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WT: Wild type 

γH2AX: phosphorylated H2AX 
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Abstract 
 

Genetic changes can lead to detrimental genomic instability, mutagenesis, 

oncogenesis and premature aging. The DNA damage response (DDR) is 

responsible for safeguarding the genome from such harmful alterations.  

 

53BP1 (p53 binding protein 1) is a key mediator in the DDR (DNA damage 

response). 53BP1 influences the critical decision of whether to utilise NHEJ 

(non-homologous end joining) rather than HR (homologous recombination), 

and facilitates distal NHEJ, binding chromatin in the vicinity of damage and 

mobilising the DSB (double strand break). We identified a novel 53BP1 

interactor and DDR component, the kinesin KIF18B. KIF18B is required for 

efficient DSB repair and proper recruitment of 53BP1 to DSBs. This 

molecular motor protein is chromatin bound and interacts with the 

nucleosome and 53BP1 through its C-terminal region. Notably, the motor 

domain of KIF18B is required for efficient 53BP1 focal recruitment in 

response to damage induced by ionising radiation. Our observations suggest 

that KIF18B is involved in distal NHEJ in association with 53BP1, 

potentially using its motor function to assist in the movement of DSBs. 

 

We also attempted to generate a DT40 chicken cell line with a minimal 

complement of histone genes. This genetic tool would allow the functional 

examination of specific histone residues and their post-translational 

modifications. Histones are vital in chromatin regulation; modification of 

their residues is necessary for appropriate signalling in biological processes, 

including the DNA damage response. We found that chicken DT40 cells 

could compensate for the loss of one allele of their major histone cluster. 

However, our attempt to minimise the locus to just three copies of each 

histone gene was unsuccessful. Our observations suggest that the tightly 

regulated system was unable to cope with the imbalance of histones at 

various stages of gene targeting and that cells adapted to avoid this genetic 

manipulation.  
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1.1 The DNA damage response 
 

To maintain genome integrity our cells must defend themselves against the 

daily onslaught of threats they experience. Simply replicating the genome 

during cell division can cause mutations by incorrect incorporation of 

nucleotides (Lindahl et al., 2000); normal cellular metabolism can also 

oxidise or break DNA by forming reactive oxygen species (ROS). A 

phenomenal 105 spontaneous DNA lesions can occur per cell per day 

(Hoeijmakers, 2009). The genome is also threatened by external physical 

and chemical sources. Ionising radiation (IR) and ultraviolet (UV) light 

from the sun can produce 105 lesions per cell per day; this damage incurred 

following a day exposed to the sun, can also cause inflammation and 

therefore oxidative stress (Hoeijmakers, 2009). Chemical DNA damaging 

agents including those used in chemotherapy, result in a variety of DNA 

lesions such as damage to bases, inter- and intra-strand crosslinks, single 

strand breaks (SSBs) and double strand breaks (DSBs) (Ciccia et al., 2010).  

 

Due to the numerous sources of DNA damage, and the wide variety of 

damage they can cause, we evolved a complex and intricate system for 

dealing with this damage in order to survive and avoid loss of genome 

stability. The complex signalling cascade for sensing and repairing DNA 

damage is called the DNA damage response (DDR), and although widely 

studied, the DDR is still under extensive investigation.  

 

Errors during replication include misincorporated bases, single base 

insertions and deletions. These lesions are typically repaired by mismatch 

repair (MMR), base-excision repair (BER) and nucleotide excision repair 

(NER) (Kamileri et al., 2012; Wallace et al., 2012; Martin et al., 2010). 

BER is also used to repair damage caused by alkylation, methylation, 

oxidation and hydrolysis, while NER is used when lesions distort the helix, 

such as pyrimidine dimers and intra-strand crosslinks (Kamileri et al., 

2012). SSBs are repaired by single-strand break repair (SSBR), whereas 

DSBs are repaired by homologous recombination (HR) or by non-
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homologous end joining (NHEJ). DSBs occur when both strands of the 

DNA helix are severed. IR and the use of chemotherapeutic drugs result in 

DSBs; these breaks are considered the most harmful and deleterious of all 

types of DNA damage (Alberg et al., 2007; Chen et al., 2005; Cheung-Ong 

et al., 2013). If the DNA damage is too severe and cannot be repaired, the 

cell may be sacrificed to prevent proliferation of the damage. In which case 

it undergoes programmed cell death termed apoptosis (Harper et al., 2007). 

 

1.1.1 PIKK signalling in the DNA damage response 

 

Phosphotidylinositol (PI) 3-kinase-like kinases (PIKK) are critical players in 

DDR signalling. ATM (Ataxia telangiectasia mutated), ATR (Ataxia 

telangiectasia and Rad3 related) and DNA-PK (DNA-dependent protein 

kinase), have apical roles in genome maintenance. The PIKKs 

phosphorylate hundreds of substrates, which in turn regulate DNA repair, 

cell cycle progression, and apoptosis (Lovejoy et al., 2009). PIKK kinases 

generally phosphorylate proteins at serines or threonines that are followed 

by a glutamine (SQ/TQ sites) (Bensimon et al., 2010; Sancar et al., 2004; 

Matsuoka et al., 2007). ATM, ATR and DNA-PK are all recruited to DNA 

damage; this recruitment enhances their kinase activity, activating other 

components of the DDR. ATM and DNA-PK are both recruited to DSBs 

created by IR or chemical insult, whereas ATR is recruited to SSBs in 

response to replication stress and UV damage (Brown et al., 2000). DNA-

PK has fewer substrates than ATM and ATR, its role is primarily in the 

repair of DSBs by non-homologous end joining. DNA-PKcs (the catalytic 

subunit of the DNA-PK holo-enzyme) is recruited to DSBs by the KU70/80 

heterodimer. It is critical in repair by classical non-homologous end joining, 

as discussed in section 1.1.3.2. 

 

1.1.2 ATR recruitment to single stranded DNA 

 

ATR is recruited to single stranded DNA (ssDNA) by the Replication 

Protein A (RPA) complex. RPA consists of three subunits, RPA70, RPA32 
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and RPA14 and is present on all ssDNA preventing its degradation. RPA 

binds ssDNA during replication and at stalled replication forks preventing 

the ssDNA from forming secondary structures (Binz et al., 2008; Binz et al., 

2004). Following DNA damage RPA stimulates the recruitment of the 

RAD17 complex, which consists of RAD17 and four RFC subunits (RFC 2-

5; Zou et al., 2003). Next the 9-1-1 complex, consisting of RAD9, RAD1 

and HUS1, is recruited to the break. The 9-1-1 complex is a sliding clamp, 

structurally similar to the PCNA clamp, while RAD17 acts as the clamp 

loader. Meanwhile ATR and ATRIP (ATR interacting protein) are recruited 

and bind to the ssDNA via RPA70. This interaction is dependent on ATRIP 

(Xu et al., 2008; Xu et al., 2010). Loading of the 9-1-1 complex stimulates 

the kinase activity of ATR, and ATR activates the checkpoint kinase CHK1, 

resulting in replication fork stabilisation and cell cycle arrest (Parilla-

Castellar et al., 2004). ATR also auto-phosphorylates on T1989 following 

DNA damage, this phosphorylation event is crucial for checkpoint 

activation (Liu et al., 2011). Furthermore, TOPBP1 (Topoisomerase II 

binding protein 1) is required for the interaction between phosphorylated 

ATR and the 9-1-1 complex. TOPBP1 is involved in DNA replication and 

activates ATR following DNA damage through its ATR activation domain 

(AAD; Lee et al., 2007; Cimprich et al., 2008; Flynn et al., 2011). The 

MRE11-RAD50-NBS1 (MRN) complex is thought to mediate the 

interaction between TOPBP1 and the break (Duursma et al, 2013). Claspin 

is phosphorylated in an ATR dependent manner on serine 945 and threonine 

916 by casein kinase-1γ (CK1γ; Bennet et al., 2008; Meng et al., 2011). 

Claspin directly mediates CHK1 phosphorylation by ATR (Chini and Chen, 

2004; Figure 1.1).  

 

1.1.3 ATM recruitment to DSBs 

 

In the absence of DNA damage, ATM is kept inactive by interacting with 

PP2A (protein phosphatase 2A) (Goodarzi et al., 2004). Following DNA 

damage, ATM is acetylated by TIP60 (60 kDa trans-acting regulatory 

protein of HIV type 1 (Tat) – interacting protein) on lysine 3016, and this 
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dissociates ATM and PP2A. TIP60 acetylation of ATM is essential for 

ATM function (Sun et al., 2008; Kaidi et al., 2013). One of the first factors 

to be recruited to DSBs is the MRE11-RAD50-NBS1 (MRN) complex; 

MRN is responsible for ATM recruitment and activation at sites of damage. 

NBS1, a component of the MRN complex, contains an ATM binding motif 

that is required for ATM recruitment (You et al., 2005). ATM is activated 

upon its auto-phosphorylation on S1981, amongst other residues including 

S367 and S1893. Subsequently, inactive ATM dimers dissociate forming 

active monomers (Bakkenist et al., 2003; Falck et al., 2005; Goodarzi et al., 

2004) (Figure 1.1). 

 

 
Figure 1.1 The DNA damage response 

DSBs and ssDNA trigger the DNA damage response. When DNA damage is 
sensed, the DDR signalling cascade is activated, and the PIK kinases ATM and 
ATR are recruited, resulting in the phosphorylation of a plethora of downstream 
substrates. The DDR components determine the cellular responses to damage, 
including cell cycle checkpoints, senescence, apoptosis, repair and transcriptional 
changes. Adapted from Emma Harte, NUIG PhD thesis, 2014.  
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1.1.4 Mediators in the DDR 

 

Once activated, ATM rapidly phosphorylates the histone variant H2AX on 

S139 forming γH2AX. This phosphorylation then spreads up to 2 

megabases from the DSB, acting as a recruitment platform for MDC1 

(mediator of DNA damage checkpoint protein 1) and its downstream 

signalling cascade (Rogakou et al., 1998; Rogakou et al., 1999; Paul et al., 

2000). Once recruited MDC1 is phosphorylated by ATM, which in turn 

facilitates recruitment of RNF8 (ring finger protein 8, E3 ubiquitin ligase) 

(Stewart et al., 2003; Goldberg et al., 2003). MDC1 depletion causes similar 

phenotypes to γH2AX deficiency. MDC1 null mice are tumour prone, and 

furthermore, the recruitment of NBS1 (Nijmegen breakage syndrome 1), 

53BP1 (p53 binding protein 1) and BRCA1 (breast cancer 1) is defective in 

the absence of MDC1 (Jungmichel et al., 2010; Dimitrova et al., 2006; Mok 

et al., 2012; Wilson et al., 2008). RNF8, in partnership with the E2 enzyme 

UBC13 (ubiquitin conjugating 13), catalyses the polyubiquitination of H2A 

and H2AX. This ubiquitination is required for recruitment of both 53BP1 

and BRCA1 to sites of damage (Kolas et al., 2007; Yan et al., 2008).  

 

MDC1, BRCA1 and 53BP1 all have twin carboxyl terminal BRCT domains. 

BRCT domains are protein-protein interaction domains and are found on 

several DDR proteins (Bork et al., 1997). BRCT domains typically 

recognise phosphopeptides generated by ATM and ATR and this results in 

their recruitment to DNA damage sites (Williams et al., 2005).  

 

The BRCA1 tumour suppressor is associated with hereditary breast and 

ovarian cancer and has a fundamental role in the DDR. BRCA1 dimerises 

with BARD1 (BRCA1-associated RING domain protein) through its RING 

domain. This BRCA1-BARD1 complex has E3 ubiquitin ligase activity 

(Drost et al., 2011; Shankaran et al., 2006; Meza et al., 1999; Wu et al., 

1996). The activity of the BRCA1-BARD1 complex seems to be important 

in H2A ubiquitination and heterochromatin structure and silencing (Zhu et 

al., 2011). The BRCT domain of BRCA1 interacts, in a mutually exclusive 
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manner, to Abraxas, BACH1 and CtIP. These distinct complexes are 

referred to as BRCA1-A, BRCA1-B and BRCA1-C respectively (Manke et 

al., 2003; Yu et al., 2003; Wang et al., 2007; Yu et al., 1998; Yu et al., 

2004). BRCA1 also interacts with BRCA2 via PALB2 (Zhang et al., 2009; 

Sy et al., 2009). All BRCA1 complexes are important in cell cycle 

checkpoints and DNA repair. The BRCA1-A and BRCA1-C function in 

G2/M checkpoint control (Wang et al., 2007; Yu et al., 2004), whereas 

BRCA1-B functions in replication checkpoint control (Xu et al., 2001; Xu 

et al., 2002). BRCA1-A is composed of BRCA1, Abraxas, Rap80, NBA1, 

BRE, and BRCC36. RNF8 and RNF168 ubiquitination are required for 

BRCA1-A recruitment to DSBs (Stewart et al., 2003). BRCA1-B consists of 

BRCA1 phosphorylated on S990 and BACH1, this complex has a role in 

inter-strand crosslink repair (Wang et al., 2007). BRCA1-C is composed of 

BRCA1, CtIP and MRN, as discussed in section 1.1.3.1, this complex is 

important for DNA end resection early in homologous recombination (Chen 

et al., 2008; Huertas et al., 2009; Sartori et al., 2007; Schegel et al., 2006). 

 

53BP1 is required for ATM phosphorylation of a number of substrates 

including CHK2, SMC1, RPA2 and BRCA1. This highlights 53BP1s role as 

a mediator of ATM signalling in response to DNA damage (Wang et al., 

2002; Schultz et al., 2000). 53BP1 itself is also phosphorylated by ATM. 

While 53BP1 is not directly required for repair by homologous 

recombination (HR), nor for ‘classical’ non-homologous end joining 

(cNHEJ); long distance NHEJ is heavily reliant on 53BP1 (Panier and 

Boulton, 2014). This long distance NHEJ has been demonstrated in class 

switch recombination assays, long range V(D)J recombination assays, and 

telomere fusion assays (Dimitrova et al., 2008; Ward et al., 2004; 

Difilippantonio et al., 2008). 53BP1 binding to DSBs is believed to change 

the dynamic behaviour of chromatin, allowing movement and so enabling 

distal NHEJ (Dimitrova et al., 2008). Importantly, 53BP1 is required for 

regulating the balance between HR and NHEJ, by preventing double strand 

break end resection, an early step in HR (Bunting et al., 2010). 53BP1 is 

discussed in further detail in section 1.1.5. 
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Mutual antagonism between 53BP1 and BRCA1 dictates whether the cell 

undergoes homologous recombination or non-homologous end joining 

repair (Bouwman et al., 2010; Bunting et al., 2010; Lowndes, 2010). 

 

1.1.5 Effectors in the DDR 

 

CHK1 and CHK2 are the key effectors of the ATR and ATM pathways 

respectively (Liu et al., 2000; Matsuoka et al., 2000). Effectors are tightly 

regulated and co-ordinate the outcome for a cell following DNA damage, 

this includes DNA repair, cell cycle arrest, apoptosis, senescence and 

changes in transcription.  

 

CHK1 is phosphorylated on S317 and S345 by ATR (Liu et al., 2000). This 

phosphorylation activates CHK1 and results in cell cycle arrest and 

promotes DNA repair following damage or stalled replication (Liu et al., 

2000; Zhao et al., 2001). Activated CHK1 binds to its target proteins 

including CDC25A, CDC25B and CDC25C, via a consensus sequence (R-

X-X-S/T) (Sanchez et al., 1997). Phosphorylation of CDC25A and CDC25C 

promotes their binding to 14-3-3 proteins, causing their inhibition (Jiang et 

al., 2003; Chen et al., 2003). Subsequently the CDK-cyclin complexes are 

inhibited and cell cycle progression is impeded. CHK1 also phosphorylates 

p53, this results in its activation and cell cycle arrest (Ou et al., 2005). 

CHK1 and CHK2 have been associated with repair by homologous 

recombination. They phosphorylate RAD51, and promote its dissociation 

from BRCA2 and DNA binding (Sørensen et al., 2005; Bahassi et al., 

2008). 

 

CHK2 is phosphorylated on S73 by PLK3 (Bahassi et al., 2006). This 

phosphorylation is required for the subsequent ATM phosphorylation of 

CHK2 on threonine 68 (T68) following treatment with IR, but not HU or 

UV (Matsuoka et al., 2000). CHK2 is then auto-phosphorylated and is 

capable of phosphorylating its substrates on a consensus sequence (L-X-R-

X-X-S/T). As with CHK1, CHK2 inhibits CDC25A, B and C, preventing 



 25 

cell cycle progression (Falck et al., 2001). Subsequent CHK2 

phosphorylation of p53 is required for maintenance of cell cycle arrest. 

Without this phosphorylation event, the cell cycle arrest is shortened and the 

cell progresses potentially with incomplete repair (Illiakis et al., 2003). If 

the cell deems the damage irreparable, CHK2 promotes apoptosis by 

phosphorylating p53, MDM4 and PML (Yang et al., 2002). 

 

1.2 The cell cycle 
 

Cellular proliferation is essential for all life. Cell division must be tightly 

controlled and responsive to stimuli from within the cell. The entire genetic 

information in a cell must be precisely replicated and separated evenly once 

every cell cycle to allow for proliferation and survival over many 

generations. The cell cycle consists of four distinct phases, namely, G1 

(gap), S (Synthesis), G2 (gap) and M (mitosis and cytokinesis) (Alberts et 

al., 2008) (Figure 1.2). 
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Figure 1.2 The Cell Cycle. 

Cells cycle through G1 (Gap1 phase), S (Synthesis phase), G2 (Gap2 phase) and M 
(mitosis or cell division). Genome integrity is surveyed at three major DNA 
damage checkpoints, G1/S, Intra-S and G2/M. If the cell has incurred damage, 
these checkpoints are activated, halting cell cycle progression until the damage has 
been sufficiently resolved. The spindle assembly checkpoint monitors the transition 
through mitosis, ensuring proper segregation of the genome.  
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In Gap1 phase (G1), the cell has two copies of every chromosome. It grows 

in size, metabolises nutrients and produces proteins required for DNA 

synthesis. Cells must pass through a checkpoint at the end of this phase 

before progressing into S phase. If there is damage within the genome they 

cannot begin replication (Siede et al., 1994). Following G1, the cell 

synthesises new DNA, replicating the entire genome. This is S phase or 

synthesis phase (Bell et al., 2002). DNA repair machinery continually 

monitors the newly synthesised DNA, sensing and repairing damage 

immediately to prevent its proliferation (Branzei et al., 2008). Another gap 

phase, G2, follows S-phase. During G2, cells grow in size in anticipation of 

mitosis and cell division. The G2/M checkpoint prevents cells with 

unrepaired DNA damage from progressing into mitosis (O’Connell et al., 

2000).  

 

Mitosis involves the even separation of the cell and its genome into two new 

daughter cells. Mitosis is composed of distinct phases: prophase, 

prometaphase, metaphase, anaphase, telophase and cytokinesis. During 

these phases, the chromosomes and the mitotic spindle have distinct 

physical properties. In prophase, the chromosomes begin to condense 

forming pairs of distinct chromosomes known as sister chromatids (Sumara 

et al., 2000; Giménez-Abián et al., 2004). The centrosomes move to 

opposite poles of the nucleus in preparation for mitotic apparatus assembly. 

Prometaphase begins with the onset of nuclear envelope breakdown. This 

allows the microtubules emanating from the centrosome to access 

kinetochores on the sister chromatids (McIntosh et al., 2002). The sister 

chromatids are aligned, with one of each connected to opposite poles of the 

spindle by microtubules (Desai et al., 1997; Magidson et al., 2011). As the 

cell progresses through metaphase, more microtubules attach to the sister 

chromatids and they are aligned at the ‘metaphase plate’ at equidistance 

between the two centrosomes. The spindle assembly checkpoint (SAC) 

ensures the spindle is properly assembled (Musacchio et al., 2007). Once the 

SAC is satisfied the anaphase promoting complex (APC) is activated and 

the sister chromatids are separated. This is facilitated by the cleavage of the 

cohesin molecules, which tether the sister chromatids together, this cleavage 
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is carried out by separase (Nasmyth, 2005). In telophase, a nuclear 

membrane forms around each DNA mass, and the chromosomes are 

decondensed. A cleavage furrow is formed; a contractile ring (composed of 

actin and myosin) pinches the plasma membrane between the new daughter 

nuclei. This cleavage furrow squeezes to form a midbody structure or 

flemming body, and the final abscission allows completion of cytokinesis, 

resulting in two daughter cells (Barr et al., 2007; Fededa et al., 2012). 

 

1.2.1 Cell cycle control, cyclins and cyclin dependent kinases 

 

Progression through the cell cycle phases is regulated by cyclin dependent 

kinases (CDKs) and the oscillating levels of their associated cyclins (Evans 

et al., 1983; Lees, 1995) (Figure 1.3). Cyclin-CDK complexes result in 

irreversible transitions at three main stages in the cell cycle: the G1/S 

transition, the G2/M transition and the metaphase to anaphase transition 

(Morgan, 1997).  

 

 
Figure 1.3 Temporal profile of cyclin and CDK activity 

Expression levels of the four principal cyclins (cyclinD, cyclinE, cyclinA and 
cyclinB) fluctuate throughout the cell cycle, as represented by the coloured lines. 
Progression through the cell cycle is governed by the interactions between the 
cyclins and specific CDKs.  
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1.2.2 G1/S transition  

 

Cells in G1 must decide whether or not to proliferate; if they pass a certain 

point in late G1 they enter a prolonged non-dividing state called G0 (Martin 

et al., 1976). In proliferating G1 cells, the levels of cyclin D gradually 

increase until sufficient to activate CDK4/6 (Morgan, 1997). In turn 

CDK4/6 phosphorylates the anti-proliferative retinoblastoma protein (Rb). 

An Rb complex with the E2F transcription factor (Rb-E2F) is important in 

regulating the G1/S phase transition. When Rb is bound to E2F, it inhibits 

the E2F transcription factor from activating the transcription of cyclins E 

and D. Phosphorylation of Rb by CDK4/6 results in its dissociation from 

E2F, and thereby allows E2F to promote cyclin E and D transcription (Guan 

et al., 1994; Lukas et al., 1997; Bartek et al., 2001). Now cyclin E can bind 

to CDK2, activating it by the removal of phosphate groups by the CDC25A 

phosphatase. CDK2 further phosphorylates Rb, leading to further E2F 

regulated transcription (Satyanarayana et al., 2009). The cyclin E/CDK2 

complex is required for assembly of the replication complex and thus for 

replication. In early S-phase, the levels of cyclin A increase. Cyclin A 

activates both CDK1 and CDK2, which then activate DNA replication 

factors and further stimulate synthesis. High levels of cyclin A persist 

through S-phase into G2 and early M-phase, where it is involved in early 

mitotic events (Petersen et al., 1999; Coverly et al., 2002; Morgan et al., 

1997).  

 

1.2.3 G2/M transition  

 

The progression from G2 into mitosis is meticulously managed by a number 

of confounding regulatory factors. Advance from G2 phase to mitosis 

requires activation of the Cyclin B/CDK1 complex (Morgan et al., 1997). 

Cyclin B transcription begins in S-phase and peaks in G2 phase (Dynlacht et 

al., 1994; Saville et al., 1998). The cyclin B/CDK complex localises mainly 

in the cytoplasm unlike other cyclin/CDK complexes, however they rapidly 

relocate to the nucleus just before mitosis (Hagting et al., 1998; Toyoshima 
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et al., 1998; Yang et al., 1998). Prior to mitosis CDK1 is inhibited by 

phosphorylation events catalysed by WEE1 and MYT1 (Russell et al., 1987; 

O’Farrell et al., 2001). Once Cyclin B associates with CDK1, the complex 

can phosphorylate WEE1 and MYT1 promoting their degradation and 

kinase activity respectively (Booher et al., 1997; Nakajima et al., 2003; 

Watanabe et al., 2004). For complete activation of Cyclin B/CDK1, the 

complex needs to be phosphorylated at tyrosine 161 by Cyclin H/CDK7 

(Tassan et al., 1994), and dephosphorylated at threonine 14 and tyrosine 15 

by the CDC25 phosphatase family (Izumi et al., 1993; Krek et al., 1991; 

O’Farrell et al., 2001). Furthermore, Polo-like kinase-1 (PLK1) can directly 

phosphorylate and inhibit WEE1 and MYT1, and promote CDC25C 

accumulation (Toyoshima-Morimoto et al., 2002; Elia et al., 2003; 

Nakajima et al., 2003; Watanabe et al., 2004). PLK1 can also activate the 

FOXM1 kinase responsible for transcription of Cyclin B, CDK1, PLK1 and 

the CDC25 phosphatases (Laoukili et al., 2008). Cyclin B/CDK1 activates 

the Aurora A/Bora complex, which promotes CDC25B and PLK1 activity 

(Dutertre et al., 2004; Macurek et al., 2009; Seki et al., 2008).  

 

1.2.4 Metaphase/Anaphase transition 

 

CDK1 plays important roles in mitotic progression. Cyclin B/CDK1 

phosphorylates condensin promoting chromosome condensation (Kimura et 

al., 1998). Cyclin B/CDK1 also phosphorylates lamins, initiating nuclear 

envelope breakdown in prometaphase (Peter et al., 1991). Cyclin B is 

ubiquitinated by the anaphase promoting complex/cyclosome (APC/C), this 

causes its degradation and thus leads to the loss of CDK1 activity (Murray, 

2004). The loss of CDK1 activity allows progress through mitotic phases, 

separation of sister chromatids at anaphase and the formation of a new 

daughter cell during telophase and cytokinesis (Queralt et al., 2008).  
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1.2.5 DNA damage checkpoints 

 

The cell cycle has quality control mechanisms known as checkpoints. 

Checkpoints ensure cell cycle progression only occurs if all criteria for 

advancement have been met. This prevents improper chromosome 

segregation and the proliferation of potentially destructive DNA damage. 

DNA damage causes checkpoint activation, halting the cell cycle at specific 

stages: the G1/S transition, mid-S phase or the G2/M transition. This allows 

time either for DNA repair prior to resuming the cell cycle, or for the cell to 

decide to undergo apoptosis (Lowndes and Murgia, 2000; Flynn and Zou, 

2011; Cimprich and Cortez, 2008). The phosphotidylinositide 3-kinase like 

kinases (PIKKs), Ataxia telangiectasia mutated (ATM) and Ataxia 

telangiectasia and Rad3 related (ATR) are fundamental regulators of DNA 

damage checkpoints (Ciccia and Elledge, 2010). 

 

1.2.6 The G1/S checkpoint 

 

DNA damage acquired in G1 phase results in activation of the G1/S 

checkpoint. In a normal cell cycle, the progression into S-phase occurs upon 

the association of Cyclin E and CDK2, and furthermore, the removal of 

inhibitory phosphates from CDK2 by CDC25A (Satyanarayana and Kaldis, 

2009). Upon DNA damage, ATR and ATM activate CHK1 (Checkpoint 

kinase 1) and CHK2 (Checkpoint kinase 2), respectively. Once activated, 

CHK1 and CHK2 can phosphorylate CDC25A, targeting it for degradation. 

Without CDC25A, CDK2 can no longer promote S-phase progression 

(Falck et al., 2001). This pathway is rapidly activated, however cells re-

enter the cell cycle after only a few hours. If repair is still incomplete, p53 

prolongs the checkpoint by activating p21 transcription. p21 binds and 

inhibits CDK2, preventing formation of the Cyclin E/CDK2 complex and 

therefore blocking cell cycle progression (Agarwal et al., 1995; Bartek et al., 

2001).  
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1.2.7 The Intra-S checkpoint 

 

During S-phase, DNA damage can induce the Intra-S checkpoint to slow or 

halt the process of DNA synthesis, there is inhibition of origin firing and 

stalled replication forks are stabilised (Santocanale et al., 1998; Shirahige et 

al., 1998; Zegerman et al., 2010; Boddy et al., 2003). This checkpoint can 

occur via two distinct pathways. In the first pathway, CHK1, CHK2 and 

ATM phosphorylate CDC25A, targeting it for degradation (Falck et al., 

2001; Busino et al., 2003). CDC25A is required for Cyclin A/CDK2 

activity, this is important for CDC45 loading onto origins of replication and 

subsequent DNA polymerase α recruitment (Takisawa et al., 2000). The 

second intra-S checkpoint pathway is less well understood. It begins with 

ATM recruitment promoted by NBS1, and subsequent ATM mediated 

phosphorylation of SMC1 and FANCD2 leading to replication inhibition. 

