMARTpool to replication stresses.
Cells were transfected with each siRNA from the SMARTpool to assess the level of protein depletion (Q5-1, Q5-2, Q5-3 and Q5-4), along with a non-targeting control (Con), the SMARTpool (Q5 pool), and a two siRNAs that targeted RECQL5β specifically, individually (Q5β-1 and Q5β-3) and as a pool (Q5β pool). The MRC5V2 cells were re-plated into clonogenic toxicity assays, with drugs left on for the duration of the experiment (>10 days) and the toxicity to (A) 12nM camptothecin (CPT) and (B) 4mM thymidine (dT) was calculated, shown as relative to the non-targeting control. Average and standard deviations from three independent repeats are shown. Data from EJ cells is the result on one experiment with (C) camptothecin and (D) thymidine. * indicates a Student’s t-test p-value of <0.05. 
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[bookmark: _Toc410223114][bookmark: _Toc417813920]Figure 5.6 – Depleting RECQL5β using a siRNA pool and testing sensitivity to replication stress in EJ cells. 
(A) Western blot of cell lysates from EJ cells transfected with an siRNA pool targeting RECQL5 (Q5) or a non-targeting control (Con) and probed with an antibody for RECQL5β and β-actin as a protein loading control. After transfection cells were re-plated into a clonogenic toxicity assay, leaving drugs on for the duration of the experiment (>10 days), and sensitivity to (B) camptothecin (CPT), (C) thymidine (dT) and (D) hydroxyurea (HU) was tested. For camptothecin and thymidine, average and standard deviations from three independent repeats are shown. For hydroxyurea, only the results from two repeats are shown. * indicates a Student’s t-test p-value of <0.05. 

[bookmark: _Toc410223039][bookmark: _Toc417204210][bookmark: _Toc417204743][bookmark: _Toc417204803]Depleting RECQL5 protein levels reduces proliferation rate in EJ cells but not in NHU hTERT
A reduction in RECQ helicase levels has been shown to cause decreased cell proliferation (Mendoza-Maldonado et al. 2011; Lebel & Leder 1998; Hoki et al. 2003; Ramamoorthy et al. 2012). We also saw an increase in endogenous replication fork speed in MRC5V2 cells when RECQL5 was over-expressed. As the bladder cancer cell lines had significantly more RECQL5β protein, it was investigated whether depleting cells of RECQL5 would affect proliferation in both the bladder cancer and the normal bladder cell lines equally.
EJ and NHU cells were reverse transfected with a control siRNA, a pool of Q5-1 and Q5-3 or a pool of Q5β-1 and Q5β-3. Levels of RECQL5β were analysed after 24, 48 and 72 hours after transfection using Western blotting (Figure 5.7 A). Counting cell number every 24 hours showed that depleting cells of RECQL5β reduces proliferation in the EJ cells but not the NHU hTERTs (Figure 5.7 B). Compared to the control, cells transfected with the RECQL5 pool had significantly fewer cells after 24 and 48 hours with Student’s t-test p values of 0.045 and 0.023 respectively. Cells transfected with the RECQL5β pool had significantly fewer cells after 48 and 72 hours with Student’s t-test p values of 0.024 and 0.0077 respectively. The number of NHU hTERT cells transfected with the RECQL5 and RECQL5β siRNAs was not significantly different to the control transfected cells after 24, 48 or 72 hours (Figure 5.7B). As this experiment showed the RNAi selectively affecting the cancer cell line, it may indicate that RECQL5 is potential target for mono-therapy. It is not clear whether the cells are actually proliferating more slowly, or whether the cells are dying by apoptosis.

[bookmark: _Toc410223040][bookmark: _Toc417204211][bookmark: _Toc417204744][bookmark: _Toc417204804]Over-expression of RECQL5β does not provide resistance to thymidine in EJ cells
Blundred et al. over-expressed RECQL5β in MRC5V2 cells to provide resistance to thymidine (Blundred et al. 2010). To investigate whether this resistance could be recreated in EJ cells, RECQL5β and RECQL5βKR (helicase-dead) were transiently over-expressed using plasmid transfection (Figure 5.8 A and B) and these transfected EJ cells were re-plated into clonogenic toxicity assays and treated with increasing concentrations of thymidine. Neither over-expressing the helicase or the helicase-dead protein changed the level of sensitivity to thymidine in EJ cells (Figure 5.8C). Although no differences were seen, a more relevant negative control would have been transfection with the empty vector. 
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(Figure continues on the next page)
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[bookmark: _Toc410223115][bookmark: _Toc417813921][bookmark: _Ref419549928]Figure 5.7 – Effect of depleting RECQL5 protein levels on proliferation of normal bladder and bladder cancer cell lines. 
Bladder cancer cell line EJ and immortalised normal bladder cell line NHU were transfected with an siRNA pool targeting all 3 isoforms of RECQL5 (siRNAs Q5-1 and Q5-3) and a pool targeting RECQL5β specifically (siRNAs Q5β-1 and Q5β-3), alongside a non-targeting control (Con). Cells were left 24, 48 and 72 hours before harvesting and RECQL5β protein expression analysed using Western blot (A). Cells were counted during harvesting and cell number calculated for each of three / four independent repeats (B). * and ** indicate Student’s t-test p values of <0.05 and 0.01 respectively. Each line indicates the paired results of one experiment.
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[bookmark: _Toc410223116][bookmark: _Toc417813922]Figure 5.8 – Over-expressing RECQL5β in EJ cells and testing the sensitivity to thymidine induced replication stress. 
EJ cells were transfected with the pIRESpuro3 vector containing a sequence encoding RECQL5β or helicase-dead RECQL5β. Cells were transfected with either 0.5 (A) or 1 μg (B) of DNA and left for 24, 48 or 72 hours before harvesting and lysing. Mock transfected cells were used as a control in which there was no DNA in the transfection mix added to the cells. After transfection with 0.5 μg of plasmid DNA, EJ cells were re-plated into a clonogenic toxicity assay, leaving drugs on for the duration of the experiment (>10 days), and survival fraction in increasing concentrations of thymidine was calculated. Averages and standard deviations from three independent repeats are shown. 