Phosphorylated SMC1 results in loss of sister chromatid cohesin, while 

phosphorylated FANCD2 inhibits replication by inducing BRCA1-mediated 

activation of GADD45 alpha and beta, DNA damage inducible transcripts 

involved in checkpoint activation (Smith et al., 1994; Yazdi et al., 2002; 

Grallert and Boye, 2008). This NBS1-dependent pathway also functions in 

recovery from the intra-S checkpoint (Sancar et al., 2004). Furthermore 

Artemis-mediated degradation of Cyclin E, allows Cyclin A to bind to 

CDK2 and once more promote replication, allowing re-entry into the cell 

cycle (Wang et al., 2009; Coverley et al., 2002).  

 

1.2.8 The G2/M checkpoint 

	  

The G2/M checkpoint involves the inhibition of the Cyclin B/CDK1 

complex. As in the other DNA damage checkpoints, ATM and ATR are 

responsible for CHK2 and CHK1 activation. The activation of the WEE1 

complex by the G2/M checkpoint machinery causes phosphorylation of 

CDK1 and inhibition of its function (Lindqvist et al., 2009). Additionally, 

CDC25, which normally counteracts WEE1 inhibition of CDK1, is down 

regulated or degraded (Chen et al., 2012). As in the G1/S checkpoint, p53 
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activates p21 transcription, an inhibitor of CDK2 (Agarwal et al., 1995; 

Taylor and Stark, 2004; Vogelstein et al., 2000). GADD45 promotes the 

separation and inactivation of Cyclin B and CDK1, and furthermore 14-3-3 

regulatory proteins cause proteasomal degradation of CDK1 (Sanchez et al., 

1997). To progress through to mitosis following repair, PLK1 promotes 

degradation of WEE1 and CLASPIN, a CHK1 activator (Peschiaroli et al., 

2006; van Vugt, 2004; Freire et al., 2006). PLK1 phosphorylation by Aurora 

A has been observed to promote checkpoint recovery (Macurek et al., 

2009). 

 

1.3 DSB repair 

 

Once DNA damage checkpoints are activated, the cell needs to repair the 

DNA before it can safely re-enter the cell cycle. Homologous recombination 

repair (HR) and non-homologous end joining repair (NHEJ) are the 

prevailing mechanisms for double strand break repair.  

 

1.3.1 Homologous Recombination Repair 

 

Homologous Recombination (HR) is the most faithful mechanism for the 

repair of DSBs. HR uses homologous sequence from a sister chromatid as a 

template for repair, however the requirement of this template sequence 

restricts HR to late S and G2 phases of the cell cycle (Takata et al., 1998; 

Chapman et al., 2012) (Figure 1.4).  

 

The first step in HR is 5’ DNA end resection leaving 3’ single stranded 

DNA (ssDNA) tails flanking the break (Pâques et al., 1999). A complex of 

BRCA1, CtIP, and MRN (Mre11-Rad50-NBS1) are required for initialising 

this end resection. This process is ATM-dependent and importantly requires 

cyclin-dependent kinase activity, thus making HR cell cycle dependent 

(Chen et al., 2008). Exo1-BLM (Exonuclease 1-Bloom helicase) and 

DNA2-BLM (DNA replication helicase/nuclease 2-Bloom helicase) 
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complexes have been implicated in further catalysing end resection (Karanja 

et al., 2012; Nimonkar et al., 2011). DSBs induced by ionising radiation 

(IR) often have modified bases at their termini, the exonuclease activity of 

MRN is required for processing of these ends. 

 

RPA binds to this ssDNA and is later replaced by RAD51, in a BRCA2 

dependent manner, forming a filament that catalyses pairing with a 

homologous template and strand invasion (Krogh et al., 2004). The RAD51-

DNA filament forms a right handed helix with 18 RAD51 molecules per 

turn (Yu et al., 2001). RAD51 interaction with ssDNA allows the physical 

interaction with a template strand in the form of a displacement loop (D-

loop). Next, RAD54 stabilises the RAD51 nucleofilament and is thought to 

facilitate strand invasion. RAD54 is required for the subsequent dissociation 

of RAD51 from the D-loop, exposing the 3’OH group necessary for DNA 

synthesis (Solinger et al., 2001; Solinger et al., 2002). 

 

The template strand is used by DNA polymerases to synthesise DNA 

complimentary to the invading strand, and this newly synthesised DNA is 

then ligated to the resected invading strands forming an interlocking 

complex known as a Holliday junction (Liu et al., 2004). Holliday junctions 

must be untwined to release the newly synthesised DNA from the template 

strand. The process of resolving Holliday junctions, carried out by 

‘resolvase’ endonucleases can result in crossover recombinants (Liu et al., 

2004). However, cells seem to preferentially produce non-crossover 

products, RecQ helicases Sgs1 (yeast) and BLM (human) have been 

implicated in this mechanism (Wu et al., 2003; Ira et al., 2003; Mankouri et 

al., 2004; Liberi et al., 2005). It is thought that Sgs1 or BLM push the 

Holliday junctions between the paired duplexes in a process called branch 

migration; the resulting structure is then resolved by topoisomerase III 

producing non-crossover products.  
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Figure 1.4 Homologous Recombination 

Homologous Recombination involves end resection of a DSB, and subsequent 
invasion of a homologous sequence. This homologous sequence is used as a 
template to synthesise DNA. In one HR pathway, a Holliday junction is formed 
and resolved, resulting in a crossover product between the template and the 
invading sequence. During SDSA (synthesis dependent strand annealing), the 
invading strand dissociates from the homologous template following synthesis and 
re-anneals with the other end of the break forming a non-crossover product.  
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An alternative to the classical HR pathway described above is synthesis 

dependent strand annealing (SDSA). Here, the D-loop is dissolved after 

minimal DNA synthesis; this is believed to involve the BLM helicase 

(Adams et al., 2003; Bachrati et al., 2006). The invading strand then anneals 

with the other end of the DSB, thus never recombining with the template 

strand and never forming crossovers. As crossover products potentially 

allow recombinational errors, SDSA is advantageous in certain cases. In 

particular, the generation of crossover products in somatic cells leads to loss 

of heterozygosity (Moynahan et al., 1997; Richardson et al., 2000; Elliot et 

al., 2002). 

 

Another alternative HR pathway, break-induced replication (BIR), allows 

for repair from only one end of a DSB. Such instances occur when a 

replication fork collapses and when uncapped telomeres are eroded. As BIR 

results in loss of heterozygosity, it is a poor choice for repair and is thought 

to be suppressed when a more conservative HR pathway is achievable 

(Llorente et al., 2008; Lydeard et al., 2007; Malkova et al., 1996). 

Telomerase deficient cancer cells (10-15% of cancers), use alternative-to-

telomerase (ALT) pathways in order to compensate for telomere 

degradation during proliferation (Cesare et al., 2010). BIR is thought to be 

used in these ALT pathways and so is a potential therapeutic target in these 

cancers. 

 

1.3.2 Non-homologous end joining 

 

Non-homologous end joining (NHEJ) represents the other fundamental DSB 

repair pathway in mammalian cells. NHEJ can occur throughout the cell 

cycle (Cheong et al., 1994), it does not require a homologous template 

sequence, instead it can directly ligate the broken ends of a DSB. HR cannot 

take place in G1 phase, and so the cell relies upon NHEJ to carry out DSB 

repair during this time (Takata et al., 1998). By nature, NHEJ is typically 

error prone, this can lead to mutations and potentially accelerate cancer and 

aging. However, this imprecision is advantageous in creating immune 
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diversification in lymphocytes. These cells induce physiological DSBs 

during V(D)J recombination and class switch recombination. These DSBs 

are repaired by NHEJ (Lieber et al., 2003) (Figure 1.5).  

 

To begin NHEJ, a heterodimer of KU70/KU80 binds the DSB termini. 

KU70/KU80 is the DNA binding subunit of the holo-enzyme DNA-PK. 

Next, the KU heterodimer recruits the DNA-PK catalytic subunit (DNA-

PKcs). DNA-PKcs has many α-helical HEAT repeats (Huntington 

elongation factor 3, protein phosphatase 2A, and yeast kinase TOR1) which 

allow bending into a ring shaped structure, the kinase domain forms a 

‘head-like’ feature, or a ‘diamond’ on the ring (Sibanda et al., 2010). DNA-

PKcs auto-phosphorylates when it is bound to a DNA end and helps to hold 

the two broken ends of DNA together, and in proximity for ligation 

(DeFazio et al., 2002; Spagnolo et al., 2006; Weterings et al., 2003).  The 

XRCC4 (X4) - DNA Ligase IV (LIG4) complex (X4LIG4) has also been 

implicated in DNA-PKcs auto-phosphorylation (Cottarel et al., 2013).  
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Figure 1.5 Non-homologous end joining 

In NHEJ repair, DSB ends are captured by the KU heterodimer, promoting the 
recruitment of DNA-PKcs and subsequent end-processing factors including 
Artemis, XRCC4 and LIGASE-IV complete the end joining process, ligating the 
broken ends.  
 

A typical DSB end requires processing prior to ligation. Artemis has a 

critical role in this processing, although other factors have also been 

implicated including MRN, FEN1, WRN, BLM and PNK (Khanna et al., 

2001; Wu et al., 1999; Wilson et al., 2003; Ma et al., 2002; Zolner et al., 

2011). Artemis processing is essential for V(D)J recombination and 

dysfunctional Artemis results in increased radiosensitivity and severe 

combined immune deficiency (SCID) (Rooney et al., 2002; Moshous et al., 

2001; Noordzij et al., 2003).  

 

Gaps created by the resection process are filled in by DNA polymerase X 

family members, including pol mu and pol lambda (Mahajan et al., 2002; 
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Capp et al., 2006). Finally the X4LIG4 complex is recruited to the DSB and 

facilitates its ligation (Junop et al., 2000). 

 

In cases where HR and classical NHEJ (C-NHEJ) are not possible, an 

alternative NHEJ pathway (A-NHEJ) can be employed to repair a DSB 

(Perrault et al., 2004; Simsek and Jasin, 2010). DNA-PK and X4LIG4 

complexes, critical components in C-NHEJ, supress A-NHEJ. This implies 

A-NHEJ is only used when other repair pathways are not available, as it is 

highly error-prone, causing mutations and translocations. A-NHEJ can 

occur throughout the cell cycle, however it is enhanced during S and G2 

phases (Wu et al., 2008). A-NHEJ requires PARP1 in order to sense the 

break; it is believed to compete with KU70/80 for binding (Wang et al., 

2006; Paddock et al., 2011; Mansour et al., 2010). It has been suggested that 

hisone H1 has a role in stabilising the broken ends, possibly in the place of 

KU70/KU80 (Rosidi et al., 2008). A-NHEJ is biased towards 

microhomology joins when repairing a DSB, meaning that it preferentially 

uses 5-25 bp of homologous sequence upstream or downstream from the 

break as a foundation on which to align the broken ends. Extra DNA 

sequence adjacent to the homology is then removed allowing religation 

from the homologous region, thus making A-NHEJ highly mutagenic 

(Mladenov et al., 2011; McVey et al., 2008).  

 

The physiologically induced DSBs in Class Switch Recombination (CSR) 

(Figure 1.6) and V(D)J recombination are typically repaired by classical 

NHEJ (Stravnezer et al., 2008; Malu et al., 2012). However, when critical 

components of C-NHEJ are not available, cells resort to using micro-

homology mediated A-NHEJ (Pan-Hammarström et al., 2005; Soulas-

Sprauel et al., 2007; Yan et al., 2007; Corneo et al., 2007). However, this 

use of A-NHEJ pathways increases chromosomal translocations (Yan et al., 

2007; Simsek et al., 2011). Mice deficient in C-NHEJ components have 

defective immune development and tumours with translocations of the IgH 

locus (Boboila et al., 2010). In BCR-ABL translocations, which are 

associated with chronic myelogenous leukemia (CML), microhomology 

regions are typically found at the junctions of the two genes implicating 
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micro-homology mediated end-joining in the development of this type of 

cancer (Mattarucchi et al., 2008). Although A-NHEJ provides a means of 

survival for cells that cannot repair using more conservative means, its 

propensity for misrepair makes it a driver of genomic instability and cancer  

(Dueva et al., 2013). 

 

 
Figure 1.6 Class Switch Recombination 

During class switch recombination, the class of antibody that a B-cell produces is 
varied. For example, here we show the switching from IgM to IgA. The constant 
region of the antibody heavy chain is changed, resulting in varied affinity for 
effector molecules. DSBs are induced at switch regions (represented as black 
diamonds), and subsequently repaired by non-homologous end joining in a 53BP1-
dependent manner.  
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1.4 Aberrant DNA repair 
 

A defunct DNA repair pathway leads to accumulation of genetic mutations 

and increased cancer risk. Several genetic disorders are linked to mutations 

in genes involved in DNA repair pathways. Here we outline some examples 

of these disorders. 

1.4.1 Breast Cancer and BRCA1/2 

 

Hereditary breast and ovarian cancer strongly correlate with mutations in 

BRCA1 and BRCA2 (Easton et al., 1995; Wooster et al., 1994; Ford et al., 

1998). Over 50% of families with breast cancer have a mutation in their 

BRCA1 gene, and 32% in their BRCA2 gene. A remarkable 81% of families 

with heritable breast and ovarian cancer have mutated BRCA1, and 14% 

have mutated BRCA2. Interestingly, when both male and female family 

members inherit breast cancer, 76% of cases present BRCA2 mutations. 

Male carriers of BRCA1 mutations exhibit increased risk of breast, prostate 

and colon cancer, however BRCA2 mutations appear to be of greater risk in 

males, causing breast, prostate, pancreatic and stomach cancers (Liede et al., 

2004).  

 

Modelling breast and ovarian cancer BRCA mutations in mice proved 

problematic; homozygote mutations in both BRCA1 and BRCA2 genes 

cause embryonic lethality, whereas heterozygotes do not phenotypically 

mimic the cancer susceptibility seen in humans harbouring the mutations 

(Ludwig et al., 1997; Gowen et al. 1996; Hakem et al. 1996; Liu et al. 

1996). Conditional knockout BRCA1 mice displayed increased breast cancer 

as observed in human BRCA1 mutation carriers (Xu et al., 1999; Eisinger et 

al., 1998). BRCA1 null cell lines display sensitivity to DNA damaging 

agents MMS and IR, but not UV; they are unable to efficiently repair DNA 

damage, specifically by HR, and have deficient G2/M checkpoint control 

(Gowen et al., 1996; Xu et al., 1999; Zhong et al., 1999). BRCA2 null cell 

lines are also unable to effectively repair DSBs (Connor et al., 1997).   
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1.4.2 Ataxia Telangiectasia and ATM 

 

A mutation in the ATM gene causes a condition in humans known as Ataxia 

Telangiectasia (AT). AT results in a wide spectrum of defects including 

neurodegeneration (specifically loss of cerebellar granule and Purkinje 

neurons), immune dysfunction, growth retardation, incomplete sexual 

maturity, radiosensitivity, and cancer predisposition (Boder et al., 1975; 

Barlow et al., 1996; McKinnon, 2004). AT is progressive and results in 

short life expectancy due to neurological deterioration and cancer occurring 

in 10-15% of sufferers (Taylor et al., 1996). AT is autosomal recessive and 

has a relatively low carrier frequency, 0.5-1% of the population. However, 

heterozygote individuals are also more prone to developing cancer (Easton 

et al., 1994). 

 

Mice with abrogated ATM function exhibit many of the phenotypes 

associated with AT in humans, including growth retardation, infertility, 

radiosensitivity, cancer development and immunological problems (Barlow 

et al., 1975). However, mice with defective ATM do not have all of the 

neurological conditions or ocular telangiectasias that are seen in AT 

patients, they do not show nerve cell loss, which is an extreme phenotype in 

patients (Barlow et al., 1975; Boder et al., 1975; Barlow et al., 1996; 

McKinnon, 2004). 

 

ATM is a critical component in DDR signalling pathways; hypersensitivity 

to IR, cancer development and immunological defects observed in AT 

sufferers are all linked to ATM’s role in DDR activation and cell cycle 

control. It is speculated that the neurological aspect of the disease is also 

caused by a defective DDR and cell cycle control, although further 

elucidation of the mechanism is necessary (Dar et al., 2006; Gorodetsky et 

al., 2007; Yang et al., 2005). 
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1.4.3 Seckel Syndrome and ATR 

 

Seckel syndrome was first described in 1960. Seckel syndrome patients 

have a defective ATR protein resulting in intrauterine growth retardation, 

microcephaly, dwarfism and mental retardation (Seckel, 1960). The ATR 

gene in patients with Seckel syndrome harbours a silent mutation that 

causes aberrant splicing, this splicing greatly reduces the expression level of 

ATR (O’Driscoll et al., 2003; O’Driscoll et al., 2004). More recently, other 

ATR mutations and a mutation in ATRIP (ATR interacting protein) have 

been linked to Seckel syndrome (Ogi et al., 2012). ATR is an essential gene, 

it has important roles in DDR signalling and DSB repair, specifically in 

response to UV damage. ATR phosphorylates numerous substrates in the 

DDR including p53, H2AX, NBS1 and RAD17 (Zou et al., 2002; Ward et 

al., 2001). Seckel cells also display a defective response to UV induced 

DSBs consistent with impaired ATR function (O’Driscoll et al., 2003).  

 

More recently, alternative mutations in the ATR gene have been implicated 

in an autosomal-dominant inherited disease. This disease was found in 24 

individuals spanning generations of a family (Tanaka et al., 2012). In 

contrast to Seckel syndrome, the ATR expression level was not decreased in 

these individuals. They are susceptible to oropharangeal cancer, skin 

telangiectasias and mild hair, teeth and nail abnormalities.  
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1.5 53BP1 and the DNA damage response 
 

1.5.1 Structure-function analysis of 53BP1 

 

53BP1 has multiple roles in the DDR as a mediator and effector protein. 

53BP1 was first identified in a yeast two-hybrid screen as an interactor of 

the tumour suppressor p53 (Iwabuchi et al., 1994). This interaction occurs 

between the tandem BRCT domains at the carboxy-terminus of 53BP1 and 

the DNA binding domain of p53, the interaction promotes p53 

transcriptional activity (Iwabuchi et al., 1998). Upstream of the BRCT 

domains are tandem tudor domains and an oligomerisation domain, both of 

which are required for efficient focal recruitment of 53BP1 to sites of DNA 

damage. Oligomerisation and recognition of histone marks (H4K20me2 

and/or H3K79me2) through the tudor domains are required for 53BP1 

relocation to chromatin in the vicinity of DSBs (Botuyan et al., 2006; Huyen 

et al., 2004; Zgheib et al., 2009). At the amino-terminus of 53BP1 there are 

28 SQ/TQ phosphorylation sites; upon DNA damage, 53BP1 is heavily 

phosphorylated by the PIKK kinases ATM, ATR and potentially DNA-PK. 

This phosphorylation is not required for 53BP1 recruitment to DSBs, and 

reciprocally, phosphorylation of 53BP1 is not dependent on its recruitment 

(Jowsey et al., 2007; Ward et al., 2003a; Ward et al., 2003b). RIF1 and 

PTIP both interact with 53BP1 in this heavily phosphorylated region in an 

ATM-dependent manner (Silverman et al., 2004; Munoz et al., 2007). 

Notably, 53BP1 interacts with the 8kDa light chain of dynein, and this 

interaction is required for DNA damage induced nuclear accumulation of 

p53 (Lo et al., 2005) (Figure 1.7). 
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Figure 1.7 Schematic of 53BP1 protein structure 

The N-terminus of 53BP1 contains multiple S/T-Q PIK kinase phosphorylation 
sites. This region interacts with RIF1 and PTIP. The dynein 8kDa light chain 
interacts with 53BP1 (black rectangle). The oligomerisation domain facilitates 
53BP1 dimerisation (blue rectangle). The Tandem Tudor domains and 
ubiquitination-dependent regions are responsible for recognition and interaction 
with histones in the vicinity of DSBs (blue and red boxes). Two C-terminal BRCT 
domains are responsible for p53 interaction (purple boxes).  
 
 

In undamaged G1 phase cells, nuclear compartments marked by 53BP1 are 

termed ‘53BP1 nuclear bodies’ (Lukas et al., 2011). Unreplicated DNA 

from the previous S-phase caused by mild replication stress is sequestered 

into these nuclear bodies. Furthermore it is believed fragile sites are also 

sequestered into 53BP1 nuclear bodies for protection. Upon DNA damage, 

53BP1 is visualised as foci and co-localises with other DDR proteins 

including the MRN complex, γH2AX, MDC1 and BRCA1 (Bekker-Jensen 

eta l., 2005; Schultz et al., 2000; Stewart et al., 2003; Wang et al., 2002). An 

ubiquitination dependent recruitment motif (UDR) in 53BP1 recognises 

H2A ubiquitinated on lysine 15 (H2AK15ub) upon DNA damage. The 

recognition of this histone mark along with H4K20me2 recognition 

stabilises the 53BP1-chromatin complex (Fradet-Turcotte et al., 2013). 

Ubiquitination of H2AK15 requires MDC1 signalling via RNF8 and 

RNF168, two E3-ubiquitin ligases. This signalling is required for 53BP1 

recruitment, possibly because interaction with both histone marks at the 

UDR and the tudor domains (H4K20me2 and H2AK15ub), is necessary for 

efficient binding (Bohgaki et al., 2013; Stewart et al., 2003). Interestingly, 

recent investigations suggest that after damage, 53BP1 protein that is not 

bound to DSBs is degraded by the proteasome and that this is 

RNF8/RNF168 dependent (Hu et al., 2014). This suggests 53BP1 binding at 
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DSBs, which requires RNF8/RNF168, protects it from degradation. Further 

elucidation of 53BP1 recruitment and function is required, it is clear it has 

complex roles in the DDR (Figure 1.8).  

 

 
Figure 1.8 53BP1 recruitment and stabilisation in the vicinity of DSBs 

53BP1 dimerises via its oligomerisation domain (OD). The tandem tudor domains 
recognises histone H4 dimethylated on lysine 20 (H4K20me2). The ubiquitination-
dependent region (UDR) interacts with H2A ubiquitinated on lysine 15 
(H2AK15ub). Adapted from Fradet-Turcotte et al., 2013. 
 

1.5.2 53BP1 and checkpoint signalling 

 

Aside from 53BP1s role in recruiting DSB components including RIF1 and 

PTIP as discussed previously, 53BP1 is a mediator of the ATM DNA 

damage response signalling cascade (Panier et al., 2014). 53BP1 promotes 

ATM phosphorylation of CHK2, SMC1, RPA2, and BRCA1 (Wang et al., 

2002) and KAP1 when DSBs occur in heterochromatic regions (Noon et al., 

2010). Loss of 53BP1 and defective ATM signalling following DNA 

damage results in problems in the G2/M checkpoint and therefore genomic 

instability (DiTullio et al., 2002; Fernandez-Capetillo et al., 2002). 

 

1.5.3 53BP1 and DSB repair pathway choice 

 

The significant decision to repair a break by HR or NHEJ is tightly 

regulated; the correct decision must be made in order to avoid improper 

repair and genome instability. As HR requires a homologous sister 
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chromatid, this repair process is restricted to late in the cell cycle (Chapman 

et al., 2012). The determining factor is the initiation of 5’-3’ end resection 

which is required for HR repair and inhibits NHEJ repair (Symington et al., 

2011). 53BP1 protects broken DNA ends from resection during G1, when 

HR cannot carry out reliable repair. BRCA1 behaves in an antagonistic 

fashion, promoting HR and preventing NHEJ. Importantly, deletion of 

53BP1 in BRCA1 deficient cells rescues their HR defect; this is of potential 

therapeutic use in breast cancers that are BRCA1-negative (Bunting et al., 

2010; Escribano-Diaz et al., 2013).  

 

1.5.4 53BP1 and distal NHEJ 

 

53BP1 is required for isotype switching in B-cells during Class Switch 

Recombination (CSR) and for long-range V(D)J recombination in early 

thymocytes (Ward et al., 2004; Difilippantonio et al., 2008). Furthermore, 

53BP1 is required for the fusion of deprotected telomeres. Each of these 

pathways involve end fusion of distal DNA DSBs. Strikingly, 53BP1 

depletion results in less mobility of deprotected telomeres (Dimitrova et al., 

2008). The mechanism guiding 53BP1-dependent chromatin mobility is 

unknown. The BRCT, GAR and dynein LC8 interacting regions are 

dispensable for this chromatin mobility (Lottersberger et al., 2013). 

Oligomerisation of 53BP1 was not absolutely required for mobility, 

although when 53BP1 oligomerisation was perturbed there was a slight 

defect in the movement of deprotected telomeres. The heavily 

phosphorylated N-terminal region was required for 53BP1-dependent 

mobility, suggesting the involvement of a critical interacting factor in this 

region (Lottersberger et al., 2013).  
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1.6 The kinesin molecular motor 
 

Intracellular transport is critical for cell morphogenesis, functionality and 

survival. Cells use specialised molecular motor proteins to cargo various 

proteins and lipids to their correct destinations in the cell. Most newly 

synthesised proteins are actively transported within membranous organelles 

and mRNAs are transported in large protein complexes (Hirokawa et al., 

2009). These molecular motors can be classified into three main categories, 

kinesins, dyneins and myosins (Vale, 2003). Molecular motors transport 

cargo along cytoskeletal tracks directionally using ATP; myosins use actin 

tracks and kinesins and dyneins travel in opposite directions along 

microtubule cables. Dyneins move towards the minus ends and kinesins 

move toward the plus ends of microtubules (Hirokawa, 1998). Molecular 

motors first appeared in primitive eukaryotes and have developed 

throughout eukaryotic evolution to a diverse range of motor proteins (Vale, 

2003). Kinesins were first identified in giant squid axons in 1985; the name 

derived from the Greek ‘kinein’, to move (Vale et al., 1985). There are 14 

recognised kinesin families, based on analysis of conserved groups and 

phylogenetic trees (Lawrence et al., 2004). 

 

Microtubules are critical for kinesin and dynein function, providing a bi-

directional rail for kinesin and dynein proteins to move their cargo. 

Microtubules are ~25nm tube-like structures composed of α− and β− 

tubulin heterodimers. They most commonly are formed by grouping 13 

protofilaments. Microtubules are dynamic polar structures with rapidly 

growing plus ends and diminishing minus ends. Post-translational 

modifications of microtubules are useful indicators of their dynamics; 

acetylation and detyrosination of tubulin are found on stable microtubules, 

and conversely, unpolymerised tubulin is deacetylated and tyrosinated 

(Janke and Bulinski, 2011) (Figure 1.9). Microtubules are used as a rail 

network by kinesins and dyneins, but furthermore, kinesins and dyneins 

play a role in regulating microtubule dynamics (Hirokawa, 1998).  
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Figure 1.9 Microtubule dynamics 

Microtubule polymers can be detected by their acetylated and de-tyrosinated post-
translational modifications. Conversely, unpolymerised tubulin is deacetylated and 
tyrosinated (Emma Harte, NUIG PhD thesis, 2014).  
 
 

During interphase, microtubules provide a cellular shape and support as 

well as a transport network. In mitosis, microtubules form an essential 

component of the mitotic machinery, tethering sister chromatids and 

orchestrating their segregation, ensuring each daughter cell receives an 

equal share of chromosomes. Microtubules fasten to extra-chromosomal 

structures termed centrosomes (Doxsey et al., 2005). The centrosome is 

composed of two centrioles (made of microtubules) and a network of 

proteins called the pericentriolar material (PCM). The kinetochore 

represents the opposite attachment site for microtubules, it is a 

proteinaceous structure on condensed chromosomes flanking the primary 

constriction (Wan et al., 2009; Sakuno et al., 2009). Microtubules are 

anchored by their minus ends at the centrosomes, their plus ends polymerise 

and interact with the kinetochores on sister chromatids during mitosis 

allowing chromatid separation (Figure 1.10). Interestingly, numerous DDR 

factors have been associated with the centrosome and the centromere. 

Soluble phase

Microtubule
 polymer phase

Deacetylation and
 tyrosination

Acetylation and
 detyrosination

Proto!lament
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53BP1 localises to the kinetochore (Jullien et al., 2002), and CHK1, NBS1, 

BRCA1, ATM, and ATR have been identified at the centrosome (Zhang et 

al., 2007).  

 
Figure 1.10 The mitotic spindle apparatus 

During mitosis sister chromatids are separated. Spindle microtubules (+ ends), 
emanating from the centrosomes, attach to the kinetochore, a proteinaceous 
structure assembled at the centromeric region on chromosomes. These spindle 
microtubules allow sister chromatid separation. Astral microtubules emanate from 
the centrosome but do not attach to the kinetochore, they are required for 
appropriate positioning and orientation of the mitotic spindle apparatus.  
 

Kinesins use the chemical energy of ATP to drive conformational changes 

that generate motile force (Figure 1.11; Hirokawa et al., 2009). Kinesins can 

be grouped into three main categories, N-kinesins, M-kinesins and C-

kinesins. This nomenclature refers to the position of the motor domain 

within the protein; N-kinesins have their motor at the amino terminus, C-

kinesins at the carboxyl terminus and M-kinesins in the middle. In general, 

N- and C- kinesins drive movement towards the plus-end and minus-end of 

microtubules respectively, whereas M-kinesins depolymerise microtubules 

(Hirokawa et al., 2009). There are 44 defined human kinesin genes, the vast 

majority of which are N-kinesins, which are further classified into 11 groups  

(Miki et al., 2001).  
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Figure 1.11 Mechanism of kinesin mediated transport 

Kinesins transport newly synthesised proteins and other cargos in the cell. Kinesins 

have a conserved motor domain, and unique stalk and tail domains. The motor 

domain hydrolyses ATP and binds to microtubules allowing directed movement. 

C-kinesins (and cytoplasmic dynein; CyDn) move towards the minus-end of 

microtubules, N-kinesins move towards the plus-end and M-kinesins generally act 

as microtubule depolymerisers. In some cases adaptor proteins are required for 

kinesins to bind to their cargo (Hirokawa et al., 2009).  
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1.6.1 Kinesin KIF18B 

 

KIF18B is a N-8 (group 8 of the N-kinesins) family member of the 

superfamily of kinesin proteins. KIF18B has a conserved motor domain at 

its N-terminus, it contains an NLS (nuclear localisation signal), and sites 

which interact with EB1 (end binding protein 1) and MCAK (mitotic 

centromere associated kinesin; also known as KIF2C; Figure 1.12). KIF18B 

(human) protein sequence (EBI accession 27102) was analysed using 

Ensembl online comparative genomics database. The gene tree shows 

orthologues spanning from Saccharomyces cerevisiae (KIP3) in the fungal 

kingdom to humans in the animal kingdom (Figure 1.13). Similar to 

KIF18B, KIP3 has a role in the regulation of microtubule dynamics during 

mitosis, promoting bi-polar spindle assembly and maintenance of genome 

stability (DeZwann et al., 1997; Rizk et al., 2014). KIF18B has 10 

paralogues in human (Table 1.1), the closest of which is KIF18A with a 

77% sequence similarity (Figure 1.14). However, the most conserved 

regions of these proteins are the motor domains in the N-terminus (aa 1 to 

approximately aa500), with the C-terminal region exhibiting further 

diversification.  

 

 

 
Figure 1.12 Schematic of KIF18B protein structure 

KIF18B is an N-kinesin, meaning its motor domain is found at the N-terminus. 
KIF18B contains phosphoserine and phosphothreonine sites (red and yellow 
lollipops respectively), a nuclear localisation signal (NLS) and regions that interact 
with EB1 (end binding protein 1) and MCAK (mitotic centromere associated 
kinesin, also known as KIF2C).  
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Figure 1.13 Gene tree representing KIF18B orthologues  

Ensembl gene tree generated by the gene othology/parology prediction method. 
Gene tree showing the maximum likelihood phylogenetic tree representing the 
evolutionary history of KIF18B.  
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Table 1.1 KIF18B paralogues 

Ensembl table of KIF18B paralogues. Paralogues are defined in Ensembl as genes 
for which the most common ancestor node is a duplication event. The target % ID 
column represents the percentage of identical amino acids in the paralogue 
compared with KIF18B. The query % ID column represents the percentage of 
identical amino acids in KIF18B compared with the paralogue.  
 
 

Paralogues of human KIF18B Target %ID Query %ID 

   KIF18A 
 

35 36	  
 

KIF16B 13 22 

KIF1C 17 22 

KIF13A 11 24 

KIF1A 11 23 

KIF22 22 17 

KIF1B 11 24 

KIF14 10 20 

KIF13B 11 23 

KIF19 24 28 
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Figure 1.14 Alignment of KIF18B and KIF18A protein sequences 

Clustal 2.1 multiple sequence alignment of KIF18B and KIF18A protein 
sequences. Asterisks (*) represent fully conserved residues, colons (:) represent 
residues with strongly similar properties, and full stops (.) indicate residues with 
weakly similar properties.  
 

KIF18B was first examined in 2010; this study describes the localisation of 

KIF18B during the cell cycle. During interphase, KIF18B is predominantly 

nuclear, during G2/M phase KIF18B expression levels are increased and at 

CLUSTAL 2.1 multiple sequence alignment

KIF18BHuman      MSHPGVTTVMAVEDSTLQVVVRVRPPTPRELDSQRRPVVQVVDERVLVFNPEEPDGGFPG 60
KIF18AHuman      -----MSVTEEDLCHHMKVVVRVRPENTKEKAAGFHKVVHVVDKHILVFDPKQEEVSFFH 55
                      ::..       ::******* ..:*  :  : **:***:::***:*:: : .*  

KIF18BHuman      LKWGGTHDGPKKKGKDLTFVFDRVFGEAATQQDVFQHTTHSVLDSFLQGYNCSVFAYGAT 120
KIF18AHuman      GKKTTNQNVIKKQNKDLKFVFDAVFDETSTQSEVFEHTTKPILRSFLNGYNCTVLAYGAT 115
                  *   .::  **:.***.**** **.*::**.:**:***:.:* ***:****:*:*****

KIF18BHuman      GAGKTHTMLGREGDPGIMYLTTVELYRRLEARQQEKHFEVLISYQEVYNEQIHDLLEPKG 180
KIF18AHuman      GAGKTHTMLGSADEPGVMYLTMLHLYKCMDEIKEEKICSTAVSYLEVYNEQIRDLLVNSG 175
                 **********  .:**:**** :.**: ::  ::**  .. :** *******:***  .*

KIF18BHuman      PLAIREDPDKGVVVQGLSFHQPASAEQLLEILTRGNRNRTQHPTDANATSSRSHAIFQIF 240
KIF18AHuman      PLAVREDTQKGVVVHGLTLHQPKSSEEILHLLDNGNKNRTQHPTDMNATSSRSHAVFQIY 235
                 ***:***.:*****:**::*** *:*::*.:* .**:******** *********:***:

KIF18BHuman      VKQQDRVPGLTQAVQVAKMSLIDLAGSERASSTHAKGERLREGANINRSLLALINVLNAL 300
KIF18AHuman      LRQQDKTASINQNVRIAKMSLIDLAGSERASTSGAKGTRFVEGTNINRSLLALGNVINAL 295
                 ::***:...:.* *::***************:: *** *: **:********* **:***

KIF18BHuman      ADAKGRKTHVPYRDSKLTRLLKDSLGGNCRTVMIAAISPSSLTYEDTYNTLKYADRAKEI 360
KIF18AHuman      ADSKRKNQHIPYRNSKLTRLLKDSLGGNCQTIMIAAVSPSSVFYDDTYNTLKYANRAKDI 355
                 **:* :: *:***:***************:*:****:****: *:*********:***:*

KIF18BHuman      RLSLKSNVTSLDCHISQYATICQQLQAEVAALRKKLQVYEGGGQPPPQDLPGSPKSGPPP 420
KIF18AHuman      KSSLKSNVLNVNNHITQYVKICNEQKAEILLLKEKLKAYEEQKAFTNENDQAKLMISNPQ 415
                 : ****** .:: **:**..**:: :**:  *::**:.**     . ::  ..   . * 

KIF18BHuman      E-----------------------------HLPSSPLPPHPPSQPCTPELPAGPRALQEE 451
KIF18AHuman      EKEIERFQEILNCLFQNREEIRQEYLKLEMLLKENELKSFYQQQCHKQIEMMCSEDKVEK 475
                 *                              * .. * ..  .*  .      ..   *:

KIF18BHuman      SLG------MEAQVERAMEGNSSDQEQSPEDEDEGPAEEVPTQMPEQNPTHALPESPR-- 503
KIF18AHuman      ATGKRDHRLAMLKTRRSYLEKRREEELKQFDENTNWLHRVEKEMGLLSQNGHIPKELKKD 535
                 : *         :..*:   :  ::* .  **: .  ..* .:*   . .  :*:. :  

KIF18BHuman      ------------LTLQPKPVVGHFSARELDGDRSKQLALKVLCVAQRQYSLLQAANLLTP 551
KIF18AHuman      LHCHHLHLQNKDLKAQIRHMMDLACLQEQQHRQTEAVLNALLPTLRKQYCTLKEAGLSNA 595
                             *. * : ::.  . :* :  ::: :   :* . ::**. *: *.* ..

KIF18BHuman      DMITEFETLQQLVQEEKIEPGAEALRTSGLARGAPLAQELCSESIPVPSPLCPEPPGYTG 611
KIF18AHuman      AFESDFKEIEHLVERKKVVVWADQTAEQPKQNDLPGISVLMTFPQLGPVQPIPCCSSSGG 655
                  : ::*: :::**:.:*:   *:    .   .. *  . * : .   *    *  ..  *

KIF18BHuman      PVTRTMARRLSGPLHTLGIPPGPNCTPAQGSRWPMEKKRRRPSALEADSPMAPKRGTKRQ 671
KIF18AHuman      TNLVKIPTEKRTRRKLMPSPLKGQHTLKSPPSQSVQLNDSLSKELQPIVYTPEDCRKAFQ 715
                 .   .:. .     : :  *   : *  . .  .:: :   .. *:.    . .  .  *

KIF18BHuman      RQSFLPCLRRGSLPDTQPSQGPSTPKG------ERASSPCHSPRVCPATVIKSRVPLGPS 725
KIF18AHuman      NPSTVTLMKPSSFTTSFQAISSNINSDNCLKMLCEVAIPHNRRKECGQEDLDSTFTICED 775
                 . * :. :: .*:. :  : ...  ..       ..: * :  : *    :.* ..:  .

KIF18BHuman      AMQN-CSTPLALPTRDLNATFDLSEEPPSKPSFHECIGWDKIP-----QELSRLDQPFIP 779
KIF18AHuman      IKSSKCKLPEQESLPNDNKDILQRLDPSSFSTKHSMPVPSMVPSYMAMTTAAKRKRKLTS 835
                   .. *. *   .  : *  :    :*.* .: *.    . :*        :: .: : .

KIF18BHuman      RAPVPLFTMKGPKPTSSLPGTSACKKKRVASSSVSHGRSRIARLPSSTLKRPAGPLVLPG 839
KIF18AHuman      STSNSSLTADVNSGFAKRVRQDNSSEKHLQENKPTMEHKRNICKINPSMVRKFGRNISKG 895
                  :. . :* .  .  :.    . ..:*:: ... :  :.*     ..:: *  *  :  *

KIF18BHuman      DWH 842
KIF18AHuman      NLR 898
                 : :
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metaphase it is found at astral microtubules protruding from the spindle pole 

(Lee et al., 2010). One year later, two studies described a role for KIF18B in 

regulating astral microtubule dynamics during early mitosis. KIF18B 

interacts with EB1 (plus end binding protein 1) and with MCAK (mitotic 

centromere associated kinesin; a kinesin 13 family member). These 

interactions are required for efficient microtubule depolymerising during 

this stage of the cell cycle. Additionally this complex is regulated by Aurora 

kinases (Stout et al., 2011; Tanenbaum et al., 2011). Efficient mitotic 

spindle assembly and organisation relies on regulated microtubule 

polymerisation and depolymerisation, a defect in these mechanisms could 

lead to aberrant chromosome segregation. Consistent with these defects 

KIF18B has been recently implicated as a novel driver gene in 

carcinogenesis (Itzel et al., 2014). In this study bioinformatic procedures for 

guilt-by-association/profiling were used to identify genes which are co-

regulated and could therefore have functional links. Of 61 genes found 

using these methods, all but two (KIF18B and CDCA3) had previously been 

identified as genes involved in tumour development.  KIF18B was highly 

overexpressed (>100 fold) in breast, ovarian, kidney, liver and lung cancers, 

causing misregulation of critical cell cycle genes (over 440 genes were 

affected by KIF18B overexpression). KIF18B overexpression disturbed 

gene expression of G1/S cell cycle stage-regulatoring genes.  Furthermore, 

KIF18B overexpression resulted in down-regulation of tumour suppressor 

genes including TP53 (tumour protein p53) and TRAF2 (TNF receptor-

associated factor 2). Expression of the oncogenes RAN (Ras-related nuclear 

protein) and TRIM37 (Tripartite motif containing protein 37) were increased 

upon KIF18B expression. Apoptosis pathways were not affected by KIF18B 

overexpression.   The mechanism of this cell cycle and tumour suppressor 

gene deregulation was not investigated in this study. The results presented 

in the study were shown to have prognostic significance in several tumours; 

meaning KIF18B is a potential therapeutic target (Itzel et al., 2014). 

Mutations in KIF18B have also been detected in sufferers of familial 

glioma, a rare but fatal brain tumour (Jalali et al., 2015).  
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Another nuclear kinesin KIF4 has been implicated in DNA damage repair 

through an interaction with the BRCA2/RAD51 pathway (Wu et al., 2008). 

The kinesin KIF4 (also referred to as KIF4a) interacts with BRCA2, its loss 

results in impaired RAD51 IRIF, sensitivity to IR in clonogenic survival 

assays and defective HR upon I-SceI induced recombination (Wu et al., 

2008). However, the direct role for KIF4 in DNA repair is controversial, 

another report suggests KIF4 has an indirect role in the preservation of 

genome stability through the maintenance of chromatin architecture 

(Mazumdar et al., 2011). In this study they explain how KIF4A interacts 

with core and linker histones and affects large-scale chromatin structure. In 

KIF4A null MEF, there was an increase in decondensed chromatin, and 

H3K9me3 (Histone H3 trimethylated on lysine 9; a marker of 

heterochromatin) was more dispersed (Mazumdar et al., 2011). Recently, 

the budding yeast kinesin-14 motor protein complex (Cik1-Kar3) has been 

implicated in a HR-dependent repair process termed break-induced 

replication (Chung et al., 2015). The kinesin-14 complex (S. cerevisiae) is a 

minus-end directed motor that is involved in mediating interactions between 

DSBs and Nup84 (nuclear pore complex), facilitating efficient BIR (break-

induced replication repair). In this study the authors suggest the possible 

involvement of a plus-end directed motor in this mechanism. It is 

noteworthy that the yeast homologue of KIF18B (Kip3) interacts with Kar3, 

a component of the kinesin14 complex. These investigations lead us to ask 

whether other nuclear kinesins, such as KIF18B, also play a role in genome 

stability and DNA damage repair. 

 

1.7 The emerging biology of the nucleoskeleton 
 

The cytoskeleton is composed of actin filaments, microtubules and 

intermediate filaments. It provides cell shape, movement, signalling, 

organisation, intracellular transport, and allows chromosome segregation 

and cytokinesis (Fletcher et al., 2010). This complex cytoplasmic network 

has been investigated in depth since the first visualisation of actin filaments 

by immunofluorescence in the early ‘70s (Lazarides et al., 1974). However, 
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the sheer existence of a similar architecture within the nucleus has been a 

controversial topic over the decades (Pederson, 2000; Nickerson, 2001). 

 

The lamin family of nuclear intermediate filaments are the most 

characterised structural component of the nucleus, they have been 

implicated in over 20 human diseases termed ‘laminopathies’, including 

Hutchinson-Gilford progeria syndrome (HGPS) which causes dramatic 

accelerated aging and accumulation of DNA damage (Gerace et al., 1978; 

Scaffidi et al., 2005). There are two types of lamin: A-type (encoded by 

LMNA) and B-type (encoded by LMNB1 and LMNB2). Lamin filaments 

localise predominantly at the INM (inner nuclear membrane) but are also 

found throughout the nucleoplasm (but are excluded from the nucleolus; 

Wilson and Foisner, 2010; Dittmer and Misteli, 2011). A-type lamins have 

been implicated in maintaining the stability of DNA damage repair foci. 

Lmna-/- MEFs are deficient in 53bp1, exhibiting impaired NHEJ. 53Bp1 

binds to LaminA/C in a DNA damage dependent manner via the tudor 

domain of 53Bp1, this interaction is required for 53Bp1 recruitment to 

DSBs. When Lamin A/C is deficient, 53Bp1 protein levels are reduced by 

proteasomal degradation and upregulation of cysteine protease cathepsin L 

(CTSL) resulting in impaired classical NHEJ (Gonzalez-Suarez et al., 2009; 

Gonzalez-Suarez et al., 2011; Gibbs-Seymour et al., 2014). A-type lamins 

also interact with γH2AX and anchor repair foci to sites of damage (Mahen 

et al., 2013). Multiple investigations have pointed towards a more complex 

nuclear architecture, with additional components to the lamin family, this 

can be referred to as the ‘nucleoskeleton’.  

 

The cytoskeleton can communicate with the nucleoskeleton through ‘LINC’ 

complexes (links the nucleoskeleton and cytoskeleton; Simon et al., 2011). 

LINC complexes are composed of SUN-domain proteins in the INM (inner 

nuclear membrane) that interact in the nuclear envelope lumen with KASH-

domain proteins (anchored in the ONM; outer nuclear membrane; Figure 

1.15). KASH-domain proteins (nesprins) bind to cytoplasmic actin, 

microtubules, centrosomes or intermediate filaments (Wilson and Foisner, 
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2010). LINC complexes transmit signals from the cytoplasm to chromatin 

and the nucleoskeleton, which includes lamins, nuclear mitotic apparatus 

(NuMA), spectrins, titin, actin, myosins, kinesins and nuclear pore complex 

(NPC) linked filaments. In yeast (S. pombe), nuclear envelope bridging 

complexes have been implicated in the efficient repair of DSBs by 

homology-directed repair (HDR), an error-prone repair pathway (Swartz et 

al., 2014). In this study disruption of the LINC complex composed of Sad1 

and Kms1 resulted in defective DSB repair.  

 

  

 
 

Figure 1.15 Schematic of LINC complexes 

Schematic of LINC complexes (links the nucleoskeleton and the cytoskeleton) at 
the nuclear periphery. ONM (outer nuclear membrane), INM (inner nuclear 
membrane), and PNS (perinuclear space or nuclear envelope lumen) are shown. 
Nesprin proteins contain KASH-domains and are anchored at the ONM. Nesprins 
interact with SUN-domain proteins in the PNS and with the cytoskeleton. SUN-
domain proteins interact with lamina intermediate filaments inside the nucleus. 
(Taranum et al., 2012) 
 
 
After decades of controversy it is now clear that actin functions in the 

nucleus (Visa et al., 2010). Nuclear actin filaments are difficult to visualise 

using approaches suitable for cytoplasmic actin. Nuclear actin filaments are 

far smaller and less abundant than cytoplasmic actin, making detection 

complicated (Gieni et al., 2009). Earlier this year, Belin and colleagues 

developed a method for detecting nuclear actin filaments using a fluorescent 

probe (UTR230-EN) with an actin-binding domain fused to EGFP and 
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nuclear localisation signals (Belin et al., 2015). They saw that upon DNA 

damage actin filaments within the nucleus were longer. These filaments 

were required for efficient DSB repair - focal recruitment of repair factors 

persisted in the absence of nuclear actin filaments (Belin et al., 2015). 

 

There is evidence in both S. cerevisiae and S. pombe that microtubules can 

also be found within the nucleus. In both budding and fission yeast, nuclear 

microtubules are necessary for survival during quiescence, and exit from 

quiescence (Laporte et al., 2013; Laporte et al., 2015). 

 

The tubulin family member γTubulin is important for the nucleation of 

microtubules, it is predominantly associated with microtubule organising 

centres (MTOC). γTubulin has been found to interact with nuclear proteins 

that are involved in checkpoint regulation and repair including ATR, 

RAD51 and the tumour suppressor C53 (Hořejší et al., 2011; Zhang et al., 

2007; Lesca et al., 2005). These results indicated γTubulin has a nuclear 

role. Later, γTubulin was shown to interact with E2 promoter binding 

factors, thus modulating its activity and cell cycle progression (Hoog et al., 

2011). 

 

Molecular motor proteins have been detected in the nucleus, including six 

myosins (nuclear Myosin lc, Myosin Va, Myosin Vb, Myosin VI, Myosin 

XVIb and Myosin XVIIIb) and five kinesins (described below). The 

majority of these nuclear motor proteins have been poorly characterised, 

their mechanism and function is not clear as to date there is no evidence for 

the presence of a nuclear microtubule rail network that they could use for 

cargo movement. Some reports show movement of chromosomes within the 

nucleus that is faster than random diffusion and that is possibly ATP-

dependent (Chuang et al., 2007). Nuclear kinesins include KIF18B, 

KIF17B, KIF4A, MCAK (KIF2C) and KID. These kinesins all localise to 

the nucleus during interphase, and are not chromokinesins (chromatin 

associated during mitosis upon nuclear envelope breakdown, and then 

excluded from the nucleus throughout the rest of the cell cycle). Known 
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functions of nuclear kinesins range from nuclear export, DNA damage 

repair (disputed role for KIF4A), chromatin organisation and roles in 

microtubule regulation during mitosis, although their functions, particularly 

during interphase, are not entirely elucidated (Levesque et al., 2001; Macho 

et al., 2002; Mazumdar et al., 2004; Lee et al., 2010; Zhang et al., 2011). 

The critical question is whether these nuclear kinesins in fact function as 

ATP-dependent motors during interphase, and if so, what tracks if any are 

they running along? Or whether the motor domain has alternative functions 

within the nucleus?  

 

1.8 Histones and chromatin contexts in DNA repair  
 

The fundamental repeating unit of chromatin is the nucleosome. The 

nucleosome is composed of a core octamer of histone proteins wrapped in 

~147bp of DNA (Luger et al., 1997; Davy et al., 2002). The nucleosome 

core octamer contains two of each of the core histones, H2A, H2B, H3 and 

H4. H1, also known as a linker histone, is capable of binding the linker 

DNA between nucleosomes (Simpson, 1978; Widom, 1998). Histones are 

highly conserved throughout evolution owing to their critical role in 

chromatin assembly (Figure 1.16). Histones and histone variants are vital in 

chromatin regulation, undergoing a plethora of post-translational 

modifications sometimes referred to as the ‘histone code’ (Kouzarides et al., 

2011).  

 

1.8.1 Canonical and variant histones 

 

Canonical, or replication-dependent histones are the only metazoan mRNAs 

that do not possess a polyA tail, but rather have a conserved 3’ stem loop 

structure. Additionally, these histones tend to be clustered together in the 

genome and do not contain any intronic sequence (Dominski et al., 1999). 

On the contrary, another class of histones known as ‘replacement’ variant 

histones, are dispersed, replication-independent, polyadenylated, and can 
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contain introns. These variant histones have a diverse range of functions, 

including DNA repair, meiotic recombination and transcription regulation 

(Talbert et al., 2010). 

 

 

 
Figure 1.16 Histone gene complement in Drosophila melanogaster and human 

(A) Flies (Drosophila melanogaster) have an organised histone gene locus 
containing 23 repeat units of the canonical histone genes, H1, H2A, H2B, H3 and 
H4. Adapted from Gunesdogan et al., 2010. (B) Canonical human histone genes 
are dispersed across four clusters, HIST1, HIST2, HIST3 and HIST4.  

 

1.8.2 Histone regulation 

 

A 5’ 7methylguanylate is present on histone mRNAs to prevent degradation 

and for recognition by the ribosome for translation. The stem loop consists 

of a conserved 26 nucleotide sequence containing a 16 nucleotide stem loop. 

Downstream of the conserved 3’ stem loop is a purine rich histone 

downstream element (HDE) (Figure 1.17). Stem loop binding protein 

(SLBP) binds to the stem loop and the U7 snRNP binds to the HDE 

resulting in canonical histone gene processing. SLBP is cell cycle regulated, 

His2A  His2B   His3    His4  His1  

A) Drosophila Melanogaster Histone Gene Complement

23 gene repeat units

B) Human Histone Complement
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expressing in S-phase and binding to histone 3’ stem loops resulting in 

stabilisation. In turn this stabilisation allows U7 snRNP binding to the HDE. 

The U7 small nuclear RNA is required for splicing of the histone pre-

mRNA  (Dominski et al., 1999). Canonical histones must be highly cell-

cycle regulated as they are required in large amounts to package newly 

synthesised DNA during S-phase. In every mammalian cell cycle, 108 

molecules of each core histone are necessary for chromatin formation, as 

cells progress from G1 into S-phase, there is a 35 fold increase in histone 

mRNA (Marzluff et al., 2002; Harris et al., 1991). 

 

 
Figure 1.17 Histone gene regulation 

Schematic of canonical histone gene regulatory elements. Canonical histone genes 
do not contain introns and are not polyadenylated. A conserved 3’ stem loop 
structure and a histone downstream element (HDE) co-ordinate with stem loop 
binding protein (SLBP) and U7 snRNP respectively. This occurs in a cell cycle 
dependent manner and is required for histone mRNA processing. 
 

1.8.3 Post-translational modifications of histones 

 

Histones have highly basic amino (N) -terminal tails that protrude from the 

nucleosome core. Many residues of the unstructured histone tails, and some 

residues within the globular domain can undergo post-translational 

modifications (Bannister and Kouzarides, 2011). These modifications 

include phosphorylation, methylation, acetylation and ubiquitination. 

Amazingly, these modifications, and a crosstalk amongst them encrypts an 

intricate language which can either repress or activate gene expression, and 

can affect replication, repair and recombination. This complex language is 
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still in the early stages of translation, as we do not fully understand the 

meaning and behaviour of histone modifications and their variable 

combinations within the genome (Jenuwein et al., 2001; Lee et al., 2010). 

 

One of the most widely studied histone modifications is the DNA damage 

induced phosphorylation of the H2A variant H2AX on serine 139, forming 

γH2AX (Rogakou et al., 1998). H2AX contains a modifiable amino-

terminal tail that is not present in canonical H2A, making this modification 

specific to the variant. ATM phosphorylates H2AX within 1-3 minutes 

following DSB induction. This phosphorylation then spreads up to 2 

megabases from the DSB, acting as a recruitment platform for MDC1 and 

its downstream signalling cascade (Rogakou et al., 1999; Paul et al., 2000). 

 

MDC1 binds to γH2AX, facilitating its phosphorylation by ATM. 

Phosphorylated MDC1 then allows recruitment of the E3 ubiquitin ligase 

RNF8 and subsequently RNF168, both of which polyubiquitinate H2A and 

H2AX (Kolas et al., 2007). This ubiquitination is required for recruitment 

and docking of the DDR mediator proteins 53BP1 and BRCA1 (Bohgaki et 

al., 2011; Stewart et al., 2003).  