[bookmark: _Toc410223041][bookmark: _Toc417204212][bookmark: _Toc417204745][bookmark: _Toc417204805]Cells depleted of RECQL5 do not have increased DNA damage signalling upon replication stress
Depleting levels of RECQL5 protein has been shown to increase the number of cells positive for spontaneous γH2AX foci (Hu et al. 2007). Blundred et al. showed decreased DNA damage signalling in thymidine when Q5 is over-expressed. The paper showed a decrease in thymidine-induced DNA damage markers γH2AX (pSer139), and phosphorylated CHK1 (pSer345) (Blundred et al. 2010). This indicates that RECQL5 can alter DNA damage signalling following replication stress. This could be through altering substrates caused by replication stress or by altering the DNA repair pathway.  
In order to investigate whether RECQL5 depletion could influence DNA damage signalling in replication stress, lysates from MRC5V2 cells depleted of RECQL5 were analysed using Western blotting techniques, probing for the DNA damage markers γH2AX (pSer139) and phosphorylated CHK1 (pSer345) (Figure 5.9). Although pCHK1 increased slightly after treatment with thymidine and both pCHK1 and γH2AX increased after treatment with hydroxyurea, there was no difference in the cells depleted of RECQL5 or RECQL5β to the control. Using immunofluorescence, an increase in the number of positive cells for endogenous γH2AX foci was seen when cells were depleted of RECQL5 (Figure 5.10). There were no further increases in the number of positive cells, between untreated and treatment with either thymidine or hydroxyurea, in cells transfected with Q5 siRNA. There were small increases seen in the number of γH2AX positive Q5β siRNA transfected cells when cells were treated with thymidine and hydroxyurea compared to untreated but these increases were smaller than those seen in the control transfected cells. This may point to a role of RECQL5 to sensitise cells to replication stress induced damage. However, this was only performed once and the immunofluorescence counts did reach a saturation point with Q5 siRNA transfected and HU treated cells. A large increase in γH2AX pSer139 and CHK1 pSer345 was also seen in cells treated with hydroxyurea in the Western blot and this may be due to the long treatment (24 hours of 0.5 mM). However, the Western blot and immunofluorescence data do not match, as no differences were seen in the Western blot between control and RECQL5 siRNA transfected cells, meaning that any conclusions drawn from this experiment will not be robust. 
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[bookmark: _Toc410223117][bookmark: _Toc417813923]Figure 5.9 – DNA damage signalling in replication stress in cells depleted of RECQL5. 
MRC5V2 cells were transfected with an siRNA pool targeting all 3 isoforms of RECQL5 (siRNAs Q5-1 and Q5-3) and a pool targeting RECQL5β specifically (siRNAs Q5β-1 and Q5β-3), alongside a non-targeting control (Con). 24 hours after transfection, cells were either treated with 10mM thymidine (dT), 0.5mM of hydroxyurea (HU) or left untreated for 24 hours (un). Cells were then lysed and samples analysed for RECQL5β, H2AX phosphorylation and CHK1 phosphorylation. Blots for RECQL5β, γH2AX pS139, CHK1 pS345 and CHK1 have a lower exposure (top) and a higher exposure (bottom) shown.
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[bookmark: _Toc410223118][bookmark: _Toc417813924]Figure 5.10 – γH2AX foci in replication stress in cells depleted of RECQL5.
MRC5V2 cells were transfected with an siRNA pool targeting all 3 isoforms of RECQL5 (siRNAs Q5-1 and Q5-3) and a pool targeting RECQL5β specifically (siRNAs Q5β-1 and Q5β-3), alongside a non-targeting control (Con). 24 hours after transfection, cells were either treated with 10mM thymidine (dT), 0.5mM of hydroxyurea (HU) or left untreated for 24 hours. Cells were then fixed and stained, using immunofluorescence, for γH2AX (A). The number of cells with more than 10 foci were counted before calculating a percentage (B). In total, 200 cells were counted for each cell treatment. Images were taken at a magnification of x 60.
[bookmark: _Toc410223042][bookmark: _Toc417204213][bookmark: _Toc417204746][bookmark: _Toc417204806]Depleting cells of RECQL5 reduces S phase arrest in thymidine
Blundred et al. showed that MRC5V2 cells can cycle normally in thymidine when over-expressing RECQL5β (Blundred et al. 2010). To investigate whether RECQL5 depletion influenced cell cycling in thymidine, MRC5V2 cells were depleted of RECQL5 for 24 hours, using siRNA, and then, as complete depletion was only seen at 72 hours, exposed to thymidine for 48 hours. Percentage of cells in each cell cycle phase was analysed using FACS (Figure 5.11B). Control cells showed a significant increase in proportion of cells in S phase (Student’s t-test, p value = 0.048) and a significant decrease in cell percentage in G2 phase (Student’s t-test, p value = 0.017) after 48 hours of thymidine treatment. Cells depleted of RECQL5 do not see a decrease in the percentage of cells in G2. The same trend was seen using RECQL5β siRNA. Although a different experiment has been used, the same effect of increased cell cycling in thymidine seen in Blundred et al., but this work has been done by depleting RECQL5, rather than over-expressing it. Testing cell cycling in thymidine in RECQL5 over-expressing cells has not been done here, but attempting to recreate that work, and then depleting the over-expressing RECQL5 with the siRNA used here, may shed some light on how RECQL5 influences cell cycling in replication stress. 
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[bookmark: _Toc410223119][bookmark: _Toc417813925]Figure 5.11 – The effect of RECQL5 depletion on thymidine-induced S-phase arrest.
MRC5V2 cells were transfected with an siRNA pool targeting all 3 isoforms of RECQL5 (siRNAs Q5-1 and Q5-3) and a pool targeting RECQL5β specifically (siRNAs Q5β-1 and Q5β-3), alongside a non-targeting control (Con). Cells were left 24, 48 and 72 hours before being harvested and RECQL5 protein level analysed using Western blot (A). 24 hours after transfection of siRNA, MRC5V2 cells were treated with 2mM thymidine (dT) for 48 hours or left untreated (un). These were then fixed in 70% ethanol and stained for propidium iodide (PI) and analysed using FACS. Percentage of cells in S phase and G2 phase is shown (B). Averages and standard deviations of three repeats are shown. * indicates a Student’s t-test p value of <0.05. 