 

Histone methylation, catalysed by histone methyltransferases is extremely 

important in chromatin regulation. Methylation can physically alter 

chromatin structure; H3K79me2 (histone H3 dimethylated on lysine 79) 

results in a change in the nucleosome surface, whereas, H4K20me3 (histone 

H4 trimethylated on lysine 20) affects chromatin compaction and is a 

marker for heterochromatin (Lu et al., 2008). Di-methylation of H4K20 

(H4K20me2) by SUV4-20H1 and SUV4-20H2 is required for recruitment 

of 53BP1 to chromatin in the vicinity of DNA damage. This modification is 

therefore important in the maintenance of genome stability (Jørgensen et al., 

2013). Methylation of H3K79 (H3K79me) is required for recruitment of the 

53BP1 orthologue in budding yeast, Rad9 (Nguyen et al., 2011). This 

modification is carried out by DOT1 methylatransferase. However, H3K79 

methylation does not seem to be conserved in the DDR of higher cells as 
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Dot1 is dispensible for 53bp1 recruitment in DT40 chicken cells, a Dot1-/- 

DT40 cell line did not have perturbed 53BP1 IRIF recruitment (Fitzgerald et 

al., 2011). Furthermore, siRNA interference of DOT1 in human U2OS cells 

did not affect 53BP1 focal recruitment. 

 

Acetylation of histone tails is catalysed by histone acetyltransferases 

(HATs), and this can be reversed by histone deacetylases (HDACs). 

Addition of an acetyl group alters the interaction between the histones and 

the DNA backbone by altering their charge (Grunstein, 1997). Histone 

acetylation has been implicated in the DDR; HDAC1 and HDAC2 respond 

to DNA damage by altering chromatin acetylation. H3K56 and H4K16 

acetylation is reduced by HDAC1 and HDAC2 at DSBs. HDAC1 and 

HDAC2 are required for efficient DSB repair, specifically by NHEJ (Miller 

et al., 2010). Concurrently, TIP60, an acetyltransferase acting early in the 

DDR promotes BRCA1 accumulation at damage sites through acetylation of 

H4K16 (Tang et al., 2013). This acetylation greatly reduces 53BP1 binding 

affinity to H4K20me2 when the modification occurs on the same H4 tail. 

This TIP60 acetylation and HDAC1/2 deacetylation antagonism is pivotal in 

the 53BP1/BRCA1 competition at DSBs which ultimately leads to a choice 

between NHEJ or HR repair respectively. 

 

1.8.4 Chromatin complexity and DNA repair 

 

Tightly compacted heterochromatin represents 10-25% of total chromatin 

(Goodarzi et al., 2009). A cells constitutive heterochromatin environment is 

marked by histone methylation marks - H3K9me3, H4K20me3 and 

H3K64me3. Facultative heterochromatin is also marked by methylated 

histone residues, depending on the various genomic region of facultative 

heterochromatin, these include H3K9me2/3, H4K20me1/3 and 

H3K27me2/3  (Kourmouli et al., 2004; Schotta et al., 2004; Doujat et al., 

2009; Trojer et al., 2007). Heterochromtin is typically transcriptionally 

repressed, and associated with factors such as KAP1, a transcriptional co-

repressor and HP1α, β and γ (Cann et al., 2011; Goodarzi et al., 2010). 
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Around 15% of DSBs occur within heterochromatic regions, however, 

access to heterochromatin poses a problem for DSB repair machinery, 

γH2AX and other repair factors are found at the periphery of 

heterochromatin (Kim et al., 2007; Cowell et al., 2007). This inaccessibility 

results in far slower DSB repair in heterochromatic regions (Goodarzi et al., 

2009).  

 

Following DNA damage, ATM phosphorylates KAP1 resulting in 

chromatin relaxation (Ziv et al., 2006). This KAP1 phosphorylation event is 

dependent on 53BP1 and ATM; 53BP1 accumulates the MRN complex and 

subsequently ATM, allowing ATM phosphorylation of KAP1. It is likely 

this localised alteration in chromatin structure allows heterochromatic repair 

to ensue, without it the chromatin complexity is inhibitory to repair (Lee et 

al., 2010; Noon et al., 2010).  

 

All three HP1 proteins- α, β and γ are required for heterochromatic DNA 

repair by homologous recombination, they promote BRCA1 functions. 

Whilst HP1 depletion causes defective repair through the BRCA1 HR 

pathway, NHEJ efficiency is in fact increased; indicating HP1 plays a role 

in repair pathway choice  (Lee et al., 2013).  

 

1.9 Movement of chromatin during DSB repair 
 

There is evidence for the movement of DSBs from the heart of 

heterochromatic regions to the periphery (MEF; mouse embryonic 

fibroblasts; Jakob et al., 2011). This movement occurs within about 20 

minutes of DSB induction and is not dependent on ATM, although, the 

subsequent repair is ATM dependent. The genetic requirement and 

mechanism for DSB movement has not yet been determined. This study 

explains that γH2AX signalling at the periphery of heterochromatin domains 

is due to the movement of DSBs rather than exclusion of repair factors from 

these regions (Jakob et al., 2011). Another study explains that in fly (D. 

melanogaster; Chiolo et al., 2011) early DSB signalling factors can be 
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recruited to heterochromatic regions but the HR protein RAD51 is 

purposely excluded from these regions by the Smc5/6 complex. RAD51 is 

responsible for the key step of strand invasion during HR; as some 

heterochromatic regions contain highly repetetive sequences, incorrect 

recombination between repeat sequences would result in misrepair and loss 

or duplication of sequence. These data suggests, heterochromatic DSBs are 

repaired by HR, but only after initial localised chromatin relaxation and 

movement of the break to the periphery of the heterochromatic region, 

limiting the likelihood of misrepair in repetitive sequences (Chiolo et al., 

2011).  

 

Indeed it is possible that DSB movement is active, propelled by motors and 

a nuclear network, however, this has not been proven. A passive movement 

initialised by chromatin expansion could also be responsible for DSB 

relocalisation from heterochromatin. Interestingly, other interphase 

chromosome movements have been observed which utilise active transport. 

An investigation of chromosome compartmentalisation following 

transcriptional activation of a specific site revealed active movement of an 

interphase chromosome which specifically required nuclear actin and 

myosin. Furthermore, meotic chromosomal segregation relies on the 

cytoskeletal network; in this case a bridge through the nuclear envelope 

allows microtubules to coordinate chromosomes (Chuang et al., 2006; Sato 

et al., 2009). 

 

The mechanistic properties of heterochromatic DSBs has not yet been 

elucidated. Similar long-range DSB movements have been observed in 

Saccharomyces cerevisiae (budding yeast) where Rad52 foci are centres of 

repair for multiple DSBs; the DSBs must move to aggregate (Lisby et al., 

2003). This contrasts to the majority of mammalian repair foci which are 

thought to maintain their position (Kruhlak et al., 2006; Soutoglou et al., 

2007). Heterochromatic DSB repair and the movement involved in order to 

cope with these breaks proves to be an extremely intriguing field in DNA 

damage repair. 
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In this work we describe an interaction between KIF18B and the DDR 

mediator 53BP1. We show that KIF18B is involved in 53BP1-dependent 

distal NHEJ (non homologous end joining repair), perhaps using its motor 

function to increase the mobility of DSBs. As histone modifications and 

chromatin dynamics are penetrant in DNA damage response pathways, 

amongst many other critical nuclear mechanisms, we also investigate the 

possibility of generating a genetically tractable tool with which we can 

study fundamental histone post-translational modifications.  
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2 The role of KIF18B in the DNA 

damage response  
 

 

 

 

 

 

 

 

 

 

 

 

 

  



 70 

2.1 Summary 
 

The DNA damage response (DDR) prevents our genome from proliferating 

destructive mutations introduced by numerous endogenous and exogenous 

damaging agents. Without a fully operational DDR, cells are susceptible to 

an abundance of cancers and genetic diseases.  

 

53BP1 (p53 binding protein 1) is an important DDR mediator with multiple 

roles in NHEJ DSB (non-homologous end joining; double strand break) 

repair. We focused our investigations on a novel 53BP1 interactor, the 

molecular motor protein, KIF18B. For the first time we implicate KIF18B 

in the DDR. We found it is required for efficient DSB repair, in particular 

we show that KIF18B is required for the fusion of dysfunctional telomeres, 

a 53BP1-dependent distal NHEJ process. We found that the motor domain 

of KIF18B is required for normal 53BP1 focal recruitment to break sites. 

KIF18B interacts with chromatin and the microtubule network. We 

hypothesised based on our combined observations, that KIF18B binds to 

chromatin and 53BP1 in the region of DSBs and facilitates the movement of 

the break in cases where distal NHEJ is required. Multiple attempts to delete 

KIF18B in various species led us to the conclusion that the gene is essential.  

 

2.2 Highlights 
 

• KIF18B interacts with 53BP1, chromatin and microtubules 

• KIF18B is required for DSB repair 

• KIF18B is required for the fusion of dysfunctional telomeres 

• KIF18B depletion abrogates 53BP1 IRIF recruitment, this is 

dependent on the kinesin motor domain 

• KIF18B is an essential gene 
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2.3 Introduction 
 

Our cells are constantly threatened by endogenous and exogenous stresses 

that potentially affect the integrity of our DNA. Mutations in the DNA 

sequence can cause aberrant gene transcription and protein synthesis, and 

therefore can initiate cancer development. It is vital that damaged DNA is 

first recognised and then repaired correctly to avoid propagation of 

mutations. Cells have adapted a complex DNA damage response pathway 

(DDR) that rapidly detects insults to DNA and chooses an appropriate repair 

pathway, or in cases of substantial damage, activates pathways that lead to 

cell death (Harper et al., 2007).  

 

DNA double strand breaks (DSBs) are considered to be the most harmful of 

genetic insult, DSBs are inherently difficult to repair and extremely toxic to 

a cell. A single DSB occurring in an essential gene can cause cell death 

(Khanna et al., 2001). Early in DDR signalling ATM protein kinase is 

recruited to DSBs via the Mre11-Rad50-NBS1 complex (MRN), where it 

phosphorylates the histone variant H2AX on S139, forming γH2AX. This 

phosphorylation event results in recruitment of MDC1, and the E3 ubiquitin 

ligase RNF8 and subsequently RNF168 to the damage site. RNF8 and 

RNF168 ubiquitination of H2A and H2AX at nucleosomes in the vicinity of 

the break allows recruitment of 53BP1 and BRCA1, major mediators in the 

DSB response (Bekker-Jensen et al., 2010). The key decision of whether to 

repair the DSB by homologous recombination (HR) or by non-homologous 

end joining (NHEJ) is determined by antagonism between BRCA1 

(promotes HR) and 53BP1 (promotes NHEJ) (Bunting et al., 2010; 

Escribano-Diaz et al., 2013). 

 

HR can repair DSBs in an error-free manner, preventing propagation of 

erroneous DNA. However, HR requires a homologous sister chromatid and 

thus is restrained to activity late in the cell cycle. Non-homologous end 

joining (NHEJ) can carry out repair throughout the cell cycle, although it is 

more error-prone. NHEJ is also critical for the joining of distal DNA ends 
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generated in long-range V(D)J recombination and in class switch 

recombination, two vital processes in the adaptive immune response 

(Difilippantonio et al., 2008; Ward et al., 2004).  

 

Intracellular transport is essential for cell survival, a multitude of processes 

require active movement, employing the three molecular motor super 

families - kinesins, dyneins, and myosins (Vale, 2003). Recent 

investigations have also suggested that the DNA damage response requires 

molecular motors to efficiently guard and repair the genome. An interaction 

between 53BP1 and the 8kDa dynein light chain (LC8) has been mapped, 

furthermore this interaction is required for nuclear p53 accumulation 

following DNA damage (Lo et al., 2005). Kinesins have also been 

implicated in the DNA damage response. KIF4A is required for HR, 

influencing the BRCA2/RAD51 pathway (Wu et al., 2008); it is also 

associated with the maintenance of heterochromatin and therefore genome 

stability (Mazumdar et al., 2011). Our recent investigations have identified a 

novel role for a kinesin motor protein in the DNA damage response.  

 

Here we show that kinesin family member KIF18B interacts with 53BP1 

and participates in the DDR. 53BP1 is associated with NHEJ repair of distal 

DNA ends. This is observed in long-range V(D)J recombination and CSR 

recombination as discussed earlier, and also in the fusion of deprotected 

telomeres. A complex known as shelterin protects the telomeres at the ends 

of chromosomes. Disruption of the shelterin complex deprotects telomeres, 

activating the DDR cascade resulting in fusion of telomeres by NHEJ. Loss 

of 53BP1 results in less telomere fusion and interestingly these chromosome 

ends move less, sampling smaller volumes of 3- dimensional space 

(Dimitrova et al., 2008). 53BP1 appears to have a characteristic role in the 

movement of breaks and mobility, a key phenomenon linked to molecular 

motors.   

 

To date KIF18B has been described as an important regulator of 

microtubule dynamics during mitosis. In interphase it is predominantly 

nuclear and during mitosis it moves to the plus-ends of astral microtubules 
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where it forms a complex with EB1 and MCAK (also known as KIF2C). 

These interactions are required for efficient microtubule regulation at this 

stage in the cell cycle and therefore appropriate spindle assembly (Lee et al., 

2010; Stout et al., 2011; Tanenbaum et al., 2011). No evidence prior to our 

study suggests that KIF18B is involved in DNA repair.  

 

We show that KIF18B is required for efficient recruitment of 53BP1 IRIF 

and effective DSB repair. The motor domain of KIF18B is required for 

proper 53BP1 focal recruitment post ionising radiation. We identify the 

region of KIF18B required for both histone and 53BP1 binding allowing us 

to gain further insights into the mechanism of action.  
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2.4 Materials and Methods 
 

2.4.1 Cell Culture 

 

Cells were cultured at 37°C in a humidified atmosphere of 5% CO2. U2OS 

and HEK293T were cultured using DMEM supplemented with 10% FBS 

(Sigma Aldrich). hTERT immortalized RPE-1 cells were cultured in 

DMEM-F12 media supplemented with 10% FBS. 3T3 and MEF cells were 

cultured in DMEM supplemented with 10% NCS (Sigma Aldrich). CH12 

cells were cultured in RPMI supplemented with 10% FBS (Sigma Aldrich), 

5% NCTC-109 (Gibco), 1% L-glutamine and 10mM B-mercaptoethanol 

(Sigma Aldrich). All cell lines were cultured in 1% penicillin-streptomycin 

(Sigma Aldrich).  

 

2.4.2 Protein Extracts 

 

Protein extracts were prepared by lysing cells in lysis buffer (50mM Tris-

HCl, 0.5% Triton-X 100, 150mM NaCl, 10% glycerol, protease and 

phosphatase inhibitors) and a 1:1000 dilution of Benzonase nuclease (Sigma 

Aldrich) for 45 min at 4°C. Samples were then centrifuged for 30 min at 14, 

000 rpm at 4°C, the supernatent was then used for downstream applications. 

 

2.4.3 Western Blotting 

 

Samples were separated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). Proteins were transferred to a nitrocellulose 

membrane using 0.35 mAmps for 1hr on a BioRad apparatus at 4°C. 

Membranes were blocked in 5% milk-TBS with 0.1% Tween20 for 30 min 

at room temperature. For primary antibody conditions see Table 2.1. 

Membranes were incubated with the relevant secondary antibody at 1:5000 

dilution in 5% milk-TBS with 0.1% Tween20 for 45 min at room 

temperature. 
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2.4.4 Immunoprecipitation  

 

HEK293 cells were harvested and lysed by incubation with lysis buffer 

(50mM Tris-HCl pH7.5, 0.5% NP40, 145mM NaCl, 20% glycerol, protease 

and phosphatase inhibitors) and a 1:1000 dilution of Benzonase nuclease 

(Sigma Aldrich) for 45 min at 4°C. Debris was pelleted by centrifugation 

for 15 min at 14, 000 rpm. DynaBeads (Invitrogen) were washed twice in 

1ml lysis buffer (33.3 ul per sample), and then resuspended in 500 ul of 

lysis buffer. DynaBeads were then incubated with lysis buffer and 5 ug of 

primary antibody for 1 hour at 4°C with gentle agitation. The supernatent 

was removed and the DynaBeads washed 3 times in 1 ml lysis buffer. The 

beads with bound antibody were then incubated with 5 mg of cellular lysate 

for 1 hour at 4°C with gentle agitation. The supernatent was removed and 

the DynaBeads washed 3 times in 1 ml lysis buffer and then resuspended in 

30 ul of 3x Laemmli buffer containing 15% b-mercaptoethanol. The beads 

were then boiled for 5 min and centrifuged for 5 min at 14, 000 rpm. Bound 

proteins were then analysed by western blot.  

 

2.4.5 Immunofluorescence  

 

3x105 U2OS or hTERT RPE-1 cells were grown on a sterile coverslip in 

DMEM with 10% FBS and 1% penicillin-streptomycin. Cells were fixed in 

4% PFA for 10 min at room temperature, or in ice-cold methanol for 20 min 

at -20°C depending on the antibody staining required. Coverslips were then 

washed three times in PBS and permeabilised with 0.125% Triton-X 100 for 

2 min at room temperature. The cells were again washed in PBS three times 

before blocking in 1 % BSA for 1 hr at room temperature. For antibody 

staining conditions see Table 2.2. Slides were mounted using vectashield 

media with DAPI. Images were captured on a Deltavision using softworx 

software (Applied Precision, Issaquah). 0.5 µm Z-stacks were collected, 

deconvolved and merged. Microscopy analyses were performed using FIJI 

software. For pre-extraction cells were treated with CSK buffer (100 mM 
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NaCl, 300 mM sucrose, 3 mM MgCl2, 10 mM PIPES (pH 6.8), 0.2% 

Triton-X 100) for 10 min at room temperature prior to PFA fixation. 

 

For incorporation and detection of EdU, cells were grown in the presence of 

10uM EdU for 30 minutes prior to fixation. Cells were stained with DAPI 

and the presence of EdU was detected using a tetramethylrhodamine 

isothiocyanate fluorescein according to the manufacturer’s instructions 

(Click-iT, Invitrogen). 

 

2.4.6 FACS analysis 

 

4x106 cells were collected by centrifugation at 1500 rpm for 5mins at 4°C. 

Cells were then washed in PBS and resuspended in 1ml cold PBS before 

vortexing and simultaneous addition of 3ml ice-cold ethanol to fix. Cells 

were then stored at 4°C overnight before being pelleted at 1500 rpm. Cells 

were then washed in 1% BSA in PBS and resuspended in 50ul of 1% BSA-

PBS-0.5% Triton-X 100 containing a 1:50 dilution of anti-H3S10ph 

antibody (Millipore 06-570). Cells were incubated in the primary antibody 

for 2 hours at room temperature. Cells were washed twice in 1% BSA-PBS 

and resuspended in 50ul of 1% BSA-PBS-0.5% Triton-X 100 containing a 

1:50 dilution of FITC-conjugated anti-rabbit secondary antibody (Jackson 

Immunoresearch 111-096-045). Samples were incubated for 1hr at room 

temperature in the dark. Samples were then washed twice in 1%BSA-PBS. 

After final pelleting, cells were resuspended in PBS containing 40ug/ml 

Propidium Iodide (Sigma Aldrich) and 250ug/ml RNAse A and incubated 

for 30mins at room temperature before analysis using a FACS CantoII (BD 

Biosciences). 

 

2.4.7 siRNA knockdown 

 

2x105 U2OS cells were transfected with 40 pmol of negative control 

scrambled siRNA (Dharmacon) or targeting siRNA (Ambion or 

Dharmacon) with 6 ul of Oligofectamine (Invitrogen) in 0.8 ml of Opti-
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MEM I (Invitrogen) per 35 mm dish. 3 hours post transfection, 0.5 ml of 

DMEM (without penicillin and streptomycin) supplemented with 30% FBS 

and 4 mM L-glutamine was added to the media. siRNA sequences are listed 

in Table 2.4. After 24 hr, 1 ml of DMEM with 10% FBS and 1% penicillin-

streptomycin was added. Biological triplicates were used for each siRNA 

treatment.  

 

2.4.8 shRNA knockdown 

 

HEK293T cells were grown until 60-80% confluent in T175 flasks. 

Lentiviruses were produced by cotransfection of HEK293T cells with 

pLKO.1 puro shRNA constructs (14 µg), psPAX2.2 (14 µg), pMD2.G (6 

µg) and pRSV-rev (6 µg), using 80 µl of jetPEI transfection reagent 

(Polyplus Transfection). Virus was harvested at 48 h and 72 h post-

transfection.  Cells (3T3, CH12 or MEF) were infected at low density 

(~30% confluency) in the presence of 5 µg/ml of polybrene. The virus 

containing media was removed approximately 16 h post infection and 

replaced with fresh media. Approximately 24 h post infection cells were 

selected with 2 µg/ml puromycin for two days prior to analysis by western 

blot and quantitative PCR.  

 

2.4.9 DNA transfection 

 

U2OS cells were grown until 80-90% confluent and were transfected with 

2.5 µg of DNA with 5 µl of Lipofectamine2000 (Life Technologies) in 2ml 

DMEM with 10% FBS per 35 mm dish. Cells were grown for two days 

prior to analysis by immunofluorescence and western blot. 

 

2.4.10 Clonogenic survival assays 

 

48 hours post siRNA transfection, U2OS cells were trypsinised and 500 

cells were plated per 60 mm dish. Cells were treated with indicated doses of 
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ionising radiation, Olaparib or ICRF-193. Cells were incubated at 37 °C in 

5% CO2 for 10 days at which point colonies were stained using 0.25% 1,9-

dimethylmethylene blue (Sigma) and 50% ethanol solution and counted. 

 

2.4.11 G2/M checkpoint assay 

 

U2OS cells were transfected with siRNA as described or with ATM 

inhibitor (KU55933, Selleckchem, added one hour prior to irradiation). 48 

hours later, cells were treated with 3 Gy of ionising radiation and samples 

taken at the indicated times. For FACS samples, cells were fixed in 100 % 

ice-cold ethanol and stored at -20°C. The cells were then resuspended in 

PBS containing 0.25 % Triton-X 100, 1 % BSA and 1:50 dilution of 

H3S10ph antibody (Millipore) and incubated for 2 hr at room temperature. 

Cells were washed in PBS prior to resuspension in PBS containing 0.25 % 

Triton-X 100, 1 % BSA and a 1:50 dilution of goat anti-rabbit IgG FITC 

conjugate (Jackson ImmunoResearch). After 1 hr incubation at room 

temperature in the dark, cells were again washed and resuspended in 1 ml 

PBS containing 25 mg/ml propidium iodide and 250 mg/ml RNAse A. 

Following a 30 min incubation at room temperature, H3S10ph-positive cells 

were quantified on a FACSCanto (BD Biosystems) using FACSDiva 

software. Western blot samples were prepared as described above. 

 

2.4.12 Quantitative PCR 

 

Total RNA was extracted from approximately 1x105 cells using RNA 

Isolate I mini-kit (Bioline) or by TRIzol RNA isolation (Ambion). RT-PCR 

was carried out on 1 µg of RNA using RNA to cDNA kit (Applied 

Biosystems). qPCR was carried out on 100 ng (unless otherwise indicated) 

of the resulting cDNA using SYBR green PCR master mix (Applied 

Biosystems). Gapdh_qPCR_Fw and Gapdh_qPCR_Rv primers were used 

for amplification of Gapdh cDNA. Kif18B_qPCR_Fw1/2/3 and 

Kif18B_qPCR_Rv1/2/3 primers were used to amplify Kif18B cDNA. 

Primer sequences are presented in Table 2.5. 
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2.4.13 KIF18B-GST pull-down 

 

Fragments were amplified by PCR from KIF18B cDNA and cloned into the 

pGEX-4T1 vector using EcoRI and NotI restriction sites (Fragments 2 and 4 

amplified with KOD polymerase, fragments 1 and 4 amplified with Takara 

La Taq polymerase). GST-tagged protein fragments were expressed 

overnight at 20°C (except fragment 4 which was expressed for 2 hr at 37 

°C) in Rosetta cells induced with 0.3mM IPTG. The fragments were 

immobilized on α-GST beads and washed four times before incubation with 

HEK293 whole cell extracts for 1 hr at 4 °C. Beads were then pelleted and 

washed three times in lysis buffer, then resuspended in 3 volumes of 

laemmli buffer and boiled for 5 min. The beads were pelleted again and the 

supernatent was loaded on a gel for western blot analysis. 

 

2.4.14 NHEJ GFP reporter assay 

 

H1299dA3-1 cells (Ogiwara et al., 2011) were transfected with siRNA and 

5µg of I-SceI plasmid by electroporation in 0.5 ml of Opti-MEM 

(Invitrogen). The cells were returned to culture in DMEM with 10% FBS 

and 1% Penicillin-streptomycin for two days. GFP expression was measured 

by FACS analysis on a FACSCanto (BD Biosystems) using FACSdiva 

software. 

 

2.4.15 Comet Assay 

 

The neutral comet assay method was adapted from the manufacturers 

instructions (Trevigen). Cells were harvested following indicated treatments 

and combined with LMAgarose at a concentration of 1x105 cells/ml and 

loaded on polylysine slides. The slides were incubated at 4°C in the dark for 

30 min to allow the LMAgarose to set. Cells were lysed by placing the 

slides in ice-cold lysis buffer overnight and then neutralized in neutral 

electrophoresis buffer for 30 min. Slides were immersed in an 
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electrophoresis unit filled with neutral electrophoresis buffer and 

electrophoresis was carried out for 1 hr at 24V (1V/cm between electrodes). 

Slides were then treated with a precipitation buffer, washed with 70% 

ethanol, and allowed to dry at 37°C. DNA was stained with SYBR green 

and images were captured using an Olympus 1X51 fluorescence 

microscope. COMET analysis was performed using CometScore software 

(Tritek Corporation). 

 

2.4.16 cDNA rescue  

 

U2OS cells were transfected with KIF18B siRNA (Ambion, single siRNA) 

and after 24 hours were transfected with indicated RNAi-insensitive 

KIF18B-GFP constructs (gift from Rene Medema). KIF18B motor domain 

dead plasmids had three mutations, H300A, R304A and K307A.  After 48 

hours, cells were treated, fixed and stained as indicated. 

 

2.4.17 Chromatin Fractionation 

 

Cells were lysed in lysis buffer as described previously, with 5 mM EDTA 

and no added benzonase for 45 min at 4°C. Samples were then centrifuged 

for 30 min at 14,000 rpm at 4°C, the supernatent, or soluble fraction, was 

then separated and stored for western blot analysis. The pellet was washed 

twice in lysis buffer with no EDTA and then lysed in lysis buffer with a 

1:1000 dilution of benzonase (Sigma Aldrich) and 2 mM MgCl2, for 45 min 

at 4°C. Samples were then centrifuged for 30 min at 14,000 rpm at 4°C, the 

supernatent, or chromatin bound fraction released by benzonase, was then 

separated and stored for western blot analysis. The remaining pellet was 

washed and then sonicated in lysis buffer, this was then stored for western 

blot analysis. 
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2.4.18 CRISPR gene editing 

 

Guide RNAs targeting KIF18B (Table 2.6) were annealed and cloned into 

pX330 (S. pyogenes Cas9 and tracrRNA) by digestion with BbsI. RPE1-

hTERT cells were co-transfected with CRISPR plasmids and pLoxPuro to 

allow selection of transfectants. The following day cells were serially 

diluted and 5 µg/ml puromycin was added to the media. Single clones were 

picked and expanded after approximately 14 days when the reached an 

appropriate size. Clones were screened by sequencing and western blot. 

 

2.4.19 DT40 gene targeting vector construction 

 

Targeting vectors were generated with 5’ and 3’ homology arms flanking 

the chicken Kif18B locus. The 5’ homology arm was amplified from wild 

type DT40 genomic DNA using the primer pair 5’HA_KpnI_F gac ggt acc 

ctg ctc ggc aac agg aaa aca tcc and 5’HA_KpnI_R gac ggt acc agt gac agc 

tct ctg ctt tga tcc c. This fragment was cloned into pLoxNeo and pLoxPuro 

(Arakawa reference) by digestion with KpnI. The 3’ homology arm was 

amplified using the primer pair 3’HA_A_NotI_F aaa aaa gcg gcc gca gta cta 

ggg aca cac act gtg g and 3’HA_A_NotI_R ttt ttt gcg gcc gca tac ttt gat ttg 

tgg cag cgt gg. This fragment was cloned into pLoxNeo_5HA and 

pLoxPuro_5HA by digestion with NotI. A longer 5’ homology arm was 

amplified for use as a PCR screening positive control using the primer pair 

5’HA_KpnI_R (as above) and 5’HActl_KpnI_F gac ggt acc ccc tgg aaa agc 

caa caa gaa ctc c. This was also cloned into pLoxNeo and pLoxPuro. All 

homology arms were confirmed by sequencing. This plasmid also contains 

two PvuI sites in close proximity allowing linearization prior to transfection. 

 

2.4.20 Metaphase Spreads and Telomere FISH 

 

Before fixation between 1-5 x 106 exponentially growing cells were treated 

with 0.1 µg/ml Colcemid for 1 hr. The cells were collected and resuspended 
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in 5 ml of pre-warmed (37 °C) hypotonic solution (75 mM KCl) and 

incubated for 20 minutes at room temperature. The cells were pre-fixed by 

the addition of 5 ml cold fixative (methanol/acetic acid, 3:1). Cells were 

then centrifuged for 5minutes at 1200 rpm. The cell pellet was then 

resuspended dropwise in 5 ml cold fixative. This fixation step was repeated 

and cells resuspended in approximately 600 µl of fixative solution. Cells 

were stored at -20 °C. For spreading 50 µl of fixed cells were dropped onto 

pre-wet (50 % ethanol) slides and air-dried overnight at room temperature. 

Slides were immersed in PBS for 15 minutes prior to fixation in 4% 

paraformaldehyde in PBS for 4 minutes at 37 °C. Slides were then washed 

twice in PBS at 37 °C for 5 minutes and then incubated with 500 ul of 

RNAase A (100 ug/ml in 2x SSC buffer) for 1 hour at 37 °C. Slides were 

then washed three times in 2x SSC and once in ddH2O for 30 seconds prior 

to treatment with pepsin (0.005% solution pH 2.0) for 4 minutes at 37 °C. 

After a brief rinse in PBS, the paraformaldehyde fixation and PBS washes 

were repeated and the slides were dehydrated in a cold ethanol series (1 

minute in 70%, 85% and 100% ice cold ethanol) and air-dried. 

Hybridization buffer containing 60% formamide, 20 mM Na2HPO4 pH 7.4, 

20 mM Tris pH 7.4, 0.1 ug/ml salmon sperm DNA, 2x SSC buffer and 200 

nM telomere PNA (TelC-FAM, Eurogentec, Seraing, Belgium) probe was 

denatured at 90 °C for 5 minutes while slides were incubated at 85 °C for 5 

minutes. Twenty microliters of denatured hybridisation probe was added to 

the slide and a coverslip was placed on top to prevent evaporation. Slides 

were incubated with the probe for 10 minutes at 85 °C in a humidified 

container, and then incubated for 1-2 hours at room temperature in the dark. 

Slides were rinsed in wash solution (2x SSC containing 0.1% Tween 20) at 

room temperature and then washed twice in pre-warmed (60 °C) wash 

solution for 10 minutes at 60 °C, and then once more washed at room 

temperature for 1 minute. Slides were then washed for 2 minutes in 2x SSC, 

1x SSC and deionised water prior to air-drying and mounting with 

Vectashield and DAPI (Vector Laboratories). Slides were sealed with a 

coverslip and images were captured using 100x magnification on a 

Deltavision using softworx software (Applied Precision, Issaquah). 0.2 µm 
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Z-stacks were collected, deconvolved and merged. Microscopy analyses 

were performed using FIJI software. 
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Antibody Dilution Blocking Species Manufacturer Catalogue 

Number 
53BP1 1:1000 5% milk Rabbit  Bethyl A300-272A 

KIF18B 1:1000 5% milk Rabbit Sigma Aldrich HPA024205 

KIF18B 1:600 5% milk Rabbit Lee Y.M. et al., 

2010 

Non-

Commercial 

γH2AX(S139) 1:2000 5% BSA Mouse Millipore 05-636 

Actin 1:2000 5% milk Rabbit Sigma Aldrich A2066 

αTubulin 

clone B512 

1:1000 5% milk  Mouse Sigma Aldrich T5168 

EB1 1:1000 5% milk Rabbit Bethyl A302-331A 

Histone H3 1:80000 5% milk Rabbit Abcam ab1791 

 

Chk1 (G-4) 1:1000 5% milk Mouse Santa Cruz sc-8408 

pChk1(S317) 1:1000 5% BSA Rabbit Cell Signalling 2344 

 

Chk2 (H-300) 1:1000 5% milk Rabbit Santa Cruz sc-9064 

 

pChk2 1:1000 5% BSA Rabbit Cell Signalling 2661 

KIF18A 1:1000 5% milk Rabbit Bethyl A301-080A 

 

KIF11 1:1000 5% milk Rabbit Bethyl A301-075A 

 

Goat Anti-

Rabbit IgG 

 

1:5000 5% milk Goat Thermo Scientific 31460 

 

Anti-mouse 

IgG 

1:5000 5% milk Rabbit Thermo Scientific 31450 

 

 

Table 2.1 Antibody conditions used for western blotting 

  



 85 

 

Antibody Dilution Blocking Secondary Manufacturer Catalogue 

Number 

53BP1 1: 400 1% BSA Rabbit Novus 

Biologicals 

NB100-904 

KIF18B 1:200 1% BSA Rabbit Sigma Aldrich HPA024205 

KIF18B 1:50 1% BSA Rabbit Lee Y.M. et al., 

2010 

Gift 

γH2AX 

(S139) 

1:500 1% BSA Mouse Millipore 05-636 

 

αTubulin 

clone  

B-5-1-2 

1:1000 1% BSA Mouse Sigma Aldrich T5168 

βTubulin 1:200 1% BSA Rabbit Abcam ab6046 

 

Acetylated 

tubulin clone,  

6-11B-1 

1:200 1%BSA Mouse Sigma Aldrich T6793 

 

Detyrosinated 

tubulin 

1:200 1%BSA Rabbit   

H3K9me3 1:200 1%BSA Rabbit Active Motif 39161, 

39162 

H3K9me3 1:200 1%BSA Mouse Abcam ab1220 

Lamin B1 1:200 1% BSA Mouse   

V5 1:200 1% BSA Mouse AbDserotec MCA1360 

MDC1 1:200 1%BSA Rabbit Bethyl A300-053A 

BRCA1 (D-

9) 

1:500 1% BSA Mouse Santa Cruz A300-569A 

 

RIF1 1:200 1% BSA Rabbit Bethyl  

FITC anti-

mouse IgG 

1:200 1% BSA  Jackson 

Immunoresearch 

 

FITC anti-

rabbit IgG 

1:200 1% BSA  Jackson 

Immunoresearch 

 

TRITC anti-

mouse IgG 

1:200 1% BSA  Jackson 

Immunoresearch 

 

TRITC anti-

rabbit IgG 

1:200 1% BSA  Jackson 

Immunoresearch 

 

 

Table 2.2 Antibody conditions used for immunofluorescence 
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Target gene siRNA/shRNA sequence Manufacturer 
KIF18B  (OnTargetplus SMARTpool of 

four) 

Dharmacon 

KIF18B cguacaacacccucaaaua Ambion 

53BP1 (OnTargetplus SMARTpool of 

four) 

Dharmacon 

Rad54 (OnTargetplus SMARTpool of 

four) 

Dharmacon 

DNAPK (OnTargetplus SMARTpool of 

four) 

Dharmacon 

Kif18B (mouse) gacucacgcugaagagcaa Ambion 

Kif18B (mouse shRNA8) gccttctttattagtctcttt Gift from Titia de Lange 

Kif18B (mouse shRNA9) cctgacatgatctcagagttt Gift from Titia de Lange 

Kif18B (mouse shRNA10) gctctctgttagcactcatta Gift from Titia de Lange 

Kif18B (mouse shRNA11) gctgacaagaggcaactgta Gift from Titia de Lange 

Kif18B (mouse shRNA12) ctctctgttagcactcattaa Gift from Titia de Lange 

DNAPK inhibitor NU7026 Sigma Aldrich 

ATM inhibitor KU55933  Selleckchem 
 

Table 2.4 RNAi targeting sequences and inhibitors 

Antibody Dilution Blocking Secondary Manufacturer Catalogue 

Number 
H3S10ph 1:50 1% BSA, 

0.5% 

TritonX-

100 

FITC-Rabbit Millipore 06-570 

 

FITC 

conjugated 

anti Rabbit 

secondary 

1:50 1% BSA, 

0.5% 

TritonX-

100 

 Jackson 

ImmunoResearch 

111-096-045 

FITC 

conjugated 

anti-IgA 

(C10-3) 

1:40 1% BSA Rat BD-Pharmingen 559354 

 

Table 2.3 Antibody conditions used for FACS analysis 
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Target gene Oligonucleotide sequence (5’-3’) 
Mouse Kif18b 1 

(Specific to mouse Kif18b) 

F-AGCAACTAGTGCTCGAGG 

R-CAGAGTGTGTGTGAGACC 

Mouse Kif18b 2  

(Specific to mouse Kif18b) 

F- AAGAAGGGGCTCTCTACC 

R-AAGGTGGTGTTGAGGTCC 

Mouse Kif18b 3 

(Not tested for specificity) 

F-TTACAGAACTGTTCCACTCCT 

R-GTGACTGCAGGAAGCGAAG 

Human KIF18B 1  

(Specific to human KIF18B) 

F- GCTCTGAGGAAGAAGCTCC 

R-TTGAAGGGCTCTAGGCCCTGC 

Human KIF18B 2  

(specific to human KIF18B) 

F- GGTCTCTGCCTGACACCC 

R- AGAGAGATCAAAGGTGGC 

 

Table 2.5 Oligonucleotide primers used for quantitative PCR 

 

 
KIF18B guide RNA 1 OLIGO1: 

caccGGACAGCACGCTGCAAGTAG, 

OLIGO2: 

aaacCTACTTGCAGCGTGCTGTCC 

KIF18B guide RNA 2 OLIGO1: 

caccGCTGTCCAGGACGCTGTGCG, 

OLIGO2: 

aaacCGCACAGCGTCCTGGACAGC 

KIF18B guide RNA 3 OLIGO1: 

caccGGTGTTGTACGTGTCCTCGT, 

OLIGO2: 

aaacACGAGGACACGTACAACACC 

 

Table 2.6 CRISPR guide RNA sequences 
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2.5 Results 
 

2.5.1 KIF18B interacts with 53BP1 

 

A chicken DT40 cell line stably expressing HFSC (HA, FLAG, STREP-

TAGII, CBP) tagged 53Bp1 was generated by randomly integrating HFSC-

53Bp1 into 53Bp1-/- DT40 (Supplementary Figure 2.1). 53Bp1 was then 

purified from irradiated cells (10 Gy) or non-irradiated cells using a 

streptavidin column. SILAC quantitative proteomic analysis was carried out 

to identify novel 53BP1 interactors. Of the interactors identified, we chose 

to investigate the kinesin protein Kif18B. This protein had a comparatively 

high score in the SILAC screen, placing amongst known interactors of 

53Bp1 such as p53, Usp28 and Plk1 (Figure 2.1). The score describes the 

relative enrichment of the peptide detected compared to negative control 

cell extracts with untagged 53Bp1.  

 

To confirm the interaction between 53BP1 and KIF18B in human cells we 

carried out an immuno-precipitation experiment in HEK293 cells. The 

cDNAs of all genes of interest were tagged with V5 in an expression vector 

and overexpressed in HEK293 cells; an anti-53BP1 antibody was used to 

immunoprecipitate 53BP1 and by association, its interacting partners. 

KIF18B along with known interactor USP28 was shown to co-

immunoprecipitate with 53BP1, and a negative control from the SILAC 

experiment, DDX3X (interacts with Atm alone in an ATM SILAC 

experiment executed in parallel with 53BP1 SILAC experiment) did not co-

immunoprecipitate with 53BP1 (Figure 2.1). 
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Figure 2.1 KIF18B interacts with 53bp1/53BP1 in chicken DT40 cells and 
human HEK293 cells 

(A) Results of SILAC analysis of 53bp1 interacting partners in chicken DT40 cells. 
DT40 were grown in SILAC heavy, medium or light isotope media, irradiated at 10 
Gy and harvested 1 hour later. Relative abundance represents fold-enrichment of 
identified peptides compared to negative (untagged) control. Relevant references 
are shown for previously known 53BP1 interactors identified in this screen. (B) 
Co-immunoprecipitation of 53BP1 and KIF18B-V5 from HEK293 cellular 
extracts. HEK293 were transfected with V5 tagged USP28 (positive control), 
DDX3X (negative control) and KIF18B as indicated. 53BP1 was 
immunoprecipitated and the resulting western blot was probed with anti-V5 
antibody. Experiments performed by Silvia Maretto. 
 
 

To map the interaction domain of 53BP1 with KIF18B, we performed pull-

down experiments in HEK293 cells using GST-tagged KIF18B fragments 

(Figure 2.2 A). These fragments were immobilized on α-GST beads and 

incubated with HEK293 cellular extracts. Proteins interacting with the 

various KIF18B-GST fragments were analysed by western blot. We found 

that 53BP1 co-purified with two fragments of KIF18B, those encompassing 

amino acids 497-673 and 608-864. We also observed EB1 binding, a known 

KIF18B interactor (Stout et al., 2011), as expected in the C-terminal region 

of KIF18B (Figure 2.2 B).  
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Figure 2.2 53BP1 binds to the C-terminal region of KIF18B 

Western blot showing the interaction of 53BP1 with GST-tagged KIF18B 
fragments. (A) Fragments were generated as depicted in the schematic and affinity 
purified using the GST tag. (B) Cell extracts from HEK293 cells were incubated 
with the GST fragments for pulldown. The resulting western blot was probed with 
53BP1 and EB1 as a positive control for interaction. Ponceau staining indicates the 
loading of each GST-tagged KIF18B fragment. GST-tagged constructs represented 
in (A) were generated in collaboration with Lydia Robinson-Garcia. 
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As 53BP1 co-precipitated with two overlapping fragments of KIF18B, we 

hypothesised that the overlapping region, amino acids 608-673, contained 

the specific interaction site. We generated two KIF18B window deletions 

(in a full length KIF18B background) using fusion PCR that span the 

overlapping region, deletion 1 encompasses amino acids 608-636 and 

deletion 2 encompasses amino acids 646-665. In each deletion the nuclear 

localisation signal and EB1 binding site are retained. We also made a 

mutant that deleted both regions (amino acids 608-636 and 646-665) in the 

event that the 53BP1-binding site was multi-partite. These mutated KIF18B-

V5 cDNAs were transfected into HEK293T cells and a V5 pull down was 

carried out to investigate 53BP1 interaction with the deletion mutants.  

 

Interestingly, two strong bands appeared in the KIF18B-V5 pull down when 

stained with Coomassie (Figure 2.3), this interaction was lost in deletion 

mutant 1 (amino acids 608-636) and in the double deletion mutant (amino 

acids 608-636 and 646-665).  
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Figure 2.3 Histone proteins interact with KIF18B amino acids 608-636.  

(A) Coomassie Blue stained SDS-PAGE gel loaded with V5-immunoprecipitated 
KIF18B full length and deletion mutant samples as indicated. (B) Summary of 
MALDI mass spectrometry analysis of indicated bands excised from the 
Coomassie Blue stained gel. 
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MALDI (matrix-assisted laser desorption/ionisation) mass spectrometry 

analysis of these bands was carried out and a Mascot search of the NCBI 

human database confidently identified (p<0.05) histones H2A and H4, there 

was also some evidence for H3 and H2B. This suggests KIF18B strongly 

interacts with histones and that this interaction is mediated through the 

region encompassing amino acids 608-636 (Figure 2.3).  

 

Western blotting using V5 antibody shows expression of KIF18B-V5 in the 

total cell extract and also its presence in the immunoprecipitate (Figure 2.4). 

A slight size shift is detectable in each of the KIF18B deletion mutants in 

comparison to full length KIF18B. The expected size for full length KIF18B 

is 90.93 kDa, KIF18B deletion mutant 1 is expected to run at 87.98 kDa, 

KIF18B deletion mutant 2 is expected to run at 88.73 kDa, and KIF18B 

with both deletions combined is expected to run at 85.78 kDa. Western blot 

analysis of the KIF18B-V5 pull down revealed that the interaction between 

KIF18B and 53BP1 was only partially lost when pulled down with deletion 

mutant 1 and deletion mutant 2, whereas the interaction was completely 

abrogated in the case of the double deletion mutant. This suggests a multi-

partite interaction site within the amino acids 608-636 and 646-665. 

Western blot analysis also detected histones H2AX and H3 co-precipitating 

with full-length KIF18B and with KIF18B deletion mutant 2 (amino acids 

646-665), but not with KIF18B deletion mutant 1 (amino acids 608-636) or 

with the KIF18B double deletion mutant. This confirms the mass 

spectrometry data discussed previously. 
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Figure 2.4 53BP1 and histones interact with KIF18B amino acids 608-636 and 
646-665.  

(A) Window deletion mutants of KIF18B as depicted in the schematic were 
generated using (B) fusion PCR. (C) Full length KIF18B, KIF18B deletion mutants 
1 (D1), 2 (D2) and the double deletion mutant (DD) were tagged with V5 and 
expressed in HEK293 cells. Dynabeads were incubated with V5 antibody as 
described in section 2.4.4 and incubated with non-irradiated or irradiated (1 hour 
post 6Gy IR) HEK293 cellular extracts expressing V5-tagged KIF18B mutants. 
The resulting western blot of V5-immunopreciptation was then probed with anti-
53BP1, anti-V5, anti-H2AX and anti-H3 antibodies as indicated. 
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2.5.2 KIF18B is chromatin associated and co-localises with 

microtubules 

 

As previously reported by Lee et al., 2010, we observed in U2OS cells, that 

KIF18B is predominantly, however not exclusively, located in the nucleus, 

moving to the plus ends of microtubules during mitosis. We also noted that 

KIF18B is present at the mid-body during cytokinesis (Figure 2.5 A). Upon 

treatment with cytoskeletal extraction buffer (CSK) to extract proteins that 

are not stably anchored to structures prior to fixation, the staining pattern of 

KIF18B dramatically changed, revealing a network that co-localised with 

tubulin. This network was closely associated with the nucleus (Figure 2.5 

B). To support this, we also overexpressed KIF18B tagged with V5 and 

noted a similar pattern with V5 antibody staining. Treatment with 

nocodazole (100ng/ml for 1 hour), a microtubule depolymeriser, resulted in 

a depletion of this KIF18B/Tubulin network (Figure 2.5 C). These data 

suggest that KIF18B is not only associated with microtubules during mitosis 

but also in interphase cells. 
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Figure 2.5 KIF18B has cell cycle regulated localisation and co-localises with 
microtubules 

 (A) Immunofluorescence staining of KIF18B in U2OS. Cell cycle phases are 
indicated. (B) Immunofluorescence staining of KIF18B either untagged (anti-
KIF18B antibody) or V5 tagged (anti-V5 antibody) in U2OS cells with and without 
CSK treatment as indicated. (C) Immunofluorescence staining of KIF18B and 
Tubulin in U2OS cells pre-permeabilised with CSK buffer with and without 
nocodazole treatment (100ng/ml for 1 hour). In all cases cells were fixed with 4% 
PFA. 
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and visualising by immunofluorescence microscopy. We can gather from 

the multiple z-stacks that the KIF18B filamentous network indeed forms a 

basket around the nucleus, and does not appear to be a nuclear structure 

(Figure 2.6). The ring of LAMINB1 first appears in stack 4 and the KIF18B 

network appears earlier in stacks 2 and 3. These structures are in focus in 

different z-stacks or slices. This phenotype was seen in multiple cells and in 

numerous experiments and so is unlikely to be artefactual. 

 
Figure 2.6 . KIF18B forms a filamentous network basketing the nucleus 

U2OS cells transfected with V5 tagged KIF18B were pre-extracted with CSK 
buffer and stained with anti-V5 antibody (KIF18B) and anti-LAMINB1 antibody. 
(A) Images of 15 Z-stacks 0.5 microns apart depict staining of KIF18B and 
LAMINB1. (B) Magnified images of Z-stacks 3 and 9 from (A) are shown. 
KIF18B filamentous network appears in focus in stack 3 whereas LAMINB1 
representing the nuclear envelope is not in this plane. In stack 9 the nuclear 
envelope marked by LAMINB1 is in focus whereas KIF18B now appears pan-
nuclear rather than as a filamentous network. 
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To determine whether KIF18B was associated with chromatin or not we 

carried out a cellular fractionation experiment using U2OS cells in the 

presence and absence of benzonase, a nuclease which releases chromatin 

bound proteins (Figure 2.7 A). In the absence of benzonase KIF18B is 

detected in the pellet fraction, meaning that it is not soluble; histone H4 is 

also detected in this fraction, confirming the presence of chromatin, whereas 

Tubulin is detected in the soluble fraction. Upon addition of benzonase to 

this insoluble pellet fraction, KIF18B is released, along with the histones 

into the supernatant (Figure 2.7 B). This, along with mass spectrometry data 

discussed earlier, shows that KIF18B is bound to the chromatin possibly via 

interaction with the histones or through direct interaction with DNA. We 

compared the cellular localisation of other kinesin proteins with KIF18B. 

Distinct from KIF18B, its closest paralogue (KIF18A) and KIF11 were 

detected in the soluble fraction in the absence of benzonase indicating they 

are not bound to the chromatin. As KIF18B has a role in mitosis we 

included a nocodazole G2/M trap in order to investigate whether KIF18B 

localisation to the chromatin was affected at mitosis. Interestingly, in the 

presence of nocodazole we do not see a change in KIF18B expression in the 

insoluble chromatin bound fraction, although, as expected there is an 

increase in soluble KIF18B. During mitosis, KIF18B expression levels are 

increased and it is localised in the cytoplasm where it is soluble (Lee et al., 

2010). The chromatin bound fraction of KIF18B is not depleted, suggesting 

it could be constitutively present on the chromatin and distinct from the cell 

cycle regulated soluble fraction  (Figure 2.7).  
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Figure 2.7 KIF18B is chromatin bound 

 (A) U2OS cells were lysed in the presence or absence of benzonase nuclease and 
both supernatent and pellet fractions were analysed by western blot as indicated in 
schematic. (B) Resultant western blot of cell fractionation was probed with 
antibodies against Tubulin, Histone H4, and against kinesins KIF18B, KIF18A and 
KIF11 as indicated. Experiments performed with Silvia Maretto. 
 

2.5.3 KIF18B co-localises with heterochromatin 

 

When overexpressed, we noticed that nuclear ‘spots’ of KIF18B could be 

detected by immunofluorescence. These spots co-localised with regions of 

heterochromatin when co-stained with the heterochromatic marker 

H3K9me3. This co-localisation was not dependent on the motor domain of 

KIF18B; the motor dead mutant KIF18B (H300A, R304A and K307A – a 

gift from Rene Medema) retained spots that co-localised with H3K9me3 

(Figure 2.8 A). The KIF18B deletion mutant (Δ608-665), described earlier, 

that abrogates the interaction with 53BP1 and histones, is no longer detected 

in heterochromatic regions. Instead, KIF18B forms unusual nuclear 

spherical structures (Supplementary Figure 2.3 A). These structures are not 

associated with nucleoli as we initially predicted; they do not co-localise 

with NOP52, a nucleolar marker (Supplementary Figure 2.3 B). 

Additionally, the majority of dispersed nuclear KIF18B signal disappears in 

this mutant. These changes in localisation pattern are most likely due to the 
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fact that this KIF18B deletion mutant (Δ608-665) can no longer bind to 

chromatin. KIF18B interaction with the microtubule network remains intact 

in this mutant as evidenced by co-immunostaining with tubulin (Figure 2.8 

B). 

 

 

 
Figure 2.8 KIF18B nuclear spots co-localise with heterochromatic marker 
H3K9me3 

U2OS cells were transfected with tagged KIF18B constructs as indicated, then 
fixed and stained with anti-GFP (KIF18B) or anti-V5 (KIF18B) and H3K9me3 
antibodies and DAPI 48 hours later. (A) KIF18B nuclear spots co-localise with 
H3K9me3 marked heterochromatin as seen in yellow in the merged image. This 
localisation is not dependent on the motor domain of KIF18B. (B) KIF18B nuclear 
spots no longer co-localise with H3K9me3 when the histone interacting region in 
KIF18B is deleted. 
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chromatin maintenance, we looked at heterochromatin using H3K9me3 as a 

marker in U2OS cells treated with scrambled siRNA or KIF18B siRNA 

(Figure 2.9). We did not detect a change in heterochromatin structure upon 

KIF18B depletion, implying its role differs from that of KIF4A.  

 

 
 

Figure 2.9 KIF18B depletion does not affect global heterochromatin 
maintenance 

(A) U2OS cells were depleted of KIF18B and either irradiated (3Gy) or not, 
harvested after 30min, and then stained with heterochromatic marker H3K9me3. 
Immunofluorescence staining of H3K9me3 in cells treated with KIF18B or 
scrambled siRNA. (B) Western blot indicating siRNA knockdown of KIF18B. 
ACTIN is used as a loading control. 
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2.5.4 KIF18B is required for effective DNA repair 

 

As KIF18B interacts with 53BP1, an important mediator in the DNA 

damage response, we hypothesised that it too had a role in repairing 

damaged DNA. Initially we tested this possibility by carrying out 

clonogenic survival assays on KIF18B siRNA knockdown U2OS cells using 

increasing doses of IR. Cells depleted for KIF18B were sensitive to IR to a 

similar extent as cells depleted for 53BP1. The double knockdown of 

KIF18B and 53BP1 did not show an additive effect suggesting they are 

epistatic, functioning in the same pathway (Figure 2.10 A, B).  

 

Cell cycle checkpoint control is necessary for the maintenance of genome 

integrity. Failure to enter and appropriately recover from checkpoints 

following DNA damage can be detrimental to the cell (Hartwell et al., 

1994). The G2/M checkpoint prevents cells with damaged genomes from 

entering mitosis. 53BP1 has a role in ATM-dependent checkpoint 

signalling. Loss of 53BP1 affects downstream ATM signalling, resulting in 

problems with the G2/M checkpoint (DiTullio et al., 2002; Fernandez-

Capetillo et al., 2002). To determine whether the observed IR sensitivity in 

KIF18B knockdown cells was due to a defective G2/M checkpoint, we 

monitored H3S10 phosphorylation levels after IR using FACS analysis. 

H3S10 phosphorylation is a marker for mitosis. Failure to activate this 

checkpoint is a key characteristic of ATM inhibition (Xu et al., 2002). Here 

we see, as expected, cells treated with ATM inhibitor do not enter the 

checkpoint; there is very little fluctuation in H3S10ph following IR. Both 

KIF18B siRNA and scrambled siRNA control cells enter the checkpoint 

with normal kinetics, H3S10ph decreasing rapidly following IR (at 4 hours 

post IR we observe a mitotic index of approximately 0.2% in comparison to 

an un-irradiated mitotic index of approximately 2.8%). This shows that 

KIF18B is not required for normal entry into the checkpoint, however over 

time, KIF18B siRNA cells are much slower to return to normal cycling 

levels of H3S10ph. Control cells gradually re-enter the cell cycle after 8 

hours (0.7% cells are H3S10ph positive) and return to a normal mitotic 

index by approximately 12 hours after initial damage (2.2% cells are 
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H3S10ph positive). Cells depleted for KIF18B do not return to a normal 

mitotic index even 24 hours post IR, with only 1.3% of cells in mitosis (fig). 