[bookmark: _Toc410223043][bookmark: _Toc417204214][bookmark: _Toc417204747][bookmark: _Toc417204807]Discussion
Bladder cancer cells were more sensitive to replication stress induced by camptothecin, thymidine and hydroxyurea than immortalised normal cells (Figure 5.1). This was done using an MTT assay which tests cell viability. As the bladder cancer cells expressed RECQL5 to a greater extent, we may expect them to be more resistant to drugs such as thymidine (Blundred et al. 2010). This was not the case and may be due to the vast genetic differences between the two bladder cell lines. As the cancer cell lines may be replicating and cycling faster, they may come across the replication stress more often and thus the drugs have a more toxic effect.
Depleting RECQL5 protein levels using the Dharmafect SMARTpool increased sensitivity to replication stress in the EJ cells and to a lesser extent in the MRC5V2 cells (Figure 5.2 and 5.3). Splitting the pool to identify individual siRNA effects showed that the sensitivity in MRC5V2 cells was conferred by siRNA Q5-2 of the pool (Figure 5.5). As all 4 of the siRNAs from the pool reduced RECQL5 protein levels (Q5-4 to a lesser extent) but only Q5-2 showed an increase in sensitivity to replication stress, it can be concluded that depleting cells of RECQL5 does not increase sensitivity in MRC5V2 cells, and the sensitivity seen is due to off-target effects from one siRNA. This is further evidenced by depletion of RECQL5β exclusively using a pool and individual siRNAs which did not change the toxicity of the replication inhibitors. BLAST searching did not identify any targets other than the RECQL5 transcripts so the identity of this off-target remains unknown. However, it does appear that the off-target effect is more toxic in the bladder cancer cell line EJ than the normal MRC5V2 cell line. This particular siRNA has since been removed from the website suggesting this is not the only lab to have experienced this effect. 
There was sensitivity seen in the EJ cells even when the off target siRNA was removed from the experiment. This indicates that sensitivity to CPT when RECQL5 is depleted is not the same for all cell lines. The EJ data correlates to what Hu. Y et al. discovered to be true when then they generated RECQL5 null mice by deleting exon 4 of the gene (Hu et al. 2005). RECQL5 negative embryonic fibroblasts and embryonic stem cells were more sensitive to camptothecin than the wild-type cells (Hu et al. 2009). The fact that this was done with a different species and cell type and that they completely remove the helicase from the cell using gene deletion rather than deplete the protein using siRNA, may explain why we don’t see a difference in our MRC5V2 cells. It may be that the residual protein left that is not depleted by the siRNA, is still enough to maintain resistance to camptothecin, or that the RECQL5 depletion is not as effective as in EJ cells where we do see an increase in sensitivity to CPT. Another explanation of why RECQL5 depletion doesn’t cause sensitisation in the MRC5V2 cells is the idea of functional redundancy within the RECQ helicases. Other helicases may be able to perform similar roles to RECQL5 when it has been depleted to conserve genome stability, as has been shown with decreased cell growth and increased sister chromatid exchanges upon RECQL1 and RECQL5 gene deletion in a BLM null background (Wang et al. 2003). 
Over-expression of RECQL5β did not provide any resistance to thymidine in the EJ cells, unlike the MRC5V2 cells where thymidine resistance was seen (Blundred et al. 2010). This may be because the EJ cells already have increased RECQL5β. However, reducing RECQL5 protein levels using siRNA did not confer any sensitivity to thymidine either (Figure 5.5). In fact, depleting EJ cells of RECQL5β made them more resistant to thymidine-induced cell death. Again, possibly because these are two different cell lines, they are not directly comparable but a hypothesis as to why a difference may be seen can be proposed. MRC5V2 cells may be more resistant to thymidine when RECQL5β is over-expressed because in these cells, increased RECQL5β could be disrupting the D-loops formed in homologous recombination to promote synthesis-dependent strand annealing (SDSA), which generates exclusively non-crossovers (Blundred et al. 2010; Paliwal et al. 2013). However, if the EJ cells are already deficient in homologous recombination (Bolderson et al. 2004; Wen et al. 2008), with the formation of D-loops a limiting step, then over-expressing RECQL5β will not be able to change the frequency of SDSA and thus will not affect resistance to thymidine. However, depleting cells of RECQL5β will reduce the number of successfully formed D-loops that are disrupted by the helicase, allowing more homologous recombination to take place, and thus increasing resistance to thymidine. Using a HR assay on EJ and MRC5V2 cells, with and without RECQL5β, would provide some evidence for this theory. 
However, there was a discrepancy in the survival of mock treated and control siRNA treated EJ cells between experiments. Between Figures 5.2, 5.6 and 5.8, the survival fraction of the negative control EJ cells ranged from 0.9 to 0.1 in 1 mM thymidine. Although the consistency was good within each experiment, this may be indicative of a greater effect of passaging for the EJ cells. As they grow quickly and are a very aggressive cancer cell line, they may accrue large numbers of mutations after significant passaging, making the cell more sensitive to replication stresses. In addition, EJs are a p53 negative cell line, which means they will have a defective DNA damage response. Replication stress activates the DNA damage response pathway so when taking conclusions from these data, the fact that EJs have a faulty repair mechanism for DNA damage must be taken into account. This also holds true for MRC5V2 cells which have been transformed with the SV40 virus as mentioned earlier.
The clonogenic toxicity assays show the effect on cell survival after ten days. The siRNA shows effective depletion after 72 hours (Figure 5.7) but the level of RECQL5 has not been determined at ten days post transfection. Therefore, caution must be used in interpreting the results of these clonogenic toxicity assays. Further protein analysis using Western blot could demonstrate how effective the siRNA is over a longer time frame. Alternatively shRNA could be used to achieve a stable RECQL5 depletion. 
When EJ cells were depleted of RECQL5, proliferation decreased and this did not occur in the normal cell line NHUs (Figure 5.7). Depleting RECQL5β protein levels in the bladder cancer cell line reduced the amount of protein to a similar level seen in the NHUs. It may be the case that the cancer cells become more reliant on RECQL5β for cell growth. This is not the first time that reducing RECQ helicase expression has been shown to decrease proliferation in cancer cells. RECQL1 is over-expressed in glioblastoma and when depleted, it decreases cell proliferation (Mendoza-Maldonado et al. 2011). A reduction in proliferation is also seen in RECQL4 deficient mouse embryonic stem cells (Hoki et al. 2003). Depleting RECQL5 has also been shown to reduce proliferation in other cancer cells such as HeLa, and HCT116 and the embryonic cell line WI38 (Ramamoorthy et al. 2012). These cells with increased RECQL5 protein may become dependent on it, and depletion would affect cell survival, possibly demonstrating a gene addiction phenomenon. Depleting different cells lines of RECQL5 and testing for apoptosis would provide more evidence for this.
Reducing RECQL5 protein levels in MRC5V2 cells increased spontaneous DNA damage signalling in the form of γH2AX foci (Figure 5.10). This matches the work done by Hu et al. who deleted the RECQL5 gene and showed the same increase in γH2AX foci (Hu et al. 2007). This would suggest that RECQL5 repairs endogenous damage in the cell and when it is depleted, this damage cannot be repaired and we see increased DNA damage signalling. Work has been done implicating RECQL5 in repairing endogenous damage through base excision repair (Tadokoro et al. 2012). However, we do not see a difference in the amount of phosphorylated protein using Western blot (Figure 5.9). This may be because immunofluorescence is a more sensitive technique than Western blotting. The Western blot also suggests that the endogenous damage does not signal through Chk1 (Figure 5.9) highlighting the possibility that this γH2AX indicated damage is not in the form of ssDNA. Upon replication stress, this difference in γH2AX foci disappears. As previous work implicated RECQL5-deficient cells as more sensitive to CPT, with increased γH2AX and RAD51 foci (Hu et al. 2007), it would be interesting to replicate the work done using CPT.  Performing the immunofluorescence in EJ cells and counting γH2AX foci would provide insight as to whether the increase in CPT-induced cell death seen in cells depleted of RECQL5 is due to increased DNA damage.
As previous work showed over-expressing RECQL5β allows continued cycling in the presence of thymidine (Blundred et al. 2010), it was investigated what would happen if cells were depleted of RECQL5 and exposed to thymidine. Depletion of RECQL5 decreased S phase arrest after thymidine treatment (Figure 5.11). It may be that when present, RECQL5 may somehow activate the checkpoint, possibly by acting on stressed replication forks to provide intermediates that signal damage. However, this does contradict the work done by Blundred et al. When not present, stressed forks take a different pathway that can bypass checkpoint activation. This may also be linked to the increase in survival seen in thymidine treated EJ cells when depleted of RECQL5 (Figure 5.6), although we would have to do the FACS assay in EJ’s to determine whether the same effect occurs. It would be interesting to investigate whether these cells have an increase in sister chromatid exchanges to indentify whether the checkpoint bypass is using an alternative mechanism (as RECQL5 inhibits strand-invasion). Replicating the work done by Blundred et al. and using siRNA to deplete RECQL5 in RECQL5 over-expressing, thymidine-induced S-phase-slowing resistant cells is an experiment that may add more insight into RECQL5’s role in replication stress.
It has been shown that when RECQL5 is depleted with shRNA in HeLa cells, there is a G2/M cell cycle arrest (Ramamoorthy et al. 2012) but that is not something seen in the work shown here. As the same paper showed that this wasn’t the case when depleted in WI38 cells, it may be a cancer cell line dependent phenotype or an example of how cell cycle checkpoints vary between cell lines (Rodríguez-Bravo et al. 2007).
Chapter 5 – Results
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[bookmark: _Toc410223769][bookmark: _Toc417204216][bookmark: _Toc417204749][bookmark: _Toc417204809]Introduction
MRE11 is a DNA damage response protein and exonuclease that works in a complex with RAD50 and NBS1, named MRN (Dolganov & Maser 1996; Carney et al. 1998; Paull & Gellert 1998). It binds to DNA ends and activates ATM upon double strand breaks (de Jager et al. 2001; Lee & Paull 2004; Lee & Paull 2005; Uziel et al. 2003).
The MRN complex is linked to replication stress, regulating the S-phase checkpoint after UV treatment and promoting replication restart after collapsed replication forks (Olson et al. 2007; Trenz et al. 2006). 
The MRN complex interacts with RecQ helicases WRN (via Nbs1) and BLM, which is required for MRN foci formation after hydroxyurea treatment (Cheng et al. 2004; Franchitto & Pichierri 2002).
MRE11 itself interacts with RECQL5β and brings it into sites of laser induced and HU induced DNA damage but this is not dependent on MRE11’s exonuclease function (Zheng et al. 2009).
It was investigated whether depleting cells of MRE11 and RECQL5 sensitised to hydroxyurea, whether a deletion mutant of MRE11 interacted with RECQL5, and whether the differences we see in RECQL5 mRNA expression between cancer and normal bladder tissue are dependent on MRE11 mRNA expression.  

[bookmark: _Toc410223770][bookmark: _Toc417204217][bookmark: _Toc417204750][bookmark: _Toc417204810]The correlation between RECQL5 and MRE11 mRNA in bladder cancer
cDNA from bladder cancer and normal bladder tissue samples was probed for RECQL5, RECQL5β and MRE11 mRNA expression using a Taqman assay. RECQL5 and RECQL5β ΔCT values were plotted against MRE11 ΔCT values to determine whether there was a correlation between the two genes. Both RECQL5 and RECQL5β ΔCT values showed a moderate positive correlation with MRE11 ΔCT values with a Pearson product-moment correlation coefficient (r value) of 0.6045 and 0.4569 respectively (0.4 – 0.7 is taken as a moderate positive correlation). RECQL5 and RECQL5β ΔCT values correlated well with an r value of 0.6592 (Figure 6.1). 
[image: ]
[bookmark: _Toc410223784][bookmark: _Toc417813926]Figure 6.1 – Correlation between RECQL5 and MRE11 mRNA
Taqman qRT-PCR was performed with 50 cancer and 10 normal primary bladder tissue samples probing for all 3 isoforms of RECQL5 (α, β and γ), RECQL5β specifically and MRE11. CT values were normalised to three housekeeping genes and plotted against one another, MRE11 v RECQL5 (A), MRE11 v RECQL5β (B) and RECQL5 v RECQL5β (C). The Pearson product-moment correlation coefficient (r) was calculated and is shown for each pairing. 

[bookmark: _Toc410223771][bookmark: _Toc417204218][bookmark: _Toc417204751][bookmark: _Toc417204811]The expression of MRE11 mRNA and protein in bladder cancer
Primary bladder cancer and normal bladder tissues were analysed for MRE11 mRNA expression to investigate whether MRE11 was differentially expressed in cancer. As previously shown, RECQL5 mRNA levels were significantly higher in cancers that recurred compared to those that did not, and RECQL5β mRNA was significantly lower in cancers compared to normal samples. MRE11 mRNA was not significantly different between normal and cancer samples, or between those cancers that recurred against those that did not (Figure 6.2). 
To identify whether there were any differences in MRE11 expression at the protein level, bladder cancer cells lines were analysed using Western blotting. Similar to RECQL5β protein expression, MRE11 protein was expressed to a greater extent in the cancer cells lines EJ, RT4 and RT112 compared to the normal cell line NHU hTERT (Figure 6.2). Although the protein loading control β-actin does show an uneven loading of total protein, the distribution of MRE11 protein does show an increase in the protein level in the cancer cell lines.