This prolonged G2 arrest in KIF18B depleted cells is consistent with a 

defect in DSB repair or checkpoint recovery (Figure 2.10 C).  
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Figure 2.10 Cells depleted of KIF18B are sensitive to ionising radiation 

(A) Clonogenic survival assay showing increased sensitivity of KIF18B 
knockdown U2OS cells to ionising radiation. Cells were treated with the indicated 
doses of radiation and cultured for 10 days; surviving colonies were then stained 
and counted. Values were normalised to the un-irradiated control. Two replicates 
were performed per experiment and each experiment was repeated three times. 
Error bars represent the SEM across three independent experiments. (B) A 
representative western blot indicating the degree of knockdown in RNAi 
experiments discussed. Western blot was probed with anti-KIF18B and anti-53BP1 
as indicated. (C) FACS analysis of H3S10ph levels following 3Gy IR showing 
efficient but prolonged G2/M checkpoint activation in U2OS cells depleted of 
KIF18B. Cells were incubated with anti-H3S10ph antibody followed by a FITC-
conjugated secondary antibody. FITC-positive cells were counted using FACS 
analysis. 10, 000 events were recorded for each sample and each data point 
represents the average value obtained across three independent experiments. 
Clonogenic survival assay (A) performed by Silvia Maretto. 
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We also noted a mild defect in CHK1 signalling in the absence of KIF18B 

by western blot (Supplementary Figure 2.2 A). There was less 

phosphorylated CHK1 (S345) at multiple time points following a dose of 

10Gy IR. Perhaps this defect relates to a CHK1 function in mitosis that is 

affected by KIF18B depletion, or perhaps it relates to a 53BP1-dependent 

mediator role in DDR signalling transduction. However, CHK2 signalling 

kinetics, which are more typically 53BP1 dependent, were normal following 

KIF18B depletion (Supplementary Figure 2.2 B). 

 

Phosphorylation of the histone variant H2AX on S139 (γH2AX) is a widely 

used marker for DNA DSBs. H2AX S139 is phosphorylated by ATM upon 

DNA damage and acts as a recruitment platform for DDR factors (Rogakou 

et al., 1998, Burma et al., 2001). We carried out a time course experiment 

following a dose of 3Gy IR in U2OS cells to investigate the requirement for 

KIF18B in γH2AX signalling kinetics (Figure 2.11 A). In control cells 

γH2AX peaks at 15 minutes post IR and is reduced to basal levels by 8 

hours. In KIF18B-depleted cells there is increased γH2AX signalling 

compared to the control at 4 and 8 hours after damage. This persistent 

signalling again suggests delayed or incomplete repair when KIF18B is 

lacking. We also quantified KIF18B dependence of γH2AX foci using an 

immunofluorescence assay. We observed increased levels of γH2AX foci, 

following 6Gy IR treatment, in KIF18B siRNA compared to scrambled 

siRNA samples, indicating increased levels of damage in the absence of 

KIF18B. When KIF18B was depleted, and cells were irradiated, there was 

an average of 59 γH2AX foci per cell compared to an average of 35 γH2AX 

foci in the scrambled siRNA control (harvested 1 hour post 6Gy IR) (Figure 

2.11). 
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Figure 2.11 KIF18B depletion causes defective DNA repair 

(A) Western blot showing DSB marker, γH2AX (S139ph), kinetics following 3Gy 
dose of IR. U2OS cellular extracts were harvested at the indicated time points post 
IR and analysed by western blot. (B) Immunofluorescence staining of U2OS cells 
using anti-γH2AX antibody. Cells were treated with 6Gy of IR and fixed 1 hour 
later. (C) Neutral comet assay showing failure of cells depleted of KIF18B to 
resolve DNA DSBs induced by ionising radiation. U2OS cells were treated with 
3Gy IR and comet assay was carried out. (D) Quantification of data represented in 
(B). The γH2AX foci of 100 cells were counted per timepoint per experiment. 
Experiments were carried out in triplicate and error bars represent the SEM across 
three independent experiments. (E) Quantification of data shown in (C). Columns 
represent the mean COMET tail moments across an average of 3 independent 
experiments. 100 cells were analysed per experiment per timepoint.  
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Next, we directly measured DNA double strand break repair in KIF18B-

depleted cells using a neutral comet assay. The mean tail moment (%DNA 

in the comet tail X tail length) is representative of the extent of damage 

within that particular cell; the smaller, broken fragments of DNA migrate 

faster in the agarose support matrix compared to larger unbroken fragments. 

Undamaged U2OS cells had an average mean tail moment of approximately 

5.5 in cells treated with scrambled siRNA and KIF18B siRNA. When 

treated with an IR dose of 3Gy, both control cells and cells depleted of 

KIF18B had an average mean tail moment of approximately 18. In 

scrambled siRNA control cells, the mean tail moment returned to 

undamaged levels by 12 hours post-IR, indicating complete repair. In 

KIF18B siRNA cells, the tail moment persisted at higher than undamaged 

levels at 12 and even 24 hours post-IR (at 24 hours post damage the average 

mean tail moment was 7.8), once again implying a repair defect upon 

KIF18B depletion (Figure 2.11). Together, these results demonstrate a role 

for KIF18B in efficient DSB repair, most likely in relation to its interaction 

with the DDR mediator 53BP1. 

 

2.5.5 KIF18B does not affect homologous recombination or classic 

non-homologous end joining 

 

The vast majority of DSBs in eukaryotic cells are repaired either by 

homologous recombination (HR) or by non-homologous end joining 

(NHEJ). These distinct repair pathways are chosen by the cell using intricate 

signalling pathways, depending on the cell cycle phase and availability of a 

homologous sister chromatid, and the type of break. The persistence of 

DNA damage in cells that have depleted KIF18B suggests it could be 

involved in one or both of these pathways. Initially we investigated HR 

efficiency with clonogenic survival assays using U2OS cells in the presence 

of varying doses of the PARP inhibitor Olaparib, a drug that induces DSBs 

repaired specifically by HR.  Cells with depleted RAD54, a key protein in 

HR DNA repair, are sensitive to Olaparib, whereas depletion of the NHEJ 

factor KU80 did not affect survival in the presence of Olaparib. Depletion 
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of KIF18B or of 53BP1 did not affect survival in these conditions, implying 

that neither of these factors are critical in HR DSB repair (Figure 2.12).  

 
Figure 2.12 KIF18B is not required for homologous recombination or classic 
non-homologous end joining 

(A, B) Clonogenic survival assay showing no sensitivity of KIF18B knockdown 
U2OS cells to Olaparib or ICRF-193 respectively. Cells were treated with the 
indicated doses of Olaparib or ICRF-193 and cultured for 10 days; surviving 
colonies were then stained and counted. Values were normalised to the un-treated 
control for each condition. Two replicates were performed per experiment and each 
experiment was repeated two times. Error bars represent the SEM across two 
independent experiments. (C, D) Schematic and analysis of NHEJ assay 
respectively. H1299dA3-1 cells reporter cells were transfected with an I-SceI 
expression vector to induce DNA DSBs at the integrated I-SceI cut sites flanking 
‘buffer’ region separating EGFP and its CMV promoter. GFP (FITC) signal is only 
detectable by FACS analysis in cases of correct repair by NHEJ. GFP signal is 
used as a read out of proficient repair by NHEJ. Repair assays performed by Silvia 
Maretto. 
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Clonogenic survival assays in the presence of ICRF-193 were used to test 

NHEJ repair. ICRF-193 is a DNA topoisomerase II inhibitor that produces a 

type of DNA lesion repaired predominantly by NHEJ (Adachi et al., 2003). 

Here we saw that RAD54 depletion did not increase sensitivity to this drug. 

However, inhibition of the NHEJ factor DNA PK (inhibitor NU7026) 

caused increased sensitivity to ICRF-193 compared to the scrambled siRNA 

control. Again, we did not see any sensitivity in these assays when KIF18B 

or 53BP1 were knocked down with RNAi. To support this, we tested NHEJ 

efficiency in KIF18B siRNA cells using the H1299dA3-1 (human non-small 

cell lung carcinoma derived) reporter cell line as previously described 

(Ogiwara et al., 2011). In this assay, a DSB is introduced at the I-SceI 

cleavage site and GFP signal is measured using FACS analysis (Figure 2.12 

C). Increased GFP signal indicates successful repair of the cut by NHEJ. 

Here we saw that untransfected cells and those with scrambled siRNA 

repaired the lesion efficiently in 7-8% of cells whereas inhibition of DNA 

PK reduced repair to 1.5%. Again, depletion of KIF18B and 53BP1 did not 

significantly affect this repair pathway, with efficient repair in 6-8% of 

cells. 

 

We had expected that KIF18B would be involved in NHEJ due to its 

interaction with 53BP1. However, as we did not see a defect in these assays 

even when 53BP1 was knocked down, we hypothesised that KIF18B must 

have a role in the specific NHEJ repair pathways that are 53BP1 dependent. 

We know that 53BP1 is involved in certain types of NHEJ repair, including, 

Class Switch Recombination (CSR) repair, some types of V(D)J 

recombination, fusion of deprotected telomeres, and heterochromatic NHEJ 

repair (Difilippantonio et al., 2008; Dimitrova et al., 2008; Noon et al., 

2010; Ward et al., 2004). The common factor in these instances of DNA 

repair is the distance the DNA ends must move in order to be in close 

enough proximity to ligate. For instance, during class switch recombination 

in mice, switch regions can be approximately 200kb apart, once cut these 

ends muct be brought together and repaired by NHEJ. The process of this 

movement is very poorly understood. However, it has been shown that 
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dysfunctional telomeres in cells lacking 53BP1 sample less 3D space, that 

is, they move less (Dimitrova et al., 2008).   

 

2.5.6 KIF18B is required for efficient IR induced 53BP1 focal 

recruitment  

 

53BP1 is rapidly recruited to double strand breaks after damage where it has 

a role in the early stage of the DNA damage response and DNA repair. 

53BP1 is required for ATM checkpoint signalling and furthermore protects 

DSBs from end resection, preventing HR and promoting NHEJ (Panier et 

al., 2014; Bunting et al., 2010; Escribano-Diaz et al., 2013). The exact 

process of this recruitment is thus far unclear. A recent study suggests that 

53BP1 protein that is not bound to DSBs is rapidly degraded (Hu et al., 

2014). This contrasts to previous misconceptions that all soluble 53BP1 

relocates to DSBs.  Using the benzonase cell fractionation experiment 

described earlier we observe that depletion of KIF18B with RNAi did not 

affect 53BP1 recruitment to the chromatin following DNA damage. In 

undamaged cells 53BP1 is detected at the same levels in both soluble and 

insoluble fractions, regardless of the level of KIF18B expression. Following 

DNA damage with ionizing radiation, the soluble fraction of 53BP1 is 

present on the chromatin in a non-KIF18B dependent manner. We did see a 

dramatic depletion of soluble 53BP1 following DNA damage, in keeping 

with findings in the study mentioned above. However this decrease was 

KIF18B independent (Figure 2.13).  
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Figure 2.13 KIF18B depletion does not affect 53BP1s ability to bind 
chromatin following DSB induction 

U2OS cells either un-irradiated or irradiated (1 hour post 3Gy) were lysed in the 
presence or absence of benzonase nuclease and both supernatent and pellet 
fractions were analysed by western blot and probed as indicated. 
 
 
53BP1 localisation at DSBs after IR treatment is easily detected using 

fluorescence microscopy by the appearance of ionising radiation-induced 

foci (IRIF) in the nucleus of the cell (Schultz et al., 2000). To test whether 

the localisation of 53BP1 at DSBs is dependent on KIF18B, we analysed 

53BP1 IRIF (ionising radiation induced foci) in U2OS cells depleted of 

KIF18B at various times post IR and at various doses of irradiation. Despite 

the cell fractionation experiment that inferred KIF18B was not required for 

53BP1 chromatin binding, we see that focal recruitment to the DSB is 

drastically impaired in cells deficient of KIF18B. Undamaged cells have an 

average of approximately 5 foci per cell in both scrambled siRNA and 

KIF18B siRNA treated cells. Upon DSB induction with 3Gy or 6Gy of 

irradiation, the average number and size of 53BP1 foci was decreased in the 

absence of KIF18B. This defect was evident both at early time-points after 

damage (15 min) and later at 1 hour post IR. KIF18B depleted cells had an 

average of approximately 11 foci per cell compared to 32 in control cells 

after 3Gy of irradiation, and 20 instead of 35 after 6Gy of irradiation 

(numbers reflect average 53BP1 foci number in samples harvested at 1 hour 

post IR time-point) (Figure 2.14). This defect was not a global inability to 
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recruit repair foci, it appeared to be specific to 53BP1; KIF18B depletion 

did not affect focal formation of repair factors such as BRCA1, MDC1, 

RAD51 and RIF1 (Supplementary Figure 2.4). The inability of 53BP1 to 

reach or to bind effectively to breaks could potentially lead to the defects in 

repair we observe in the absence of KIF18B.  
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Figure 2.14 KIF18B depletion abrogates 53BP1 focal recruitment.  

(A, B) Immunofluorescence staining in U2OS cells of 53BP1 IRIF at 15 minutes 
and 1 hour post damage induction respectively. Cells were treated with either 3 Gy 
or 6Gy or irradiation as indicated and fixed with 4% PFA prior to staining. (C) 
Quantification of data shown in (B). Average focal number was calculated using 
ImageJ software. 100 cells were counted per condition, per experiment. 3 
independent experiments were performed and the average focal number used for 
each data point. Error bars represent the SEM across 3 independent experiments. 
(D) Western blot indicating siRNA knockdown of KIF18B. 
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As this defect in 53BP1 focal recruitment was not homogenous throughout 

the cell population (Supplementary Figure 2.5) we investigated whether it 

was dependent on the cell cycle. Using EdU incorporation (Click-iT 

chemistry) to distinguish the S-phase cells in the population and DAPI 

staining to distinguish the cells in mitosis, we observed that the KIF18B-

dependent defect in 53BP1 focal recruitment was not specific to the S-phase 

population (Figure 2.15). Staining with CYCLIN A and CYCLIN B could 

further elucidate the cell cycle dependency of this phenotype. 

 

 
Figure 2.15 Defective 53BP1 focal recruitment is not cell cycle dependent 

Immunofluorescence staining in U2OS cells of 53BP1 IRIF 1 hour following 
treatment with 3Gy IR. Cells in S-phase were marked by EdU incorporation for 30 
minutes post irradiation and visualised using Click-iT chemistry.  
 

The motor function is the predominant feature of kinesins, and so we 

hypothesised that the motor domain component of KIF18B could be 
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siRNA to deplete endogenous protein levels, and subsequently with 

plasmids containing siRNA-resistant KIF18B cDNA that either had a wild 

type or motor-dead KIF18B in order to determine their ability to rescue the 

phenotype. We observed that wild type KIF18B cDNA restored 53BP1 foci 
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average of 40 53BP1 foci per cell when wild-type KIF18B was transfected 

in combination with the KIF18B siRNA). The KIF18B cDNA that 

harboured mutations in critical residues of the motor domain (H300A, 

R304A and K397A), was unable to rescue the defect in 53BP1 focal 

recruitment (displaying an average of 22 53BP1 foci per cell). This infers 

that the motor function of KIF18B is required for efficient recruitment of 

53BP1 to DSBs (Figure 2.16).  

 

 
Figure 2.16 The motor domain of KIF18B is required for efficient 53BP1 focal 
recruitment 

(A) Immunofluorescence staining in U2OS cells of 53BP1 IRIF 1 hour following 
treatment with 3Gy IR. Cells were transfected siRNA and 24 hours later with 
empty GFP plasmid, wild type KIF18B-GFP or motor-dead KIF18B-GFP as 
indicated, at 48 hours after initial transfection cells were irradiated, fixed and 
stained. (B) Quantification of data represented in (A). Average focal number was 
calculated using ImageJ software. 50 GFP-positive cells were counted per 
condition, per experiment. 3 independent experiments were performed and the 
average focal number used for each data point. Error bars represent the SEM across 
3 independent experiments. 
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carbendazim, and a microtubule stabilising poison taxol to investigate 

whether disturbance of the microtubule network affected 53BP1 focal 

recruitment following IR. Interestingly, we observed smaller 53BP1 foci 

upon treatment with all three drugs. An average focal area of 57 (AU) was 

calculated in untreated cells, and average 53BP1 focal areas of 24.8 (AU), 

18.4 (AU) and 17.8 (AU) were calculated in cells treated with nocodazole, 

carbendazim and taxol, respectively. Fewer foci were observed in the 

presence of carbendazim and taxol, with untreated cells having an average 

53BP1 focal number of 57 and cells treated with carbendazim and taxol 

having an average focal number of 27 and 26 respectively (Figure 2.17). 

Together these data indicate a possible connection between KIF18B’s motor 

function and interaction with microtubules and its effect on 53BP1 IRIF 

recruitment and DNA repair. However, a recent study has linked 

microtubules to the nuclear trafficking of DDR proteins, including 53BP1 

(Poruchynsky et al., 2015). They show that microtubule poisoning results in 

less 53BP1 within the nucleus, this corresponds to our observations that 

53BP1 IRIF are smaller and fewer when cells are treated with nocodazole, 

carbendazim and taxol. We believe that KIF18B depletion and microtubule 

poisoning have distinct effects on 53BP1 focal recruitment. KIF18B 

depletion results in fewer, smaller foci, however there is remaining 

dispersed 53BP1 signal within the nucleus. In contrast, microtubule 

poisoning results in smaller foci with no background 53BP1 signal (Figure 

2.18). 
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Figure 2.17 Microtubule poisons abrogate 53BP1 IRIF recruitment 

(A) Immunofluorescence staining of 53BP1 and Tubulin in U2OS cells treated 
with 3Gy of IR and Nocodazole (100ng/ml), Carbendazim (30uM), or Taxol 
(200ng/ml) where indicated. (B, C) Quantification of data represented in (A). 
Average focal area and number was calculated using ImageJ software. 100 GFP-
positive cells were counted per condition, per experiment. 5 independent 
experiments were performed and the average focal number used for each data 
point. Error bars represent the SEM across 5 independent experiments. 
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Figure 2.18 KIF18B depletion and microtubule poisoning result in distinct 
defects in 53BP1 focal recruitment after damage 

Comparison of effects of KIF18B depletion and nocodazole treatment on 53BP1 
IRIF. U2OS cells were treated with 3Gy of irradiation, harvested 1 hour later and 
stained with anti-53BP1 antibody.  

 

2.5.8 Generating a KIF18B null cell line 

 

We attempted to use CRISPR-Cas9 gene editing to target KIF18B in human 

RPE1-hTERT cells. CRISPR-Cas9 technology, derived from the adaptive 

immune system of many bacteria and archaea, utilises the bacterial DNA 

nuclease Cas9 to cut sequence specifically when guided with an RNA 

directed to a target region (Cho et al., 2013; Mali et al., 2013) (Figure 

2.19A).  
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Figure 2.19 KIF18B gene editing strategy using CRISPR-Cas9 technology.  

(A) Schematic of CRISPR-Cas9 gene editing technology. (B) Sequence and exonic 
positioning of the three KIF18B guide RNAs used in CRISPR-Cas9 system. 
 

 

We used three separate guide RNAs (gRNAs) targeting KIF18B, two in 

exon 1 and one in exon 6, these gRNAs direct Cas9 to cleave both strands of 

DNA three base pairs upstream of the protospacer adjacent motif (PAM) 

recognition sequence (5’- NGG-3’) (Figure 2.19 B). Once cut, we screen for 

incorrect repair introducing insertions or deletions that cause frameshifts 

and ultimately abrogation of the protein. We also targeted two other genes 

in parallel (DGCR8 and DDX17), which served as a control. Protein and 

genomic DNA extracts from 54 clones were screened by western blot and 

sequencing respectively. None of the clones screened by western blot 

showed a depletion of KIF18B. Sequencing of the area surrounding the 

target site revealed one clone with one mutation at the cut site (6.67%), 

control targeting of DGCR8 showed a mutation frequency of 57% and 
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DDX17 of 37% (Figure 2.20 A). Upon sequencing the individual alleles of 

the KIF18B mutated clone in pGEM-T Easy, we found that one allele had a 

mutation (T-C) at the cut site and the other had a 57bp deletion in the 

region, however, the mutation did not cause a change in the amino acid 

composition and so the protein was not perturbed (Figure 2.20 B-D). It is 

possible that KIF18B is an essential gene and so cells with dysfunctional 

KIF18B cannot survive, selecting only cells with wild type KIF18B. 

Another possibility is that the guide RNAs selected were not capable of 

directing Cas9 nuclease to the desired site making nuclease activity 

inefficient.  

 



 121 

 
Figure 2.20 KIF18B gene editing using CRISPR-Cas9 system did not result in 
perturbed KIF18B protein sequence 

(A) Summary of screening of RPE1-hTERT cells targeted with KIF18B guide 
RNAs and positive control guide RNAs DGCR8 and DDX17. (B) Chromatogram 
representing sequencing of RPE1-hTERT clone with mutation at KIF18B guide 
sequence 1 cut site. Area surrounding cut site was amplified by PCR from genomic 
DNA and sequenced. (C) Chromatograms representing sequencing of area 
surrounding cut site of clone1 in both alleles of KIF18B. Area amplified by PCR in 
(B) was cloned into pGEM-T Easy and clones representing both alleles were 
sequenced. (D) Alignment of both mutated alleles of KIF18B and wild type DNA 
sequence. Alignment of translated sequence of targeted clone and wild type 
KIF18B protein sequence with no change in amino acid sequence. Alignments 
were generated using Multalin online multiple sequence alignment tool. In all cases 
cut site is indicated with an arrow. 
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In addition to CRISPR-Cas9 gene targeting in human cells, we attempted to 

generate a null Kif18b DT40 chicken B-cell line. The DT40 chicken B-cell 

line was first established from an ALV induced B-cell lymphoma, and has 

become widely used due to its high rate of homologous recombination and 

high ratios of targeted to random integration of transfected DNA constructs 

(Buerstedde et al., 1991). We used a conventional gene targeting approach 

with an approximately 5kb 5’ homology arm and an approximately 1kb 3’ 

homology arm flanking the Kif18b genomic locus (Figure 2.21 A). 

Genomic DNA extracts were screened by PCR and southern blotting 

(Figure 2.21 B). We observed a low targeting efficiency of 3.5% when 

targeting the first allele, the subsequent allele was re-targeted in 57% of the 

clones screened and no Kif18b-/- clones were obtained (Figure 2.21 C). It is 

possible that further screening and alteration of the strategy to prevent re-

targeting events could result in a Kif18b null cell line. However, taking into 

consideration the inability to abrogate KIF18B with CRISPR-Cas9 gene 

editing in human cells or by shRNA knockdown in mouse cells (discussed 

later), it is likely that KIF18B is an essential gene.  
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Figure 2.21 Kif18b gene targeting in chicken DT40 B-cell lymphocytes 

(A) Kif18b gene targeting and southern blot screening strategy. (B) Southern blot 
screening of Kif18B-/+ and Kif18b-/- clones. Wild-type clones have one band at 
18.4kb when digested with StuI restriction endonuclease. Heterozygote Kif18B-/+ 

has one band at 18.4kb and one at 13.1 kb and a Kif18b-/- is expected to have just 
one band at 13.1 kb. No Kif18b null DT40 cells were generated in this experiment. 
(C) Summary of screening results of Kif18b gene targeting in DT40 chicken cells. 
Targeting constructs generated in collaboration with Ailbhe Cosgrove. Gene 
targeting and screening carried out in collaboration with Lydia Robinson-Garcia. 
 
 

2.5.9 Generating a separation of function MEF cell line  

 

To address the question of Kif18B’s role in 53BP1-dependent repair such as 

in CSR and deprotected telomere fusion, we initially attempted to make 

Kif18B shRNA cell lines in CH12 mouse B-cell lymphocytes and in mouse 

embryonic fibroblasts (required for CSR and telomere fusion assays 
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respectively) in which Kif18B would be constitutively depleted. We used 

five distinct shRNA sequences targeted against mouse Kif18b (see Table 

2.4), in each case transfected cells did not survive longer than a few days 

post transfection. Any cells surviving the transfection were not depleted of 

Kif18B when analysed by quantitative PCR. This, along with unsuccessful 

attempts to make Kif18B null cell lines in chicken DT40 and human RPE1-

hTERT cell lines, discussed previously, suggested to us that KIF18B could 

possibly serve an essential function in the cell. Subsequently, we decided it 

was necessary to either make a conditional null mouse Kif18B cell line or, 

alternatively, to use a KIF18B deletion mutant that would rescue the 

essential function but not its role in DNA damage repair in conjunction with 

shRNA depletion of the wild type protein. We hypothesised that deleting the 

region that interacts with 53BP1 would serve this purpose. Two distinct 

strategies to make a conditional Kif18b null cell line were unsuccessful 

(auxin inducible degron system and TET-on conditional shRNA) and so we 

chose to focus on generating a separation of function mutant that was unable 

to interact with 53BP1 but capable of carrying out its role in mitosis, which 

we hypothesised was the essential role of KIF18B as 53BP1 null cells are 

viable. This separation-of-function KIF18B mutant successfully rescued cell 

death in mouse embryonic fibroblasts when endogenous Kif18b was 

depleted. This strategy enabled us to investigate the dependence of Kif18b 

in distal NHEJ. 

 

2.5.10 KIF18B is required for the fusion of dysfunctional telomeres 

 

In mouse cells (MEF), a dominant negative form of the shelterin component 

TRF2 (TRF2ΔBΔM - lacking the basic and Myb domains) was used to form 

heterodimers with endogenous TRF2, thus deprotecting telomeres and 

inducing fusions. Wild type MEF and MEF expressing shRNA against 

Kif18b (and an shRNA-resistant KIF18B transgene lacking the 53BP1 

interacting domain) were transfected with TRF2ΔBΔM, harvested 6 days 

later and telomere FISH was carried out on resulting metaphase spread 

preparations. The average number of telomere fusions per metaphase spread 
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was calculated (Figure 2.22). An average of 6 telomere fusion events was 

observed in control cells with deprotected telomeres (MEF + TRF2ΔBΔM), 

whereas in cells depleted of Kif18b (KIF18B-DD shKif18b MEF + 

TRF2ΔBΔM) less than half the number of fusion events were observed, 

with an average of 2.95 fusions per metaphase spread. These cells were 

expressing an shRNA resistant KIF18B transgene that only lacked the 

53BP1-interacting region, meaning this was required for efficient 

dysfunctional telomere fusion. 

 

We confirmed this result in human HELA cells with a tet-inducible 

conditional knockdown of TRF2 (Grolimund et al., 2013). Cells were 

treated with 1ug/ml doxycycline for 7 days and siRNA transfections 

targeting KIF18B, 53BP1 and the double KIF18B/53BP1, were carried out 

on days 1, 3 and 5 to ensure efficient knockdown throughout the experiment 

(Figure 2.23). Once again, we observed KIF18B-dependent telomere fusion. 

HELA cells that were not treated with doxycycline to induce TRF2 

knockdown did not have any fusions (both chromatids fusing), cells treated 

with scrambled control siRNA had an average of 9 fusion events per 

metaphase spread. Upon KIF18B, 53BP1 and KIF18B/53BP1 siRNA 

knockdown we observed a dramatic reduction in telomere fusion events – 

siKIF18B (2.7 fusions), si53BP1 (3.6 fusions) and siKIF18B/si53BP1 (2.1 

fusions).  
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Figure 2.22 Kif18b is required for dysfunctional telomere fusion in MEF 

(A) Schematic of scoring system of telomere fusion events. (B) Quantitative PCR 
showing knockdown of Kif18b using two mouse Kif18b specific primers. (C) 
Western blot showing the expression of Myc-tagged TRF2ΔBΔM in MEF. (D) 
Telomere FISH (fluorescence in situ hybridisation) with white arrows indicating 
fusion events in MEF cells transfected with TRF2ΔBΔM and harvested six days 
later. (E) Graph of the data represented in (D), various categories of fusion events 
described in (A) were quantified. 
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Figure 2.23 KIF18B is required for dysfunctional telomere fusion in HELA 

(A) Schematic of experimental design. Cells were treated with doxycycline (Dox) 
for 7 days prior to harvesting for FISH and western blot. Cells were also 
transfected with siRNA on the days indicated to maintain knockdown of KIF18B 
and 53BP1. (B) Western blot indicating knockdown of 53BP1, KIF18B and TRF2. 
(C) Telomere FISH (fluorescence in situ hybridisation) of HELA cells following 
disruption of the shelterin complex. (D) Graph of data represented in (C), graph 
indicates fusion events in which both chromatids are fused resulting in end-to-end 
fusions of multiple chromosomes.  
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Together, we have shown that KIF18B interacts with the DDR mediator 

53BP1 and that it is required for efficient DSB repair. KIF18B is required 

for the fusion of dysfunctional telomeres in both mouse and human models.  

KIF18B depletion results in defective 53BP1 IRIF formation at DSB breaks. 

Specifically, the motor domain of KIF18B is required for this 53BP1 IRIF 

recruitment. Furthermore, KIF18B binds to chromatin and 53BP1 via the 

region encompassing amino acids 608-665, it also co-localises with 

microtubules throughout the cell cycle. We propose that KIF18B plays a 

role in distal DSB repair, coordinating with 53BP1 to increase the mobility 

of DSB ends.  
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2.6 Discussion 
 

Our genomes are under constant assault from both endogenous and 

exogenous threats. If breaks and mutations in DNA are not repaired 

correctly, the outcome can be devastating, leading to cancer progression or 

disease onset. In order for cells to survive and faithfully transmit their 

genetic information when replicating, an intricate DNA damage response 

mechanism has evolved. The DNA damage response (DDR) components 

rapidly recognise insult to DNA, and ensure the appropriate repair pathway 

choice is taken.  

 

Here, we focused on a DNA damage response mediator, 53BP1. Mediators 

in the DDR are thought to enhance the signal between the damage ‘sensor’ 

proteins, and the ‘effector’ proteins that carry out the appropriate biological 

responses (Li et al., 2005). 53BP1 mediates the ATM DDR signalling 

cascade, facilitating phosphorylation of a number of downstream targets 

including CHK2, RPA2, BRCA1 and KAP1 (Panier et al., 2014; Wang et 

al., 2002; Noon et al., 2010). 53BP1 is important in non-homologous end 

joining repair (NHEJ) and it is also involved in heterochromatic DSB repair 

(Noon et al., 2010). 53BP1 and BRCA1 cross talk is highly influential in the 

decision to carry out NHEJ or HR (Bunting et al., 2010; Escribano-Diaz et 

al., 2013). Importantly, 53BP1 is essential for distal NHEJ when examined 

in the context of generating antibody diversity during V(D)J and class 

switch recombination, and in the fusion of dysfunctional telomeres (Ward et 

al., 2004; Difilippantonio et al., 2008; Dimitrova et al., 2008). 

 

Using SILAC proteomic analysis of 53Bp1 in chicken DT40 cells, we 

identified novel interactors of 53Bp1. Amongst proteins previously reported 

to interact with human 53BP1, we identified a relatively uncharacterised 

kinesin protein, Kif18b. Next we confirmed this interaction is conserved in 

human cells by co-precipitating 53BP1 and KIF18B in human HEK293 

cells. To date KIF18B has been recognised for its role in regulating 

microtubule dynamics during mitosis (Lee et al., 2010; Stout et al., 2011; 
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Tanenbaum et al., 2011). It binds to EB1 (end binding protein 1) and 

MCAK (mitotic centromere associated protein) at the plus ends of astral 

microtubules during metaphase. Recently, KIF18B has been described as a 

driver gene in carcinogenesis, it is deregulated in numerous cancers, 

skewing the regulation of critical cell cycle genes (Itzel et al., 2014).  Our 

findings implicate, for the first time, a role for KIF18B in the DNA damage 

response.  

 

When we examined KIF18B localisation by cell fractionation, we found that 

it is chromatin bound, unlike most other kinesins, including its closest 

paralogue KIF18A. Nocodazole treatment, arresting cells in G2/M phase, 

resulted in an increase in a soluble KIF18B fraction. Although, the 

chromatin bound fraction was still present at the same levels of expression, 

suggesting that there is potentially a fraction of KIF18B constitutively 

chromatin bound. We hypothesised these fractions could represent multiple 

roles for KIF18B, a role in mitosis and a role within the nucleus.  

 

Immunofluorescence staining of KIF18B revealed cell cycle regulated 

expression and localisation consistent with previous publications. KIF18B 

exhibits pan-nuclear staining in interphase, and during metaphase it 

relocates to the plus-ends of astral microtubules where it regulates 

microtubule dynamics coordinating with EB1 and MCAK (Stout et al., 

2011; Tanenbaum et al., 2011). When visualised by immunofluorescence 

staining under cytoskeletal pre-extraction conditions, a KIF18B filamentous 

network is revealed. This network associates with the nucleus and co-

localises with that part of the microtubule network closest to the nucleus. 

There is also some dispersed pan-nuclear staining and nuclear spots which 

co-localise with the heterochromatin marker H3K9me3. This complex 

pattern of localisation is consistent with KIF18B interacting with both 

microtubules and chromatin. Interestingly, it binds to microtubules in 

interphase cells in contrast to previous reports in which this co-localisation 

was mitosis specific (Lee et al., 2010). 
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We mapped the interaction domain of 53BP1 in KIF18B to amino acids 

608-665. We noticed in this KIF18B pull down experiment that this region 

was also required for the direct/indirect interaction with histones. We 

confirmed the interaction with histones by western blotting and mass 

spectrometry, H2A, H2B, H3, H4 and the DNA damage related variant 

H2AX were all present. 53BP1 binds to chromatin in the vicinity of DSBs 

by recognising specific post-translational modifications of histones. H2A 

ubiquitination on lysine 15 (H2AK15ub) and H4 di-methylation on lysine 

20 (H4K20me2) at DSBs results in 53BP1 chromatin recruitment (Fradet-

Turcotte et al., 2013). As KIF18B is binding to both histones and 53BP1 in 

the same region, we hypothesised that it plays a role at DSBs, although we 

have been unable to detect KIF18B at DSBs by immunofluorescence 

microscopy. When visualised by immunofluorescence microscopy, the 

KIF18B deletion mutant (Δ608-665), had altered nuclear localisation 

patterns. The deletion mutant retained its KIF18B filamentous network 

encompassing the nucleus, however, pan nuclear staining and nuclear spots 

are decreased and instead form bright spherical structures, presumably due 

to the fact that KIF18B can no longer bind to the chromatin.  

 

KIF18B depletion results in increased sensitivity of cells to ionising 

radiation. Persistent signalling of the DSB marker, γH2AX, in cells depleted 

of KIF18B suggested a defect in DSB repair. This was consistent with direct 

measurements of DSBs using a neutral comet assay. Furthermore, KIF18B 

depletion caused a delayed exit from an IR induced G2/M checkpoint, again 

consistent with a repair defect. 

 

HR and classical NHEJ repair were both proficient in the absence of 

KIF18B. This was assayed by both clonogenic survival assays and cell-

based GFP reporter assays. However, 53BP1 depletion also did not result in 

sensitivity in these experiments. 53BP1 is required for NHEJ repair in 

circumstances when two ends of a DSB are too far apart for classical NHEJ. 

Developing B-cells undergo class switch recombination in which the breaks 

induced at switch regions are re-joined by NHEJ with varying segments to 
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create antibody diversity. Some of these NHEJ events can join DNA 

segments that are 200 kb apart; these events are 53BP1 dependent (Ward et 

al., 2004). Long-range V(D)J recombination is also 53BP1 dependent, 

whereas close range V(D)J recombination is not dependent upon 53BP1 

(Difilippantonio et al., 2008). KIF18Bs interaction with 53BP1 and its role 

in DSB repair led us to propose that these long-range NHEJ events are also 

KIF18B dependent.  

 

KIF18B depletion did not noticeably affect the bulk recruitment of 53BP1 

to the chromatin after damage when assayed by biochemical cell 

fractionation. However, KIF18B depletion resulted in defective 53BP1 IRIF 

recruitment. This defect was not cell cycle dependent and was seemingly 

specific to 53BP1 as focal recruitment of other repair factors was normal 

when analysed. Strikingly, this defect was dependent on the motor domain 

of KIF18B, as it was not rescued by transfection with a motor dead mutant 

of KIF18B. Furthermore, treatment with numerous microtubule poisons 

including nocodazole, a microtubule depolymeriser, and taxol, a 

microtubule stabiliser, also resulted in defective 53BP1 focal recruitment 

following IR. Interestingly, there was a distinction between the defects 

observed following microtubule poisoning and KIF18B depletion. KIF18B 

depletion resulted in fewer, smaller 53BP1 foci with a dispersed nuclear 

53BP1 signal, whereas microtubule disturbance resulted in smaller 53BP1 

IRIF without the dispersed nuclear signal, suggesting less total 53BP1 

signal. A recent study reports a role for microtubules in 53BP1 trafficking 

into the nucleus (Poruchynsky et al., 2015). A disturbance in microtubule 

dynamics results in less nuclear 53BP1, this data complements our 

observations. The 53BP1 phenotype is distinct after KIF18B depletion 

relative to disturbed microtubule dynamics suggesting that the effect of 

KIF18B depletion on 53BP1 localisation after IR is independent of 53BP1 

nuclear trafficking.  

 

We attempted to generate KIF18B null cell lines in both human RPE1-

hTERT cells and chicken DT40 cells as tools to further study the role of 

KIF18B in DNA damage repair. However, neither CRISPR-Cas9 gene 
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editing in RPE1-hTERT cells nor conventional gene knockout in DT40 cells 

was successful. Using CRISPR gene editing with three individual guide 

RNAs we found mutations on both alleles indicating efficient targeted 

cutting by the Cas9 endonuclease. However, mutations never resulted in 

loss of KIF18B, as they were either only on a single allele of the gene or 

both alleles carried a silent mutation. Similarly, we successfully targeted 

one allele of Kif18b in DT40 producing a heterozygote (Kif18b-/+), but we 

were unable to obtain a Kif18b-/- null cell line. This data is consistent with 

KIF18B being an essential gene. The role of KIF18B in mitosis could be 

indispensable; microtubule dynamics are critical to mitosis (Desai and 

Mitchison, 1997). Therefore, we hypothesised that KIF18B is an essential 

gene, and its role in mitosis is likely to be its essential function, whereas its 

involvement in DNA repair is not an essential role, consistent with deletion 

of 53BP1, its interacting partner in the DDR, resulting in viable cells.  

 

In order to carry out deprotected telomere fusion assays we attempted to 

stably deplete Kif18b using shRNA in mouse embryonic fibroblasts (MEF). 

However, these cells were unable to survive long-term depletion of Kif18b, 

once more strongly suggesting that Kif18b depletion is lethal. This 

depletion of KIF18B/Kif18b resulted in cell death in human, chicken and 

mouse cell lines.  

 

We were unable to deplete Kif18b efficiently in MEF cell lines using 

siRNA techniques we previously used successfully in human cell lines as 

these cells are notoriously difficult to transfect.  Additionally, these assays 

require relatively long-term depletion of Kif18b, therefore stable cell lines 

with constitutive Kif18b depletion are ideal. As long term KIF18B/Kif18b 

depletion appears to be lethal, we decided to generate a cell line with a 

separation of function KIF18B mutant. In theory, separating the DNA repair 

function from the essential function should allow cell survival. We used 

information from our previous KIF18B-53BP1 interaction study to generate 

a deletion mutant that no longer binds to 53BP1. In this way, the mutant 

KIF18B can carry out its proposed essential role in mitosis while it can no 

longer interact with 53BP1, or indeed with the chromatin. Endogenous 
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mouse Kif18b is then depleted using shRNA interference. We successfully 

generated MEF cells with KIF18B-DD (human KIF18B transgene which 

does not interact with 53BP1) and a stably expressed shRNA against mouse 

Kif18b. Using this cell line we carried out telomere fusion assays using a 

dominant negative TRF2 (TRF2ΔBDΜ) to disrupt shelterin and cause 

telomere fusion. We found that Kif18b was required for the fusion of 

dysfunctional telomeres. Later we obtained a human cell line (HELA) that 

had a tet-inducible knockdown of TRF2. Upon addition of doxycycline to 

the growth media, TRF2 was depleted and telomere fusion was induced. 

Complimenting our data in mouse cells, we saw that KIF18B was required 

for efficient fusion of dysfunctional telomeres.  

 

Together, we observed that KIF18B interacts with 53BP1, nucleosomes and 

microtubules. KIF18B depletion results in defective DSB repair and 

defective 53BP1 IRIF recruitment. 53BP1 focal recruitment is dependent on 

the motor domain of KIF18B. We also found that KIF18B is required for 

the efficient fusion of deprotected telomeres in both mouse and human 

models using two distict approaches. 

 

From these data we draw two alternate hypotheses, firstly, we believe that 

KIF18B has a role in distal NHEJ and could possibly facilitate nuclear 

active transport, as shown in (Figure 2.24 A). In this model KIF18B 

interacts with chromatin and 53BP1 at the break site, facilitating movement 

of the break, possibly using a microtubule network to move the cargo. On 

the other hand, KIF18B and its associated microtubule network surrounding 

the nucleus could possibly cause changes in nuclear volume in response to 

DNA damage that would facilitate long-range NHEJ. In this model (Figure 

2.24 B), KIF18B, the microtubule network and LINC complexes respond to 

DNA damage expanding nuclear volume, perhaps locally in the vicinity of 

broken chromosomes, and allowing more space for random diffusion of 

DSBs to facilitate repair.  
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In the first hypothesis, the principal caveat is whether motor-dependent 

active movement and microtubules function within the nucleus. This could 

potentially be answered by using a cell line with photo-activatable GFP-

Tubulin – if we could detect nuclear tubulin within the nucleus following 

DNA damage, it would support the avant-garde hypothesis presented in 

Figure 2.24 A. In our second hypothesis (Figure 2.24 B), we do not explain 

KIF18Bs interaction with 53BP1, the chromatin, or indeed its nuclear 

localisation. However in this instance, the microtubule network influences 

chromosomal movement from the cytoplasm which is a more conservative 

concept. 
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Figure 2.24 Model. KIF18B promotes DSB movement and repair 

(A) As described previously (Fradet-Turcotte et al., 2013), 53BP1 interacts with 
histone H4 dimethylated on lysine 20 (H4K20me2) and histone H2A ubiquitinated 
on lysine 15 (H2AK15ub). These interactions facilitate 53BP1 binding at DSBs. 
KIF18B also interacts with 53BP1, chromatin, and microtubules. KIF18B is 
required for efficient 53BP1 recruitment or stabilisation at DSBs. Specifically, the 
motor domain is required for 53BP1 IRIF (ionising radiation induced foci) 
formation. In the absence of KIF18B, DSB repair is defective. (B) KIF18B 
interacts with the microtubule network and subsequent communication with the 
LINC complex (links from nucleoskeleton to cytoskeleton; KASH and SUN 
domain proteins) facilitates movement within the nucleus. Nuclear shape change 
following damage allows more diffusion within the nucleus, resulting in DSB ends 
coming into contact for repair. Outer nuclear membrane (ONM) and inner nuclear 
membrane (INM) are shown.   
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2.7 Supplemental Material 
 

 
Supplementary Figure 2.1 Generation of HFSC tagged 53bp1 DT40 chicken 
cell line.  

(A) HFSC-53bp1 expression vector. (B) Western blot probed with 53bp1 and Atr 
as a loading control showing wild type, 53bp null and HFSC-53bp1 DT40 cellular 
extracts. (C) Clonogenic survival assay showing sensitivity of DT40 cell lines to 
increasing doses of Etoposide. 53bp1 null DT40 are sensitive to Etoposide whereas 
wild type and HFSC-53bp1 DT40 cell lines are not sensitive. Cells were treated 
with the indicated doses of radiation and cultured for 10 days; surviving colonies 
were then stained and counted. Values were normalised to the un-irradiated 
control. Two replicates were performed per experiment and each experiment was 
repeated three times. Error bars represent the SEM across three independent 
experiments. (D) Immunofluorescence staining of 53bp1 in un-irradiated and 
irradiated (1 hour post 3Gy) 53bp1 null and HFSC-53BP1 DT40 cell lines. HFSC-
53bp1 DT40 cells exhibit proficient 53bp1 IRIF recruitment. 
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Supplementary Figure 2.2 KIF18B depletion results in a mild defect in 
phosphorylated CHK1 signalling following DNA damage 

U2OS cells were depleted of KIF18B using siRNA and irradiated (10Gy) 48 hours 
later. Cells were then harvested at the indicated times following irradiation. (A) 
Western blot analysis of phosphorylated CHK1 signalling kinetics following IR. 
Total CHK1 and Tubulin are used as loading controls. (B) Western blot analysis of 
phosphorylated CHK2 signalling kinetics following IR. Total CHK2 is used as a 
loading control. 
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Supplementary Figure 2.3 The KIF18B histone interacting region is required 
for normal KIF18B nuclear localisation 

(A) Immunofluorescence staining of V5-tagged KIF18B in U2OS cells. Cells were 
transfected with KIF18B-V5 deletion mutants as indicated. Deletion mutant 1 
abrogates KIF18B interaction with chromatin whereas Deletion mutant 2 does not 
(as shown previously). (B) Immunofluorescence staining of KIF18B and the 
nucleolar marker NOP52 in U2OS cells transfected with V5-tagged KIF18B 
double deletion mutant (Deletion 1 + Deletion 2). 
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Supplementary Figure 2.4 KIF18B depletion does not affect focal recruitment 
of other repair factors after IR DSB induction 

(A, B, C, D) Immunofluorescence staining in U2OS cells following treatment with 
6Gy IR. Cells were either transfected with non-targeting siRNA or siRNA 
targeting KIF18B and stained with anti-RIF1, anti-BRCA1, anti-MDC1 and anti-
RAD51 respectively. 
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Supplementary Figure 2.5 KIF18B depletion causes a range of defects in 
53BP1 IRIF recruitment 

(A) Immunofluorescence staining of 53BP1 in U2OS cells following irradiation 
treatment (1hour post 3Gy). Various ranges of defective 53BP1 IRIF recruitment 
are highlighted. (B) Quantification of data represented in (A). Percentages of cells 
displaying varying degrees of defective 53BP1 IRIF recruitment were calculated in 
cells treated with scrambled non-targeting siRNA and KIF18B siRNA. 
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3.1 Summary 

 

Histone proteins form the core of the nucleosome and are essential for 

genome packaging, chromatin regulation and a multitude of cellular 

processes including replication and DNA repair. Histones are evolutionarily 

conserved, and are present in high copy numbers. Histone gene copies form 

clusters and these clusters are typically dispersed throughout the vertebrate 

genome. Histones are not genetically malleable, their multiplicity and 

dispersed nature means conventional gene targeting approaches are not 

applicable. It is possible to investigate histones in simple eukaryotes but a 

vertebrate tool to study histone function is desireable to infer relevance in 

human genetics. The chicken major histone complement is located at a 

single locus on chromosome 1 with fewer copies of each histone gene in 

comparison to mice and humans. Furthermore, the DT40 chicken cell line is 

particularly easy to manipulate, with high efficiencies of gene targeting. For 

these reasons, we attempted to generate a minimal histone gene complement 

in DT40 chicken cells with the aim of creating a tool in which we could 

analyse the role of specific histone residues with relative ease. We observed 

that we could deplete the histone complement by half and cells maintained 

viability and normal function. However, during gene targeting to generate a 

minimal locus, cells underwent a rearrangement, possibly due to an 

imbalance in copy number and the disturbance of the tightly regulated 

equilibrium. 

3.2 Highlights 
 

• The chicken histone gene complement is located in a single locus 

on chromosome 1 

• Chicken histone gene copy numbers are lower than human and 

mouse 

• DT40 chicken cells exhibit normal proliferation and histone 

expression when one allele of the histone cluster is deleted 

• DT40 cells were unable to compensate for dramatic imbalances 

in histone gene copy number 
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3.3 Introduction 
 

The fundamental repeating unit of chromatin is the nucleosome. The 

nucleosome is composed of a core octamer of histone proteins wrapped in 

~147bp of DNA (Luger et al., 1997; Davey et al., 2002). Histones are a 

multi-gene family representing five classes of proteins, comprising linker 

histone H1, and the core histones H2A, H2B, H3 and H4. The nucleosome 

core octamer contains two of each of the core histones, whereas H1 binds 

the linker DNA between nucleosomes (Simpson, 1978; Widom, 1998). 

Histones are highly conserved throughout evolution owing to their critical 

role in chromatin assembly. Histones and histone variants are vital in 

chromatin regulation, undergoing a plethora of post-translational 

modifications sometimes referred to as the ‘histone code’ (Kouzarides et al., 

2011).  

 

Dynamic epigenetic modifications of histones, including acetylation, 

phosphorylation, ubiquitination and methylation, are vital for appropriate 

gene function and regulation (discussed in section 1.1.8.3). Changes in 

histone modifications, and subsequent changes in gene expression and 

regulation can be linked to both cancer initiation and progression. 

 

Many of the mechanisms guiding chromatin dynamics are unclear. Despite 

the fundamental role of histones there is a distinct lack of experimental tools 

with which to manipulate and assess the function of histones and histone 

modifications. Conventional approaches to studying protein function 

including sequence mutation, gene knockouts and overexpression studies 

have proved difficult to apply to the histone genes. Combined, the 

multiplicity, tight regulation and dispersed clusters of these essential genes 

have made the design of an experimental system technically challenging.  

 

S.cerevisiae and D.melanogaster systems have been exploited for 

investigating histone genetics due to their localised and ordered histone 

clusters, but a higher eukaryote system would infer greater relevance to the 
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human system (Günesdogan et al., 2010; Clark-Adams et al., 1988; Nag et 

al., 2008). In the past decade, G.gallus has been used in the investigation of 

histone genes. The chicken canonical histone genes are organised in a single 

large cluster on chromosome 1 and have relatively few copies of each 

histone type in comparison to the human and mouse systems (D’Andrea et 

al., 1985; Takami et al., 1996; Marzluff et al., 2002).  

 

The chicken histone gene complement consists of 31 genes that are located 

in 109kb cluster. The remaining genes are replication-independent variants 

at other loci in the genome. In 1997 Takami et al., demonstrated that DT40 

chicken cells retained normal cellular function following the deletion of one 

allelic copy of the 109 kb major histone cluster (Takami et al., 1997b). 

Furthermore, a deletion of approximately half of this cluster in genomic 

copies also resulted in a normal phenotype (Takami et al., 1997c).  

 

DT40 chicken B-cell lymphocytes have been employed to study histone 

genetics due to the relative ease of manipulation. DT40 demonstrate high 

ratios of targeted to random integration of transfected DNA constructs 

(Takeda et al., 1991). In this study, we attempt to generate a DT40 cell line 

with a minimal complement of histone genes. We first recapitulated the 

DT40 cell line with one allele of the histone cluster deleted, confirming 

normal cellular proliferation and dosage compensation despite the loss of 

half of the histone genes, consistent with the observations of Takami et al., 

1997. Next we attempted to generate a cell line with a 3x(H2A/H2B/H1) 

‘mini-locus’ on one allele and a 3x(H3/H4) ‘mini-locus’ on the other allele, 

resulting in a cell line with just 3 copies of each of the core histones and 2 

copies of H1. This minimal complement is in principal genetically tractable 

and would allow investigation of specific histone residues and post-

translational modifications. However, we were unable to generate this cell 

line. It is likely, the system is not flexible enough to cope with the 

imbalance of histone genes at various stages of gene targeting, alternatively 

the cell cycle dependent expression of histones was affected during the 

process of gene targeting, or perhaps 3 copies of each histone is insufficient 

for cell survival in this model system.  
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3.4 Materials and Methods 
 

3.4.1 Annotation of the chicken major histone gene cluster 

 

The histone complement of the chicken genome was first described by 

D’Andrea and colleagues (D’Andrea et al., 1985), and later by Takami and 

colleagues (Takami et al., 1996). However, their descriptions contain some 

oversights, probably due to the ‘draft’ status of the chicken genome at this 

time. The order, number and nomenclature of the genes vary to that of 

information presently available from Ensembl. We catalogued the genes and 

correlated those that are published with those in the databases in an attempt 

to decipher the poorly annotated information available. Known sequence of 

the chicken major histone cluster was obtained from Ensembl Genome 

Browser (Gallus_gallus_4.0 assembly, corresponding to GenBank assembly 

ID: GCA_000002315.2). All annotated histone sequences were gathered 

from within the cluster and throughout the genome. Using conserved 

histone type specific subsequences, additional histones were searched for 

within the cluster. This information from Ensembl was compared to 

information in the literature. Histone genes were matched to their 

corresponding genes with alternative names in these publications (Takami et 

al., 1996). 

 

3.4.2 Plasmid generation 

 

3.4.2.1 Construct to target one allele of the major histone cluster 

 

A targeting vector containing a blasticidin resistance gene for selection and 

5’ and 3’ homology arms flanking the major histone cluster was generated. 

The 5’ homology arm was amplified from wild type DT40 genomic DNA 

using the primer pair 5’HA_KpnI_F gac ggt acc gta ggt aat ctg tct gag gct 

ag and 5’HA_KpnI_R gac ggt acc caa atc tac cca atg ggc ggc. This fragment 

was cloned into pLoxBsr (Arakawa et al., 2001) by digestion with KpnI. 
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The 3’ homology arm was amplified using the primer pair 3’HA_A_NotI_F 

gac gcg gcc gcg aat tct gct cca tga cat gaa acc c and 3’HA_A_NotI_R gac 

gcg gcc gct acc aca ggt cta cta atg gga cac. This fragment was cloned into 

pLoxBsr_5HA by digestion with NotI. A longer 3’ homology arm was also 

amplified for use as a PCR screening positive control using the primer pair 

3’HA_NotI_F (as above) and 3’HActl_NotI_R gac gcg gcc gca tgg gac tga 

gtt ggg ctt gc. This was also cloned into pLoxBsr-5HA to be used as a 

separate targeting vector. Homology arms were confirmed by sequencing. 

This plasmid also contains two PvuI sites in close proximity allowing 

linearization prior to transfection. 

 

3.4.2.2 Construct to generate H1/H2A/H2B mini-locus  

 

A targeting vector containing a neomycin resistance gene for selection, 5’ 

and 3’ homology arms flanking the major histone cluster, and fragments of 

the cluster containing two H1 genes, three H2A genes and three H2B genes 

was generated which replaces the previously targeted allele with a ‘mini-

locus’ containing only these genes on that allele. The 5’ homology arm as 

described previously was cloned into pLoxNeo (Arakawa) using KpnI 

digestion. A 3’ homology arm which is external to the previously described 

3’ arm was amplified using the primer pair 3’HA_B_NotI_F aaa gcg gcc 

gcc aga gag gct ttg tca aaa ggc and 3’HA_B_NotI_R ttt gcg gcc gcg cac tgt 

tct ttc cct gag g. This fragment was cloned into pLoxNeo_5HA by digestion 

with NotI. A longer 3’ homology arm was also amplified for use as a PCR 

screening positive control using the primer pair 3’HA_B_NotI_F (as above) 

and 3’HA_Bctl_NotI_R ttt gcg gcc gca cca ccc tct ggt gga gaa c. This was 

also cloned into pLoxNeo-5HA for use as a separate targeting vector. 