[bookmark: _Toc410223772][bookmark: _Toc417204219][bookmark: _Toc417204752][bookmark: _Toc417204812]MRE11 mRNA levels influence the difference in RECQL5 mRNA levels between normal and cancerous bladder tissue
To determine whether differences in RECQL5 mRNA levels could be predicted by MRE11 mRNA expression, or vice versa, ΔCT values were stratified based on high or low expression of individual genes and the analysis was re-done.
When RECQL5 mRNA expression was analysed in samples that had high MRE11 expression, it showed a similar pattern to the non-stratified data with no significant difference being seen between normal and cancer samples but a significant difference in RECQL5 mRNA between cancers that recurred compared to those that did not (Student’s t-test, p value = 0.0035) (Figure 6.3 A). Interestingly, analysing the samples that had low MRE11 expression, there was no significant difference in RECQL5 expression between cancer and normal, or non-recurrent and recurrent cancer samples (Figure 6.3 B). Similarly with RECQL5β analysis, samples with high MRE11 expression showed significant differences between normal bladder and bladder cancers (Student’s t-test p value = 0.0024) and, unlike the non-stratified analysis, a significant increase in mRNA in the cancers that recurred compared to those that did not (Student’s t-test, p value = 0.014) (Figure 6.3 C). When analysing RECQL5β mRNA, there were no normal samples with lower than average MRE11 expression. Samples with low MRE11 expression showed no difference between cancers that recurred and those that did not (Figure 6.3 D). This may indicate that high MRE11 mRNA is required for bladder cells to retain normal status. 
[image: ]
[bookmark: _Toc410223785][bookmark: _Toc417813927]Figure 6.2 – RECQL5 and MRE11 mRNA and protein levels in primary bladder cancers, normal bladder tissue and bladder cell lines.
(A) Taqman qRT-PCR was performed with 177 primary bladder tumour samples (characterised as to whether they recurred (25) or not (17)) and 15 normal tissue samples using a probe that recognised all 3 isoforms of RECQL5 (α, β and γ) (top left) (taken from Figure 3.1), a probe that recognised RECQL5β specifically (top right) (taken from Figure 3.1) and a probe for MRE11 (bottom). * indicates a Mann-Whitney test p value of < 0.05. Data are presented as a Tukey box and whisker plot with the box representing the median, upper and lower quartiles, and the whiskers representing the largest value within 1.5 interquartile ranges of the upper quartile and the lowest value within 1.5 interquartile ranges of the lower quartile. (B) Bladder cancer cells lines EJ, RT4, RT112 and NHU hTERT were pelleted, lysed and analysed for RECQL5β (left) (taken from Figure 3.3) and MRE11 (right) protein levels using Western blotting. 

Total analysis of MRE11 mRNA in bladder cancers showed no difference to normal bladder tissue samples and no difference in recurrence. When samples were re-analysed when looking at high or low RECQL5 or RECQL5β mRNA expression, this did not change and there was still no expression differences between phenotypes (Figure 6.4).

[image: ]
[bookmark: _Toc410223786][bookmark: _Toc417813928][bookmark: _Ref419551052]Figure 6.3 – RECQL5 and RECQL5β mRNA levels in bladder cancer when stratified by MRE11 expression
qRT-PCR data for RECQL5 and RECQL5β expression in bladder cancers (n=50) and normals (n=10) was separated into those samples with higher than average MRE11 expression and those with lower than average MRE11 expression. Box and whisker plots show the ΔCT values for RECQL5 in high (A) and low (B) MRE11 expressing and RECQL5β in high (C) and low (D) MRE11 expressing samples. * and ** indicates a Mann-Whitney test p value of < 0.05 and 0.01 respectively. Data are presented as a Tukey box and whisker plot with the box representing the median, upper and lower quartiles, and the whiskers representing the largest value within 1.5 interquartile ranges of the upper quartile and the lowest value within 1.5 interquartile ranges of the lower quartile.
[image: ]
[bookmark: _Toc410223787][bookmark: _Toc417813929]Figure 6.4 – MRE11 mRNA levels in bladder cancer when stratified by RECQL5 and RECQL5β expression
qRT-PCR data for MRE11 expression in bladder cancers (n=50) and normals (n=10) was separated into those samples with higher than average RECQL5 or RECQL5β expression and those with lower than average RECQL5 or RECQL5β expression. Box and whisker plots show the ΔCT values for MRE11 in high (A) and low (B) RECQL5 expressing cells and in high (C) and low (D) RECQL5β expressing samples. There were no significant differences between tissue types. Data are presented as a Tukey box and whisker plot with the box representing the median, upper and lower quartiles, and the whiskers representing the largest value within 1.5 interquartile ranges of the upper quartile and the lowest value within 1.5 interquartile ranges of the lower quartile.

[bookmark: _Toc410223773][bookmark: _Toc417204220][bookmark: _Toc417204753][bookmark: _Toc417204813]Depleting cells of RECQL5β and MRE11 does not increase sensitivity to hydroxyurea
As MRE11 brings RECQL5β into sites of DNA damage (Zheng et al. 2009), it was investigated whether depleting either protein would sensitise cells to this damage and whether this would be further sensitised when both were depleted. 
MRE11 and RECQL5β were both depleted in MRC5V2 cells using siRNA along with a co-depletion of both. After depletion was confirmed using Western blotting (Figure 6.5A), cells were re-plated into a clonogenic toxicity assay and exposed to increasing concentrations of hydroxyurea. There was no significant difference between any of the transfected cells when survival in hydroxyurea was calculated (Figure 6.5B). As with previously shown clonogenic toxicity assays, we do not know the extent of protein depletion at ten days and further experiments could be done, using Western blots, to determine the levels of RECQL5 and MRE11 protein after time periods longer than 48 hours.  

[bookmark: _Toc410223774][bookmark: _Toc417204221][bookmark: _Toc417204754][bookmark: _Toc417204814]RECQL5β and MRE11 interact in vitro
It has previously been shown that RECQL5β and MRE11 interact in vivo (Zheng et al. 2009). It was investigated whether this interaction could be repeated in MRC5V2 cells and also whether RECQL5β could bind to a mutant MRE11 that lacks exons 5-7. This mutant was found in HCT116 cells and was found to be deficient in ATM activation, MRE11 foci formation, and thymidine-induced homologous recombination (Wen et al. 2008).
pIRESpuro3 plasmids encoding FLAG-tagged full-length MRE11 or the Δ5-7MRE11 mutant were transfected into MRC5V2 cells compared with a mock transfected control and expression verified using Western blotting (Figure 6.6 A). Both MRE11 proteins could be detected using FLAG and MRE11 antibodies. 
FLAG-tagged MRE11 was then immuno-precipitated using M2-FLAG beads and once eluted, samples analysed with Western blotting, probing for RECQL5β. The result from this experiment remains unclear. In some cases, when repeating the immuno-precipitation, RECQL5β was only precipitated with the full length MRE11 (Figure 6.6 B). However, in other repeats, RECQL5β was precipitated with MRE11 full length and the Δ5-7 mutant.

[bookmark: _Toc410223788][bookmark: _Toc417813930][image: ]

Figure 6.5 – Sensitivity of MRC5V2 cells to hydroxyurea with RECQL5β and MRE11 depletion 
MRC5V2 cells were depleted of either RECQL5β (Q5β), MRE11 or both using RNAi, or transfected with a non-targeting control (Con). 48 hours later, cells were either lysed and protein content analysed using Western blotting (A), or cells were replated into a clonogenic toxicity assay and exposed to increasing concentrations of hydroxyurea (B). There was no significant difference in sensitivity to hydroxyurea between any of the transfected cells. 

[image: ]

[bookmark: _Toc410223789][bookmark: _Toc417813931]Figure 6.6 – The binding of RECQL5β to Δ5-7 MRE11
MRC5V2 cells were transfected with plasmids encoding a FLAG-tagged MRE11 or a FLAG-tagged mutant MRE11, with exons 5-7 deleted. One set of cells was mock transfected as a control. Cells were lysed and analysed for FLAG and MRE11 protein using Western blotting to check expression (A). FLAG-tagged proteins were immunoprecipitated, using M2-FLAG beads, from cell lysates samples analysed using Western blotting, probing for FLAG, MRE11 and RECQL5β (B).

[bookmark: _Toc410223775][bookmark: _Toc417204222][bookmark: _Toc417204755][bookmark: _Toc417204815]Discussion
Plotting MRE11 ΔCT values against RECQL5 and RECQL5β ΔCT values showed a moderate positive correlation (Figure 6.1). In general, this means that when RECQL5 mRNA is high, MRE11 mRNA is high. As RECQL5 and MRE11 are both involved in DNA damage repair, this result may not be surprising. What would be interesting to research is whether this is a causative link, perhaps by investigating whether correlation would strengthen when cells were exposed to different DNA damaging agents. 
Although the mRNA expression correlates, unlike RECQL5, MRE11 mRNA expression was not altered in cancers compared to normal bladder tissue. There were also no differences in MRE11 mRNA expression between recurrent and non-recurrent cancers (Figure 6.2). This may be due to different levels of correlation between the normal and cancer samples and reanalysing with a larger sample number in these separate sample groups would help to investigate this. It may also be due to it only being a moderate correlation between the two different mRNAs. The MRE11 protein does seem to be increased in the bladder cancer cells as the cancer cell lines showed higher protein expression when compared to the immortalised normal bladder cells (Figure 6.2). To determine whether MRE11 protein truly is up-regulated in bladder cancer, protein analysis will need to be done on primary patient-derived material. 
MRE11 mRNA expression determined differences in RECQL5 mRNA expression between cancer and normal bladder samples. The higher RECQL5β mRNA seen in normal bladder samples (and higher RECQL5 and RECQL5β mRNA in recurrent cancers) was only apparent when MRE11 mRNA expression was higher than the average (Figure 6.3 A + C). When MRE11 mRNA expression was lower than average, no differences were seen (Figure 6.3 B + D). There were no differences in MRE11 mRNA between bladder cancer and normal bladder in the non-stratified data, in samples with high RECQL5 expression, or in samples with low RECQL5 expression. This indicates that MRE11 drives RECQL5 function, rather than the other way around. Although MRE11 has been shown to regulate transcription in meiosis for spore development in yeast (Kugou et al. 2007), MRE11 has not yet been shown to have a role in transcription in humans. Whether MRE11 could directly up-regulate RECQL5 has not yet been investigated and could be an idea for further work. It may be the case that the higher RECQL5 mRNA expression is required for genomic stability but in an MRE11 dependent manner. As MRE11 has a role in directing the DSB repair pathway (Shibata et al. 2014), RECQL5 may require MRE11 in order to exert its DNA damage repair function, possibly promoting synthesis-dependent strand annealing when recruited by MRE11 to double-strand breaks. 
Depleting cells of MRE11, RECQL5β or both, did not increase sensitivity to hydroxyurea. Although MRE11 might bring RECQL5β into sites of DNA damage (Zheng et al. 2009), it may be the case that the cell has other mechanisms that it can use to repair this damage if MRE11 or RECQL5 are absent. Because RECQL5 has been shown to promote repair of double-strand breaks by synthesis-dependent strand annealing (Paliwal et al. 2013), it would be interesting to investigate the rates of crossover formation under these conditions and see whether this is dependent on MRE11. If MRE11 is required for RECQL5 to promote SDSA, then we may increase cross-overs when MRE11 is depleted. 
Previous work has shown an interaction between RECQL5β and MRE11 (Zheng et al. 2009). The work above has shown that endogenous RECQL5β interacts with FLAG-tagged MRE11, using immunoprecipitation with α-FLAG beads, but whether the interaction site lies within the region encoded by exons 5-7 has yet to be determined. Interestingly, the cell line in which sensitivity to camptothecin was seen upon RECQL5 gene deletion was the colon cancer HCT116 line. This is the same cell line in which the Δ5-7 MRE11 mutant is found (Wen et al. 2008). Although our qRT-PCR and toxicity assay data suggest that RECQL5 and MRE11 function in the same pathway, upon camptothecin treatment, RECQL5 and MRE11 may function in separate pathways and when both are compromised, the cell cannot survive. 

Chapter 6 – Results

[bookmark: _Toc404769022][bookmark: _Toc404780720][bookmark: _Toc406743810][bookmark: _Toc409182509][bookmark: _Toc417204223][bookmark: _Toc417204756][bookmark: _Toc417204816]– Discussion 

7.1	RECQL5 expression in cancer	188
7.2	RECQL5 as a potential target for cancer therapy	189
7.3	RECQL5α and RECQL5γ	190
7.4	RECQL5 and replication stress and DNA damage repair	191
7.5	RECQL5 in S phase	194
7.6	RECQL5 at the replication fork	194
7.7	RECQL5 and transcription	194



[bookmark: _Toc409182510][bookmark: _Toc417204224][bookmark: _Toc417204757][bookmark: _Toc417204817]RECQL5 expression in cancer
The work described in this thesis has shown for the first time that RECQL5β protein is over-expressed in bladder cancer. This was shown in both primary bladder tumours and in bladder cancer cell lines. The expression of RECQ helicase proteins in cancer seems to be specific for both the helicase and the cancer. The work shown here identifies RECQL5 protein to be over-expressed in bladder cancer whereas others have shown RECQL5 to be reduced in colon cancer (Lao 2013). Association studies have also linked different RECQL5 SNPs to increased or decreased risk of cancers (Qi & Zhou 2014; Zhi et al. 2014). Consistent with RECQL5, expression of other RECQ helicases can be higher or lower in cancer than in normal tissues. It is well established that defects and deficiency of BLM, WRN and RECQL4 can lead to increased susceptibility to cancer, however, there are data suggesting that sporadic cancers can have increased levels of these helicases, with WRN helicase being increased in colorectal cancer cells and RECQL4 showing increased expression in prostate cancer cells (Lao 2013; Su et al. 2010). RECQL1 protein has also been shown to be highly expressed in glioblastoma, colon cancer and tongue squamous cell carcinoma (Tao et al. 2014; Mendoza-Maldonado et al. 2011; Lao 2013). It may be that when cancers are not caused by genetic instability generated through a lack of a RECQ helicase, they require increased levels of RECQ helicases to deal with the increase in genomic stress generated through alternative defective repair pathways.
Although the over-expression of RECQL5 has only been identified in these bladder cancer cells, it is not yet determined whether a high level of RECQL5 protein is a common mechanism in cancers. Although the described protein data show RECQL5 as over-expressed in bladder cancer, the mRNA data here and other published work, shows that RECQL5 mRNA is in fact decreased (Lao 2013). Although in the EJ bladder cancer cell line, it was shown that regulation of translation initiation is deregulated, possibly leading to increased protein synthesis, it is unclear whether this occurs in other cancers. As the same paper that showed decreased RECQL5 mRNA in colorectal cancers also showed a decrease in protein, this may indicate that the identified translation deregulation is unique to this bladder cancer cell line. Using paired samples with both mRNA and protein material would be useful to investigate whether this phenomenon holds true.
The role of eIF2α in cancer is unclear. Our EJ cells could have increased GADD34 which promotes dephosphorylation of eIF2α (Brush et al. 2003). The defective phosphorylation of eIF2α is also implicated in the transformation of human fibroblasts and this decreased phosphorylation seen may be left over from when the cell was first transformed (Perkins & Barber 2004). There are a number of mechanisms to alter translation that are deregulated in cancer, but decreased phosphorylation of eIF2α has not yet been shown to be a common cancer phenotype (Silvera et al. 2010). 
This work did not rule out a specific translation regulation for the RECQL5 transcript. There is previous work showing RECQL1 gene expression is regulated by a miRNA (Tao et al. 2014), and although the above work has shown this not to be the case for RECQL5 in bladder cancer cells through the 3’UTR, this cannot be ruled out as a mechanism for regulation in other cells, or for miRNAs targeting other areas of the mRNA. 
[bookmark: _Toc409182511][bookmark: _Toc417204225][bookmark: _Toc417204758][bookmark: _Toc417204818]RECQL5 as a potential target for cancer therapy
Depleting RECQL5 in the over-expressing bladder cancer cell line EJ significantly reduced proliferation, whereas it had no effect in the normal bladder cell line NHU hTERT. The novel finding that the depletion in normal cells did not affect proliferation suggests that the cancer cells have more need of the helicase, possibly due to increased endogenous DNA damage or replication stress. In agreement with this work, RECQL5 has been shown previously to be required for cancer cell proliferation (Ramamoorthy et al. 2012). This could point to a potential role for RECQL5 as a target for inhibition in cancer treatment. Performing apoptosis assays to determine whether survival is affected as well, may provide more data and could strengthen a case for RECQL5 as a therapeutic target.  The work here, showing RECQL5β depletion causing an increase in sensitivity to camptothecin, may indicate a potential effect for an inhibitor to increase sensitivity to chemotherapies.
This then leads to the question of whether RECQL5 could be targeted for therapy. Whether RECQL5 is a druggable target is yet to be determined but specific inhibitors for WRN and BLM helicases have been identified. The BLM inhibitor ML216, binds in a non-competitive manner and inhibits DNA binding (Rosenthal et al. 2013). It also causes sensitisation to aphidicolin, induces sister chromatid exchanges and has anti-proliferative effects (Nguyen et al. 2013). NSC 19630, a specific WRN inhibitor, also inhibits DNA binding, causes increased DNA damage, apoptosis and increases sensitivity to PARP inhibitors (Aggarwal et al. 2011). A RECQL5 inhibitor could target the C-terminus which is completely unique to the RECQ helicase family but more work on the functions of RECQL5’s domains will be required to identify a site that could be disrupted for therapeutic benefit. As RECQL5 null cells have increased frequency of sister chromatid exchanges (SCEs) (Hu et al. 2005), it can be hypothesised that  one effect of a RECQL5 inhibitor would be an increased frequency of SCEs. Although this may increase genomic instability of cells, this may not provide cancer specific cell death. The proliferation data (Figure 5.7) suggest that proliferation may be affected by RECQL5 inhibition as well. This could be followed up by an apoptosis assay to determine if RECQL5 depletion causes apoptosis in cancer cells, like RECQL1 (Tao et al. 2014). Other groups’ work using RECQL5 depletion indicate that an inhibitor of RECQL5 could sensitise cells to trioxalen and hydrogen peroxide (Tadokoro et al. 2012; Ramamoorthy et al. 2013). If the helicase-dead RECQL5 is an accurate model of how the inhibitor would work, then it may increase sensitivity to thymidine-induced replication stresses (Blundred et al. 2010) but whether it would increase sensitivity to replication stress in general is yet to be determined.
[bookmark: _Toc409182512][bookmark: _Toc417204226][bookmark: _Toc417204759][bookmark: _Toc417204819]RECQL5α and RECQL5γ 
Probing for all three isoforms of RECQL5 showed an increase in RECQL5 mRNA expression in cancers that recurred compared to those that did not. Probing for RECQL5β alone did not show this relationship (Figure 3.1). This suggests a role for RECQL5 α and γ in promoting cancer recurrence. Due to their sub-cellular location, and lack of interacting motifs for RAD51, PCNA and RNA Pol II, it seems unlikely that they have a role in genome stability but as they still have the helicase domain and zinc binding motif, it cannot be ruled out (Shimamoto et al. 2000). It is possible that they are localised in the mitochondria, like RECQL4, where they could promote cell survival after cancer treatment, allowing cancer cells to survive and re-grow, causing tumour recurrence.  
There was no difference in any of the experiments between cells that were transfected with the siRNAs that targeted all three RECQL5 isoforms or cells that were transfected with siRNAs that targeted just the RECQL5β isoform. There is some indication that the RECQL5β siRNAs more effectively deplete cells of RECQL5β and this may be why there is a larger and more significant difference in the reduced proliferation effect we see in the bladder cancer cell line compared to immortalised normals (Figure 5.7). This work has not examined if there is an effect of the alpha and gamma isoforms of RECQL5 on replication stress or proliferation. The RECQL5 siRNA may deplete cells of these two isoforms as well as RECQL5β but this has not been determined. Due to the over-lapping of the isoform sequences, it is difficult to design isoform specific probes for qRT-PCR and antibodies for Western blotting and thus is difficult to investigate. 
If an inhibitor was designed that targets the helicase domain of RECQL5, it would inhibit all 3 isoforms. This may provide a benefit in reducing tumour recurrence if α and γ isoforms of RECQL5 do have a function in promoting bladder cancer recurrence (Figure 3.1). 
[bookmark: _Toc409182513][bookmark: _Toc417204227][bookmark: _Toc417204760][bookmark: _Toc417204820]RECQL5 and replication stress and DNA damage repair
When RECQL5 is completely removed from mouse embryonic fibroblasts and HCT116 cells, they are more sensitive to CPT and show increased DNA damage (Hu et al. 2009; Wang et al. 2011). Our data in MRC5V2 cells conflict with this although the cancer cell line EJ was more sensitive to camptothecin when depleted of RECQL5β using siRNA (Figure 4.6). Previous work has shown that over-expressing RECQL5β provides resistance to thymidine induced replication stress (Blundred et al. 2010). However, no studies with thymidine in RECQL5-depleted cells have been done before. Here, no change in sensitivity to dT was seen in RECQL5-depleted MRC5V2 cells. Neither was there a change in DNA damage detected by staining for γH2AX (Figure 4.9). In a similar fashion, no difference was seen in DNA damage signalling through Chk1 or γH2AX during hydroxyurea-induced replication stress. 
When comparing these data and previous results with RECQL5 and camptothecin, a major difference here is that siRNA was used rather than a complete gene knockout. Therefore it could be argued that RECQL5 has not been completely depleted. This could mean a residual amount of the protein is sufficient to maintain stability and survival in replication stress. In addition, previous studies were in HCT116 cells whereas here EJ and MRC5V2 cells were used. Interestingly, HCT116 cells have been shown to contain an MRE11 mutant (Wen et al. 2008) and RECQL5 interacts with the wild-type MRE11 protein (Zheng et al. 2009). This may imply that in colon cancer cells, RECQL5 is required in the absence of functional MRE11. However, this does not explain the sensitivity seen in MEFs.
The thymidine resistance seen in RECQL5 over-expressing MRC5V2 cells (Blundred et al. 2010), was not replicated when RECQL5 was over-expressed in the EJ cell line and may point to a cell-line specific effect for MRC5V2 cells. Alternatively, this may be because there is already increased RECQL5 protein the EJs. However, consistent with MRC5V2 cells, sensitivity is not seen when RECQL5 is depleted in EJ cells and in fact cells become more resistant to thymidine without RECQL5β (Figure 5.6). It may be due to EJ cells being a cancer cell line and therefore responding differently to DNA damage or it may be because in this experiment, RECQL5 was only transiently over-expressed.
It may be the case that RECQL5 is influencing the expression of other specific DNA damage response genes. One study suggests that RECQL5 can influence the expression of PARP1 and XRCC1, both involved in base excision repair (BER) (Tadokoro et al. 2012). Stable constitutive depletion of RECQL5 transcript levels using shRNA caused the expression of PARP1 and XRCC1 to be reduced by approximately 40%. These cells had incorporated a short hairpin sequence that can deplete cells of the target gene in a stable manner, facilitating growth without RECQL5 for long periods of time, longer than that which can be achieved by siRNA transfection. Thus, cells where RECQL5 gene was deleted would have been cultured for a long time without the helicase, potentially allowing any gene expression changes to occur, including PARP1 and XRCC1. The sensitivity of the mouse embryonic RECQL5-null cells from Hu el al. to camptothecin may be due to a decrease in the single-strand break repair proteins XRCC1 and PARP1. These proteins are both responsible for repair of single strand breaks that are generated by camptothecin (Park et al. 2002; Smith et al. 2005). If RECQL5 depletion requires more than 48 hours to affect the level of other proteins (such as XRCC1 and PARP1), they would not be seen in the systems used here i.e. transfection with siRNA. However, the rescue experiment, using a doxycyclin-regulated promoter to express RECQL5 in RECQL5-null cells (Hu et al. 2009), does imply that camptothecin sensitivity is a RECQL5 specific effect but as the paper did not specify the length of incubation with doxycyclin to rescue levels of RECQL5, it may still be the case that it is restoring levels of XRCC1 and PARP1 back to wild-type levels. 
It has not been shown whether increasing RECQL5 levels would increase transcript levels of PARP1 and XRCC1 but lack of resistance to camptothecin in over-expressing cells suggests it does not (Blundred et al. 2010; Park et al. 2002). As thymidine causes replication stress without causing any strand breaks (apart from when forks collapse), it is difficult to envisage whether over-expressing RECQL5 to increase levels of XRCC1 and PARP1 would provide resistance to thymidine and as expression of a helicase-dead RECQL5 causes cells to become more sensitive to thymidine, it suggests a more direct helicase effect (Blundred et al. 2010). 
RECQL5 may be involved in the replication stress induced by DNA crosslinking. Recent work has identified RECQL5 as responsible for the removal of Rad51 foci after interstrand crosslink (ICL) damage (Hosono et al. 2014). RECQL5 knock-out cells were more sensitive to crosslinking reagents and more chromosome aberrations and CDDP-induced gene conversions were seen. RECQL5 requires the KIX domain to be recruited to ICL but is not dependent on RNA Pol II binding or transcription (Ramamoorthy et al. 2013). RECQL5 could be reducing crossovers by disrupting RAD51 filament formation and promoting SDSA (Paliwal et al. 2013). Here, response to ICLs was not examined but may be of interest given the use of the interstrand crosslinker cisplatin in the treatment of bladder cancer. 
RECQL5’s DNA damage repair role may be more to do with strand breaks than stalled replication forks. The helicase has been shown to accumulate at single strand breaks (Tadokoro et al. 2012) and DSBs (Popuri et al. 2012b). It may be that RECQL5’s role at these sites is to inhibit repair by homologous recombination and inhibit crossovers by promoting alternative repair by synthesis-dependent strand annealing (SDSA) (Paliwal et al. 2013). 
This also could be when a role for MRE11 becomes important. MRE11 is required for the recruitment of RECQL5 to sites of DSBs (Zheng et al. 2009). In the bladder cancer data, when there are high levels of MRE11 mRNA expression, there is increased RECQL5 mRNA in normal bladder samples. Here, we have shown that in low MRE11 mRNA expressing samples, there is no difference between RECQL5 mRNA levels between normal and cancerous bladder tissue (Figure 6.3). This could mean that RECQL5 mRNA requires MRE11 mRNA expression to function and provide genomic stability, although how this works at a protein level is yet to be investigated. 
[bookmark: _Toc409182514][bookmark: _Toc417204228][bookmark: _Toc417204761][bookmark: _Toc417204821]RECQL5 in S phase 
We have shown that cells depleted of RECQL5 have a defective S phase checkpoint response in thymidine induced replication stress (Figure 5.11). Previous work has shown that RECQL5 forms foci in S phase, and over-expressing the protein allows bypass of thymidine-induced S phase arrest (Blundred et al. 2010). In contrast with this, here it is shown that depleting RECQL5 in the same cell line reduces the S-phase arrest seen when cells are treated with thymidine. If RECQL5 is promoting a specific repair pathway and inhibiting another, perhaps having an excess of RECQL5 allows cells to repair damage more quickly using that particular promoted pathway. On the other hand, if RECQL5 is depleted, there may be no inhibition to the competing pathway, allowing cells to repair more quickly and progress through S phase. When there are endogenous levels of RECQL5 in wild-type cells, the cell may progress through S phase slower during arrest, using a slower repair pathway.
[bookmark: _Toc409182515][bookmark: _Toc417204229][bookmark: _Toc417204762][bookmark: _Toc417204822]RECQL5 at the replication fork
The novel work here has shown that over-expressing RECQL5β increases replication speed but that depleting cells of RECQL5 using siRNA does not affect replication fork dynamics (Figure 4.1 – 4.5). Bloom Syndrome cells and Werner Syndrome cells do show slower endogenous fork speed but it difficult to interpret the level of BLM and WRN deficiency and whether this is to the same extent as siRNA (Rao et al. 2007; Rodríguez-López et al. 2002). The over-expressing cells’ increased fork speed was brought back to normal levels with siRNA (Figure 4.2) implying that it is a direct effect of RECQL5 rather than any gene expression changes but the experiment was not performed on the drug treated samples so there is still work to be done if protection of replication / transcription stress induced fork slowing is to be confirmed as a direct RECQL5 effect. Although the endogenous fork speed may be explained through increased XRCC1 and PARP1 removing any endogenous single strand breaks, the fork speed changes when transcription is inhibited suggest a role at the transcription / replication boundary.
[bookmark: _Toc409182516][bookmark: _Toc417204230][bookmark: _Toc417204763][bookmark: _Toc417204823]RECQL5 and transcription
It is well established that RECQL5 binds to RNA Pol II (Aygün et al. 2009; Li et al. 2011; Aygün et al. 2008). RECQL5 has also been shown to control transcription speed, with increased levels of RECQL5 slowing down transcription whereas decreased levels cause increased transcription speed (Saponaro et al. 2014). RECQL5 null cells also have common chromosomal rearrangements and approximately 90% of genomic losses occurred within genes (Saponaro et al. 2014).  The fact that RECQL5-depletion induced DNA damage is rescued by transcription inhibition suggests a possible replication-transcription collision repair role for RECQL5 (Li et al. 2011). 
The replication fork data presented here suggest that the helicase-dead RECQL5 provides an increase in fork speed when cells are exposed to replication or transcription inhibition but not when both are inhibited (Figure 4.10 A). This adds to the hypothesis that RECQL5 has a role where replication and transcription meet. The helicase dead RECQL5 may still have a role in repairing damage such as transcription-replication collisions despite its lack of helicase and ATPase activity. Although RECQL5 K58R cannot disrupt D-loops, it can still anneal DNA and bind to RAD51 (Garcia et al. 2004; Hu et al. 2007; Islam et al. 2010). RECQL5 K58R may promote an alternate repair pathway when replication-transcription collisions occur that do not require a helicase function. Alternatively, adding CPT or DRB may be relieving the cell of stress that the helicase-dead RECQL5 is causing, in the form of dominate negative effects, which then allows replication forks to move faster. 
However, the immunofluorescence DNA damage foci data do not support the DNA fibre data. The DRB treatment did not cause any damage and the damage caused by camptothecin was not reduced by the addition of DRB (Figure 4.11 – 4.14), perhaps suggesting that each individual drug treatment is not causing increased transcription-replication collisions. In addition, no increase in damage was seen in the helicase-dead RECQL5 expressing cells. Any future work on this area would require optimisation of the drug treatments to see if any reduction in DNA damage could be achieved from replication or transcription stressors alone, to both replication and transcription stressors together. The differences in sensitivity of each technique may explain the differences in response to replication stress seen. As DNA fibre analysis is a highly sensitive technique, a more sensitive technique than confocal immunofluorescence may be required to see the small increases in replication stress seen with DNA fibre analysis. Work on super resolution light microscopy has shown that the replication foci seen in standard confocal microscopy represent multiple events. This technique could show differences in the results of replication and transcription inhibition on DNA damage and thus change the interpretation of the role of RECQL5 at replication-transcription collision sites (Cseresnyes et al. 2009).
We have shown that despite RECQL5β mRNA levels being lower in bladder cancers, protein levels are higher when compared to normal bladder tissue and this may be regulated through translation initiation. Work here has also shown RECQL5 has a role in maintaining fork speed in normal replication and in replication and transcription stress. Whether RECQL5 has a role in repairing damage caused replication stress, or whether its primary function is in single strand break repair, is still undetermined and investigating relationships between RECQL5, PARP1 and XRCC1 and replication fork progression could be an interesting avenue for future study.  
Discussion
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Plasmids
pjPP136 (+Q5) – pcDNA3.1/His C with the RECQL5β cDNA sequence cloned into the multi -cloning site.  A generous gift of Dr Pavel Janscak.
pjPP136KR (+Q5KR) – pcDNA3.1/His C with a mutated RECQL5β cDNA sequence cloned into the multi-cloning site.  The sequence has a K58R point mutation in the ATPase domain that prevents the proteins helicase activity.  Also a generous gift of Dr. Pavel Janscak.
(The following plasmid maps were drawn using ApE – A plasmid Editor by M. Wayne Davis, downloaded from http://biologylabs.utah.edu/jorgensen/wayned/ape/)
pcDNA3.1/His C
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pMirReport (RECQL5β 3’UTR cloned into the vector using the PmeI site)
[image: ]
pRL-TK
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pIRES puro3
RECQL5 and RECQL5KR sequences cloned into the vector using EcoR1 and Not1 sites
Plasmids containing MRE11 and MRE11Δ5-7 were a generous gift from Professor Mark Meuth
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Sequencing
3’UTR sequences of RECQL5 from bladder cell lines aligned with reference from NCBI (NM_004259.6)
RECQL53UTR    1 CCAACTGCTGGCTGGGC----GGGCCCGCGTCCTCCCCCAGATTCTAGCATGGGTCATC
EJ3UTR        1 NNNNNNNNNNNNNGNTGGGNNNGGCCCGCGTCCTCCCCNNGATTCTAGCATGGGTCATC
NHU3UTR       1 NNNNNNNNNNNNNGNNNG---NNGCCCGCGTCCTCCCCNNGATTCTAGCATGGGTCATC
RT43UTR       1 NNNNNNNNNNNNNNGNNNGN-NNGCCCNCGTCCTCCCCNNGANTCTAGCATGGGTCATC
RT1123UTR     1 NNNNNNNNNNNNNGNTGGN--NNGNCCGCGTCCTCCCCNNGATTCTAGCATGGGTCATC
consensus     1                        * ** **********  ** ****************

RECQL53UTR   57 TGGGCCTCACCTGCTGATGCCAGGGCCATCGTCTTTTCTCAGTCCTTCTCCTTTCCAAC
EJ3UTR       61 TGGGCCTCNCNTGNNGNNGCNNGGGCCATCGTCTTTTCTCAGTCCTTCTCCTTNCNNAC
NHU3UTR      58 TGGGCCTCACCTGCTGATGCCAGGGCCATCGTCTTTTCTCAGTCCTTCTCCTTTCCAAC
RT43UTR      60 TGGGCCTCNNNNNNNNNNNNNNGGGCCATCGTCTTTTCTCAGTCCTTCTCCNTNNNNNN
RT1123UTR    59 TGGGCCTCACCNGNTNNNGCNNGGGCCATCGTCTTTTCTCAGTCCTTCTCCTTNCNNAC
consensus    61 ********              ***************************** *      

RECQL53UTR  117 ATACTTGGCTTTGGGGATGACCCCAGACACCCCCTGAATCCAGGTCAGAGGTCAGCCCA
EJ3UTR      121 NTACTTGGCTTTGGGGATGACCCCAGACACCCCCTGAATCCAGGTCAGAGGTCAGCCCA
NHU3UTR     118 ATACTTGGCTTTGGGGATGACCCCAGACACCCCCTGAATCCAGGTCAGAGGTCAGCCCA
RT43UTR     120 NNANTTGGCTTTGGGGATGACCCCAGACACCCCCTGAATCCAGGTCAGAGGTCAGCCCA
RT1123UTR   119 ATACTTGGCTTTGGGGATGACCCCAGACACCCCCTGAATCCAGGTCAGAGGTCAGCCCA
consensus   121   * *******************************************************

RECQL53UTR  177 CTTTCTTTCTGCTTGCAAAGCCTATAGACCCTTCTCAGAGCGGTCCTCATGGCTGGGTT
EJ3UTR      181 CTTTCTTTCTGCTTGCAAAGCCTATAGACCCTTCTCAGAGCGGTCCTCATGGCTGGGTT
NHU3UTR     178 CTTTCTTTCTGCTTGCAAAGCCTATAGACCCTTCTCAGAGCGGTCCTCATGGCTGGGTT
RT43UTR     180 CTTTCTTTCTGCTTGCAAAGCCTATAGACCCTTCTCAGAGCGGTCCTCATGGCTGGGTT
RT1123UTR   179 CTTTCTTTCTGCTTGCAAAGCCTATAGACCCTTCTCAGAGCGGTCCTCATGGCTGGGTT
consensus   181 ***********************************************************

RECQL53UTR  237 TCTGGGACACATGTCGAGGACAGAAGGTGGAGGGTGGTGGAGCTGCTGCTGGAAGAAGG
EJ3UTR      241 TCTGGGACACATGTCGAGGACAGAAGGTGGAGGGTGGTGGAGCTGCTGCTGGAAGAAGG
NHU3UTR     238 TCTGGGACACATGTCGAGGACAGAAGGTGGAGGGTGGTGGAGCTGCTGCTGGAAGAAGG
RT43UTR     240 TCTGGGACACATGTCGAGGACAGAAGGTGGAGGGTGGTGGAGCTGCTGCTGGAAGAAGG
RT1123UTR   239 TCTGGGACACATGTCGAGGACAGAAGGTGGAGGGTGGTGGAGCTGCTGCTGGAAGAAGG
consensus   241 ***********************************************************

RECQL53UTR  297 GAAGGAAGAGTGGCCCCTCCCCGAGTTCTAAGTCAGGATGAGGCCCACCTGTCCAAGGT
EJ3UTR      301 GAAGGAAGAGTGGCCCCTCCCCGAGTTCTAAGTCAGGATGAGGCCCACCTGTCCAAGGT
NHU3UTR     298 GAAGGAAGAGTGGCCCCTCCCCGAGTTCTAAGTCAGGATGAGGCCCACCTGTCCAAGGT
RT43UTR     300 GAAGGAAGAGTGGCCCCTCCCCGAGTTCTAAGTCAGGATGAGGCCCACCTGTCCAAGGT
RT1123UTR   299 GAAGGAAGAGTGGCCCCTCCCCGAGTTCTAAGTCAGGATGAGGCCCACCTGTCCAAGGT
consensus   301 ***********************************************************

RECQL53UTR  357 TCGGAACCTACCCAGGGGACCCTCAGATCCTCCACCCACTCCCCCATCCATTACGATGC
EJ3UTR      361 TCGGAACCTACCCAGGGGACCCTCAGATCCTCCACCCACTCCCCCATCCATTACGATGC
NHU3UTR     358 TCGGAACCTACCCAGGGGACCCTCAGATCCTCCACCCACTCCCCCATCCATTACGATGC
RT43UTR     360 TCGGAACCTACCCAGGGGACCCTCANATCCTCCACCCACTCCCCCATCCATTACGATGC
RT1123UTR   359 TCGGAACCTACCCAGGGGACCCTCAGATCCTCCACCCACTCCCCCATCCATTACGATGC
consensus   361 ************************* *********************************

RECQL53UTR  417 AGCTTCCAGCCTTGCCCAGGTCAGAGCTGTGGCAGAGGAGAGGCAGCCAGGCCCTGTTC
EJ3UTR      421 AGCTTCCAGCCTTGCCCAGGTCAGAGCTGTGGCAGAGGAGAGGCAGCCAGGCCCTGTTC
NHU3UTR     418 AGCTTCCAGCCTTGCCCAGGTCAGAGCTGTGGCAGAGGAGAGGCAGCCAGGCCCTGTTC
RT43UTR     420 AGCTTCCAGCCTTGCCCAGGTCAGAGCTGTGGCAGAGGAGAGGCAGCCAGGCCCTGTTC
RT1123UTR   419 AGCTTCCAGCCTTGCCCAGGTCAGAGCTGTGGCAGAGGAGAGGCAGCCAGGCCCTGTTC
consensus   421 ***********************************************************







RECQL53UTR  477 TGCTCAGCTCCTGCTCAGGAAGGCCAGGCCTGACAGATGTTTGGGAGAGGAATAAAGTT
EJ3UTR      481 TGCTCAGCTCCTGCTCAGGAAGGCCAGGCCTGACAGATGTTTGGGAGAGGAATAAAGTT
NHU3UTR     478 TGCTCAGCTCCTGCTCAGGAAGGCCAGGCCTGACAGATGTTTGGGAGAGGAATAAAGTT
RT43UTR     480 TGCTCAGCTCCTGCTCAGGAAGGCCAGGCCTGACAGATGTTTGGGAGAGGAATAAAGTT
RT1123UTR   479 TGCTCAGCTCCTGCTCAGGAAGGCCAGGCCTGACAGATGTTTGGGAGAGGAATAAAGTT
consensus   481 ***********************************************************

RECQL53UTR  537 GTGTTGTTGTGGGGCATGCAGGCGTGCACACAGCCCTTTTC
EJ3UTR      541 GTGTTGTTGTGGGGCATGCAGGCGTGCACACAGCCCTTTTC 
NHU3UTR     538 GTGTTGTTGTGGGGCATGCAGGCGTGCACACAGCCCTTTTC 
RT43UTR     540 GTGTTGTTGTGGGGCATGCAGGCGTGCACACAGCCCTTTTC
RT1123UTR   539 GTGTTGTTGTGGGGCATGCANGCGTGCACACAGCCCTTTTC
consensus   541 ******************** ********************                                        


DNA fibre IdU data
[image: ]
Replication fork speed in MRC5V2+Q5 cells with RECQL5β siRNA 
MRC5V2+Q5 cells were transfected with a pool of 2 siRNAs targeting all three isoforms of RECQL5 (Q5), RECQL5β (Q5β) or transfected with a non-targeting control (Con). DNA fibre analysis was performed on RECQL5 depleted cells and fork speed measured. Average and standard deviations of the means of fork speed from three experiments are shown for IdU (A) (Q5 RNAi data is only from two repeats). * indicates a Student’s t-test p value of < 0.05. (B) Distribution of these forks for IdU is shown. Mean and standard deviation of three independent repeats are shown. 



[image: ]
Replication fork speed in MRC5V2 cells depleted of RECQL5β 
MRC5V2 cells were depleted of RECQL5β using siRNA targeting RECQL5β (Q5β) or transfected with a non-targeting control (Con) and fork dynamics measured using DNA fibre analysis techniques. Fork speed averages (A), and fork speed distribution (B) for IdU tracts are shown.. For each graph, averages and standard deviations from three repeats are shown. There were no significant differences in fork dynamics between control and RECQL5β depleted cells. 
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Replication fork speed in MRC5V2 cells over-expressing RECQL5β, during camptothecin treatment
Wild-type MRC5V2 cells and those over-expressing RECQL5 (MRC5V2+Q5) and helicase-dead RECQL5 (MRC5V2+Q5KR) were incubated with both thymidine analogues in the presence of 10 nM CPT. Average of the means of fork speed calculated from IdU tracts (A). Distribution of fork speeds during CPT treatment are shown for IdU in wild-type (B), RECQL5 over-expressing (C), and helicase-dead expressing cells (D). *** indicates a Student’s t-test p value of <0.0001. 
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Replication fork speed in MRC5V2 cells over-expressing RECQL5β, during DRB treatment
Wild-type MRC5V2 cells and those over-expressing RECQL5 (MRC5V2+Q5) and helicase-dead RECQL5 (MRC5V2+Q5KR) were incubated with both thymidine analogues in the presence of 10 nM DRB. Average of the means of fork speed calculated from IdU tracts (A). Distribution of fork speeds during CPT treatment are shown for IdU in wild-type (B), RECQL5 over-expressing (C), and helicase-dead expressing cells (D). * and *** indicate a Student’s t-test p value of <0.05 and 0.0001 respectively. 




[image: ]
Replication fork speed in MRC5V2 cells over-expressing RECQL5β, during camptothecin and DRB treatment
Wild-type MRC5V2 cells and those over-expressing RECQL5 (MRC5V2+Q5) and helicase-dead RECQL5 (MRC5V2+Q5KR) were incubated with both thymidine analogues in the presence of 10 nM DRB and 10 nM CPT. Average and standard deviations of the means of fork speed calculated from IdU tracts are shown. *,** and *** indicate a Student’s t-test p value of <0.05, 0.001 and 0.0001 respectively. 
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