Fragments containing histone genes were amplified using the following 

primer pairs:  

F1_SpeI_F agc act agt tca gca aaa gtt aac tgc agc ttc c  

F1_AscI_SpeI_R ttt act agt ggc gcg cca cat gtg aag caa aag cag taa gcc 

F2_AscI_F aaa ggc gcg ccg tca ttc ttc cca cat ttc cc 

F2_PacI_AscI_R ttt ggc gcg cct taa tta agt att caa agc tca gcc acg 
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F3_PacI_F gca tta att aag ctg aat acc aaa cgg aag acg c 

F3_SbfI_PacI_R tgc tta att aac ctg cag ggt aaa agc tca gga aac tcg cag g  

F4_Sbf1_F aaa cct gca ggc cag tca aga gtt ttc ttc cat aaa gg 

F4_Sbf_R ttt cct gca ggc acg ctt gga act gta gct tgg 

Due to restriction site constraints the order of the fragment insertions was 

important to note. Initially the 5’ homology arm was cloned using KpnI, this 

was followed by fragment 1 insertion using SpeI, 3’ homology arm insertion 

using NotI, fragment 2 insertion using AscI, fragment 3 insertion using PacI 

and fragment 4 insertion using SbfI. All fragments and homology arms were 

confirmed by sequencing. This plasmid also contains a unique BcgI site 

allowing linearization prior to transfection. 

 

3.4.2.3 Construct to generate a H3/H4 mini-locus 

 

A targeting vector containing a puromycin resistance cassette for selection, 

5’ and 3’ homology arms flanking the major histone cluster, and fragments 

of the cluster containing three H3 and three H4 genes was generated to 

target the second allele of the major histone cluster. This results in a ‘mini-

locus’ on both alleles, removing all endogenous genes in the cluster. The 5’ 

arm as described previously was cloned into pLoxPuro (Arakawa) using 

KpnI digestion. A 3’ arm homologous to a region specifically on the 

untargeted allele was amplified using the primer pair 3’HA_A_NotI_F aaa 

gcg gcc gcg atg aat tct gct cca tga cat gaa acc and 3’HA_A_NotI_R ttt gcg 

gcc gca aca tca ctc atg ctg caa cac ctg. This fragment was cloned into 

pLoxPuro_5HA by digestion with NotI. A longer 3’ homology arm was also 

amplified for use as a PCR screening positive control using the primer pair 

3’HA_A_NotI_F (as above) and 3’HA_Actl_NotI_R ttt gcg gcc gcg gga gta 

agt taa cac aag agg. This was also cloned into pLoxPuro-5HA for use as a 

separate targeting vector. Fragments containing histone genes were 

amplified using the following primer pairs:  

F1_SpeI_F1  agc act agt act aca tgg gga ata ttc act tga gg   

F1_fusion_R1 tgc cat ttg tat tag ctt ctt gtc tat tcg gct gtt gat atg acc 

F1_fusion_F2 tat caa cag ccg aat aga cat ctg aac att aac cgt tct tgg ttg c 
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F1_AscI_SpeI_R2  ttt act agt ggc gcg ccg cct aat gat cct cat ttc ttg agg 

(fragment 1 was generated by fusion PCR – initial PCRs using first two 

primers together and second two primers together, and resulting two 

products were fused using the first and last primers) 

F2_AscI_F aaa ggc gcg cca ggc aac aaa aac agc agg aat cc 

F2_PacI_AscI_R ttt ggc gcg cct taa tta act act agt act tac aac gca gtc c 

F3_PacI_F gca tta att aac ggt aaa aac cgt atc atg agc tgg 

F3_PacI_R agc tta att aac aga aaa ggt tat gcc cca aga agg 

Due to restriction site constraints the order of the fragment insertions was 

important to note. Initially the 5’ homology arm was cloned using KpnI, this 

was followed by 3’ homology arm insertion using NotI, fragment 1 insertion 

using SpeI, fragment 2 insertion using AscI and fragment 3 insertion using 

PacI. All fragments and homology arms were confirmed by sequencing. 

This plasmid also contains a unique BcgI site allowing linearization prior to 

transfection. 

 

3.4.3 Culture and transfection of chicken cells 

 

DT40 chicken cell lines were cultured at 39.5°C and 5.0% CO2 under 

humidified conditions in RPMI 1640 (with L-glutamine) supplemented with 

10% fetal calf serum, 1% chicken serum, 100U/ml penicillin, and 100 µg/ml 

streptomycin. Media and supplements were obtained either from Sigma or 

Lonza. Transfection was performed by electroporation of 1x107 cells with 

10-15 µg linearized plasmid using 0.4 cm Gene Pulsar cuvettes and Gene 

Pulsar electroporation apparatus (Bio-Rad) at 550 V and 25 µF. Selection 

was performed using Blasticidin (Invivogen; 25 mg/ml) or G418 

(Invivogen; 2 mg/ml). 

 

3.4.4 Cell Proliferation analysis 

 

For cell proliferation analysis, cultures were seeded at a density of 0.1 x 106 

cells/ml and counted using a haemocytometer every 24 hours. Exponential 
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growth was maintained (between 0.1 and 1x106 cells/ml) by appropriate 

dilution in fresh medium every 24 hours. 

 

3.4.5 Genomic DNA extraction and Southern Blotting  

 

1.5 x 106 cells were collected and lysed with TAIL buffer (50 mM Tris-HCl 

pH8.8, 100 mM EDTA, 100 mM NaCl, 1% SDS) and proteinase K at 120 

µg/ml. After an overnight incubation at 37°C, the genomic DNA was 

precipitated with saturated NaCl (6M) and isopropanol. Approximately 10 

µg of genomic DNA was digested overnight at 37°C by the restriction 

enzymes SalI-HF and ScaI-HF (NEB). Digested DNA was loaded on a 

0.8% agarose gel and run for 6 h at 60 V. DNA was transferred to a 

membrane and a non-radioactive DIG-labeled probe was hybridized and 

detected as per manufacturers instructions (Roche). The probe used to 

screen clones from the major histone cluster targeting was amplified from 

DT40 genomic DNA using the primers 5’-

GAATTCAGACTCTCATTTCCTTGGAG-3’ and 5’-

ATTAACGCCTGTTCCTGCTGCG-3’, and then inserted into the pGEM-

Teasy vector (Promega). The probe was then amplified from the pGEM-T-

probe vector and labeled with digoxigenin by PCR (PCR DIG probe 

synthesis kit, Roche).  

 

3.4.6 Metaphase spreads 

 

Before fixation between 1-5 x 106 exponentially growing cells were treated 

with 0.1 µg/ml Colcemid for 1 hr. The cells were collected and resuspended 

in 5 ml of hypotonic solution (75 mM KCl) and incubated for 10 minutes at 

37 °C. The cells were resuspended in 5 ml of cold fixative (methanol/acetic 

acid, 3:1) and incubated for 20 minutes at 37 °C. This fixation step was 

repeated and cells resuspended in approximately 200 µl of fixative solution. 

Cells were stored at -20 °C. For spreading 50 µl of fixed cells were dropped 

onto pre-wet (50 % ethanol) poly-lysine slides and air-dried. Chromosomes 
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were stained for 20 minutes in GURR buffer containing 3 % Giemsa 

solution. A light microscope with a 100x objective was used to visualize 

chromosome spreads.  
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3.5 Results 
 

3.5.1 Analysis of the chicken histone complement 

 

We initially gathered current sequencing data for the histone gene 

complement in chicken from Ensembl (Gallus_gallus assembly 4.0). A 

complete list of chicken histone genes and their locations in the genome was 

assembled revealing 31 canonical histone genes in the histone cluster and 8 

histone variants that are dispersed throughout the genome (Figure 3.1 A, B 

and Supplementary Figure 3.1). 

 

There are some discrepancies between the description of the chicken histone 

complement by Takami (Takami et al., 1996) and sequence data available 

on Ensembl/Genbank. Eight histones indicated in the study are not present 

in the sequence database (H3-II, H4-III, H2B-VII, H4-VII, H1-03, H3-V, 

H3-IV and H2A-IV) also two genes are depicted in the opposite direction 

(H2A-VII and H2B-IV) (Figure 3.1 C).  
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Figure 3.1 The chicken histone gene complement 

(A) Schematic of the chicken major histone gene locus on chromosome 1 (B) Table 
of all chicken histone genes. Canonical histone genes are found in a major histone 
gene locus on chromosome 1, and other variant histone genes are dispersed through 
the genome. (C) Comparative schematic of major histone locus in chicken as 
described by Takami et al., 1996 and current sequence information gathered from 
Ensembl. Changes are highlighted with arrows.  
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Using Clustal Omega multiple sequence alignment tool we observed that the 

chicken histone genes are highly conserved at nucleotide level, with a 

91.5% to 99% sequence identity in the coding region (Figure 3.2 A), 

perhaps due to a preferred codon usage. They also have a relatively high 

G/C content (Figure 3.2 B).  

 

 
Figure 3.2 Chicken histone genes are highly conserved at nucleotide and 
amino acid level  

(A) Table describing nucleotide sequence conservation in the coding region of each 
of the copies of histones. (B) Percentage GC content in the coding region of the 
histones. High GC content indicating a bias towards G and C residues in the 
wobble position. (C) WebLogo of the protein sequences of the copies of H2A. (D) 
WebLogo of the protein sequences of the copies of H2B. No amino acid changes in 
any copies of H3 or H4. 
 

The multiple copies of histones are highly conserved at protein level. We 

generated Web Logos using an online tool (http://weblogo.berkeley.edu), 

for each of the histone subtypes to analyse amino acid sequence 

H2A

(8proteins,  7identical,  

H2AIX  has  4  substitutions)

H2B

(7  proteins,  5  identical,  

H2BV  and  H2BVIII  have  distinct  substitutions)

Nucleotide Sequence Conservation GC content

H2A H2A
H2B H2B
H3 H3
H4 H4

Conservation of codon usage Bias towards G and C in the wobble position

A) B)

C) D)
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conservation. Sequence logos are a graphic representation of an aligned set 

of sequences; the height of the stack indicates the sequence conservation at 

that position, and the height of the residue within the stack indicates the 

relative frequency of amino acid at that position. Of the 8 copies of H2A, 7 

are identical proteins, with only H2A-IX differing by 4 amino acids. Of the 

7 H2B proteins, 5 are identical and H2B-V and H2B-VIII have one distinct 

substitution each (Figure 3.2 C, D). All of the copies of H3 and H4 encode 

the same protein. 

 

3.5.2 DT40 cells can survive with one copy of the histone cluster 

  

The DT40 chicken B-cell line has become widely used as a genetic tool due 

to its high rate of homologous recombination and high ratios of targeted to 

random integration of transfected DNA constructs (Takeda et al., 1991). In 

1997 Nakayama and co-workers demonstrated that DT40 chicken cells 

retained normal cellular function following the deletion of one allelic copy 

of the 109 kb major histone cluster (Takami et al., 1997b). Furthermore, a 

deletion of approximately half of this cluster in genomic copies also resulted 

in a normal phenotype (Takami et al., 1997c). This indicates the ability of 

the histone genes to compensate for the deletion of a large number of their 

repeats, protecting the cell from further disruption.  

 

We recapitulated the single allele histone cluster cell line in DT40 cells 

using the same homology arms and southern blotting probe as described 

previously (Takami et al., 1997b). A 10 kb 5’ homology arm and a 7 kb 3’ 

homology arm were used to delete the 109 kb region encompassing the 

major histone locus (Figure 3.3). Clones were first screened by PCR, 

amplifying a region spanning the 3’ homology arm and the resistance 

cassette of the targeting vector. A PCR control was obtained from a 

targeting vector with an extended 3’ homology arm (Figure 3.4 A). 
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Figure 3.3 Targeting and southern blot screening strategy to delete one allele 
of the chicken major histone gene complement in DT40 

(A) Schematic describing histone gene locus, targeting vector and resulting 
heterozygote with only one copy of the locus.  (B) Southern blot screening design 
depicted; SalI-ScaI digestion of the locus generates 13kb fragment in wild type 
allele and 10.5 kb fragment in targeted allele. 
 

Clones were initially pooled in groups of 4 and then screened. Next, pools 

containing positives were deconvolved. Of the 168 clones screened by PCR, 

3 were positive (1.8 %) for a deletion of one allelic copy of the histone locus 

(Figure 3.4 B). Genomic DNA from individual clones in these pools was 

isolated and screened yielding positive clones 86, 124 and 135. Two of 

these clones 124 and 135, did not survive freezing, possibly due to increased 

sensitivity to changes in their environment. Southern blot screening was 

carried out on genomic DNA from the remaining clone 86. An unequal 

signal in the two bands indicated a possible mixed population so the isolate 

was sub-cloned and re-screened, producing pure clones 86.5, 86.17 and 

86.21  (Figure 3.4 C).  
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Figure 3.4 Generation of DT40 heterozygote cell line lacking one copy of the 
major histone gene locus  

(A) PCR screening strategy. Cells transfected with control targeting vector with 
extra flanking sequence used as positive control in PCR. 7 kb band expected in 
clones with randomly transfected control targeting vector. No amplification 
product is expected when the targeting plasmid is randomly integrated. A 7 kb 
band is expected when targeted integration of the targeting vector is achieved. (B) 
PCR screening of DT40 clones, genomic DNA is pooled 1 in 4 initially for 
screening, and then pools with positive signal are deconvolved and screened 
individually. Pools marked with an asterisk have an amplification product of the 
expected size – pools 22, 31 and 34. Genomic DNA from individual clones in these 
pools was isolated and screened. Clones 86, 124 and 135 were positive. (C) 
Southern blot screening of clone86 and three sub-clones obtained from clone 86. 
Schematic represents expected band in targeted allele.  
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Analysis of growth rates of the three heterozygous clones in comparison to 

wild type DT40 cells indicates no difference in the rate of proliferation 

when an entire copy of the major histone gene cluster is removed (Figure 

3.5 A). Furthermore, there is no apparent difference detectable in the histone 

protein level between wild type cells and the heterozygotes (Figure 3.5 B). 

Karyotype analysis of the number and visual appearance of chromosomes in  

wild type DT40 and clone 86.5 did not reveal any significant difference in 

metaphase spreads of the two cell lines (Figure 3.5 C). This implies there 

must be compensation for the loss of half of the histone genes. These results 

are consistent with data shown previously by Takami and Nakayama, 1997. 

 

 
Figure 3.5 Analysis of DT40 cell line lacking one copy of major histone gene 
locus  

(A) Growth curve analysis of wild type DT40 and heterozygote clones lacking one 
copy of the major histone gene locus. Cell numbers are corrected for culture 
dilution. (B) Coomassie stained SDS-PAGE gel with wild type DT40 and 
heterozygote DT40 with half of their histone gene copies. (C) Metaphase spreads 
depicting normal karyotypes in wild type (WT) DT40 and DT40 lacking one allele 
of the major histone cluster (cl86.5 Het).  
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3.5.3 Generation of a cell line with minimal histone genes  

 

We aimed to generate a DT40 cell line with a minimal complement of 

canonical histone genes, allowing the introduction of mutated histones, thus 

enabling the investigation of the role of specific residues. To achieve this 

we planned to re-introduce a H2A/H2B/H1 ‘mini-locus’ to the previously 

targeted locus where the native allelic cluster had been deleted. We then 

planned to replace the second native histone cluster with a H3/H4 ‘mini-

locus’, this targeting is made specific by using a 3’ homology arm shifted in 

the 5’ direction to a region which is no longer available for recombination 

on the other allele. The resultant cell line would have three copies of each of 

the histones H2A, H2B, H3 and H4; and two copies of the linker histone H1 

(Table 3.1). Mutated histone residues could be introduced subsequently 

using site-directed mutagenesis of the targeting vectors.  

 

 Stage0 

 

Wild Type 

Stage1 

 

Heterozygote 

Knockout 

Stage2 

Introduction 

of 

H2A/H2B/H1 

mini-locus 

Stage3 

Introduction 

of  

H3/H4 

mini-locus 

H1 10 5 7 2 

H2A 16 8 11 3 

H2B 14 7 10 3 

H3 10 5 5 3 

H4 12 6 6 3 

Table 3.1 Copy numbers of histone genes remaining at each stage of histone 
gene targeting in DT40 chicken cells. 
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Targeting vectors containing the mini-loci were generated by sequential 

restriction enzyme cloning. Copies of the histone genes were chosen 

depending on their location in the cluster to enable PCR amplification. We 

used divergent pairs of H2A and H2B as present in the native locus, this is 

their typical orientation in many species including chicken, yeast, fly and 

human. Their conservation at protein level was also taken into 

consideration. H1-R was retained in the mini-locus as it has been previously 

shown to be important for homologous recombination in chicken 

(Hashimoto et al., 2007). As histone genes are proximally regulated we 

maintained known regulatory elements including the conserved stem loop 

and histone downstream element in the 3’ untranslated region of the genes, 

(reviewed in section 1.1.8.2) within the fragments amplified. We also 

retained 5’ untranslated sequence in the aim to conserve normal regulatory 

functions. Since the mini-locus was targeted to the same chromosomal 

context this should maintain distal regulatory elements required for 

expression (Figures 3.6 and 3.7).  
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Figure 3.6 Strategy for generating DT40 cell line with a H2A/H2B/H1 ‘mini-
locus’  

(A) Schematic presenting histone gene copies used for H2A/H2B/H1 mini-locus. 
(B) Schematic of targeting vector design and targeting strategy to replace 
previously targeted allele with mini-locus containing reduced copy numbers of 
H2A, H2B and H1 histone genes. (C) Schematic of resultant DT40 cell line histone 
locus. Cell line containing one copy of wild-type major histone locus and one copy 
of H2A/H2B/H1 ‘mini-locus’. 

H2
A-
VI
I  

H1
-0
2  

H2
B-
I  

H4
-IV
  

H3
-II
I  

H2
A-
VI
II  

H2
B-
VI
II  

H3
-V
II  

H4
-V
I  

H2
A-
IX
  

H2
B-
VI
I  

H1
-1
0  

H4
-V
III
  

H3
-V
III
  

H3
-V
I  

H4
-V
  

H4
-I  

H2
A-
I  

H3
-I  

H2
A-
II  

H4
-II
  

H1
-0
1  

H2
A-
V  

H2
B-
II  

H2
A-
VI
  

H2
B-
III
  

H1
-L
  

H2
A-
III
  

H2
B-
V  

H1
-R
  

A) 

H2
B-
IV
  

5’
  a
rm
  

3’
  a
rm
  

5.8kb   4.8kb  

1  
1.5kb  

3  
1.5kb  

4  
1.3kb  

5’  arm   NEO   1 2   3   4  
3’  arm   24kb    

Kp
nI  

Kp
nI  

Sp
eI
  
Sp
eI
  

As
cI  

As
cI  
As
cI  

Pa
cI  

Pa
cI  

Pa
cI  

Sb
fI  

Sb
fI  

Sb
fI  

No
tI  

No
tI
  

  
Bcg
I   

linearize  

Bsr      
5’  arm   3’  arm  Targeted  Histone  Locus  

2  
3.1kb  

NEO   H2AVIII-H2BVIII         H2AIX-H2BVI-H1.10   H2AVI-H2BIII     H1R  

C)

H2
A-
VI
I  

H1
-0
2  

H2
B-
I  

H4
-IV
  

H3
-II
I  

H2
A-
VI
II  

H2
B-
VI
II  

H3
-V
II  

H4
-V
I  

H2
A-
IX
  

H2
B-
VI
  

H1
-1
0  

H4
-V
III
  

H3
-V
III
  

H3
-V
I  

H4
-V
  

H4
-I  

H2
A-
I  

H3
-I  

H2
A-
II  

H4
-II
  

H1
-0
1  

H2
A-
V  

H2
B-
II  

H2
A-
VI
  

H2
B-
III
  

H1
-L
  

H2
A-
III
  

H2
B-
V  

H1
-R
  

H2
B-
IV
  

B)

Targeting vector



 162 

 
Figure 3.7 Strategy for generating DT40 cell line with a H3/H4 ‘mini-locus’ 

(A) Schematic presenting histone gene copies used for H3/H4 mini-locus. (B) 
Schematic of targeting vector design and targeting strategy to replace untargeted 
allele with mini-locus containing reduced copy numbers of H3 and H4 histone 
genes. (C) Schematic of resultant DT40 cell line histone locus. Cell line containing 
one copy of H2A/H2B/H1 ‘mini-locus’ and one copy of H3/H4 ‘mini-locus’. 
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3.5.4 DT40 cell line with H2A/H2B/H1 mini-locus is unstable 

 

The DT40 heterozygote cell line lacking one allele of the major histone 

locus was transfected with targeting vector containing the H2A/H2B/H1 

‘mini-locus’. A 10 kb 5’ homology arm and a 7 kb 3’ homology arm were 

used to delete the 3 kb region encompassing the blasticidin cassette in the 

previously targeted allele (Figure 3.6 A). Clones surviving selection with 

neomycin were screened by southern blot. Only one clone of 89 screened 

(1.1%) showed targeted integration of the construct (Figure 3.6 B). 

However, genomic DNA from this clone was harvested again one week post 

initial screening and was re-screened. A change in restriction fragments on 

the blot suggests possible rearrangement of the target locus (Figure 3.8 C).   
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Figure 3.8 Targeting and southern blot screening of chicken DT40 cells with 
H2A/H2B/H1 mini-locus  

(A) Schematic describing histone gene locus, one allele remains untargeted and the 
previously targeted allele is retargeted with mini-locus. Targeting vector and 
resulting heterozygote are shown.  Southern blot screening design depicted; SalI-
ScaI digestion of the locus generates 13kb fragment in wild type allele and 7.3 kb 
fragment in targeted allele. (B) Southern blot of clones screened following 
transfection with H2A/H2B/H1 mini-locus targeting vector. Of 89 clones screened, 
only one, clone 17, appears to have targeted integration of the mini-locus (1.1% 
targeting efficiency). (C) Genomic DNA was harvested from the positive clone, 
number 17, one week following initial southern blot screening. Apparent 
rearrangement of the locus has occurred as observed by southern blotting.  
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3.6 Discussion 
 

In this study we investigated the possibility of generating a DT40 chicken 

cell line with a minimal complement of canonical histone genes. Our long-

term goal was to generate a tool in which to investigate the role of specific 

histone residues and their post-translational modifications. Higher 

eukaryotic model organisms such as human and mouse have scattered 

arrangements of their histone gene clusters, whereas chicken histone genes 

are located in a single cluster on chromosome 1. Chickens also have fewer 

copies of each of the histone genes in comparison to humans and mice. We 

chose DT40 B-cell lymphocytes in which to carry out these gene targeting 

experiments as they exhibit pronounced levels of homologous 

recombination and high ratios of targeted to random integration of 

transfected DNA constructs (Takeda et al., 1991). 

 

Initially we knocked out one allele of the 109 kb major histone cluster in 

DT40 cells, generating a cell line that contained only half of the histone 

copies compared to wild type. These cells exhibited normal proliferation 

and no change in expression levels of histone genes. This striking ability to 

compensate for the loss of so many genes by regulating remaining copies 

correctly was also observed in two studies by Takami et al., 1997. Similar 

abilities of regulation and compensation have been seen in Drosophila 

melanogaster and in Saccharomyces cerevisiae (Dollard et al., 1994; 

Günesdogan et al., 2010). Histone genes are essential for maintaining 

chromatin structure and regulation. They are cell cycle regulated due to their 

high demand in S-phase for packaging newly replicated DNA (Schümperli, 

1986). Therefore it is unsurprising that they show redundancy and are 

regulated meticulously.  

 

We next attempted to replace the major histone cluster in DT40 with a 

minimal complement of histone gene copies. We attempted to generate a 

minimal histone locus of just three copies of each histone. However, to 

properly determine the minimal number of histone genes required, one 
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would need to delete each gene sequentially. Various copy numbers of 

histones are observed, from two copies of each in Saccharomyces 

cerevisiae, twenty-three copies in Drosophila melanogaster and between 

fourteen and twenty in human depending on the histone gene. 

 

A major factor in experimental planning was how few copies of the chicken 

histone gene complement were required. However, there is evidence for 

extreme adaptability, flexibility and redundancy in histone genetics. We 

hypothesised our minimal complement could be sufficient for normal cell 

growth. For example, in chicken, a single copy of linker histone H1 is 

sufficient for cell survival, albeit with changes in gene expression (Takami 

et al., 1997a). In Drosophila, there is a dose dependent partial rescue of 

viability and functionality with increasing copies of the histone genes. 12 

copies (of 23 total) of each histone gene allowed flies to develop to fertile 

adults with no morphological defects, however 6 copies (of 23) of each 

histone gene allowed normal cuticle development but these flies did not 

hatch (Günesdogan et al., 2010). Taking these observations into account, we 

attempted to generate a chicken cell line with 3 copies of the core histones 

and 2 copies of H1.  

 

Another consideration when generating a minimal histone complement in 

was whether the histone isoforms chosen would substitute for the role of the 

complete group. We hypothesised that the extremely high levels of 

sequence conservation amongst the copies would result in redundant 

functions, but we included the histone copies with varied residues in the 

‘mini-loci’.  

 

Our next consideration was whether the system could cope with the 

imbalance in histone copies at the various stages of manipulation involved 

in targeting the locus. A previous study has shown sophisticated balancing 

of histone H4 in mice (Capasso et al., 1985). Human histone H4 was 

integrated into mouse cells and in some cases up to 60 copies of the human 

gene were integrated, these cells expressed only human H4, the mouse H4 

was no longer expressed. Cell revertants that lost the integrated human H4, 
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regained normal expression of the mouse H4 protein, indicating the mouse 

H4 gene had remained functional during the process.  

 

Our attempts to replace the major histone cluster with a minimised locus 

containing three copies of the histones were unsuccessful. Our initial 

screening yielded a positive clone containing a H2A/H2B/H1 ‘mini-locus’ 

along with a complete histone cluster on the other allele. This clone 

represented 1.1% of clones screened. However, when cultured for another 7 

days and re-screened, it seemed to have rearranged in some way, resulting 

in different restriction fragments by southern blot. As a complete histone 

cluster was available on the alternate allele it is unlikely the problem was 

due to a shortage of histone copies, but rather an imbalance and disturbance 

in the tightly regulated system. As we did not further analyse this cell line at 

different stages in this hypothetical rearrangement we cannot say with 

confidence what caused the selection pressure against the mini locus. 

Perhaps the regions we chose affected histone gene regulation through an 

unknown regulatory mechanism. Inappropriate cell cycle dependent 

regulation could in theory affect cell viability by not providing sufficient 

histones during S-phase or by producing too many during the rest of the cell 

cycle when they are no longer required. Interestingly, histone clusters are 

typically located close to the major histocompatibility complex (MHC) 

region in the genome. The reason for this is unknown, and is counter-

intuitive as the MHC is highly recombinagenic and histones are highly 

conserved. Possibly there is a connection between the MHC and the 

selective rearrangement we observe. It is possible that screening more 

clones for an integration of the H2A/H2B/H1 mini-locus could have yielded 

a successful targeting event, however, as there was no certainty of success it 

was difficult to pursue and difficult to know when to cease screening. 

Additionally, we could have attempted an alternative targeting strategy that 

would maintain balance amongst the histones, but this approach would be 

technically challenging given the size of constructs involved and number of 

genes to manipulate.  
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Altogether, we observe that deletion of half of the histone gene copies in 

chicken DT40 cells results in viability and appropriate expression of the 

remaining copies. This is consistent with previous findings in Gallus gallus, 

and also in other organisms including Saccharomyces cerevisiae and 

Drosophila melanogaster. However, when we perturbed the histone 

complement, unbalancing the copy numbers of various histone genes, we 

were unable to generate a stable clone. Without further analysis we cannot 

assign a cause. However, this strategy was ambitious, and an alternative 

approach would be the most practical way forward with this study. Pursuing 

a technically challenging project with many critical stages in gene targeting 

was impossible and so a decision was made to discontinue the investigation.  

 

Further work on this project could be carried out more efficiently using 

CRISPR-Cas9 gene editing technology. Firstly, experiments could be 

carried out to determine the minimal complement of histone genes in 

chicken using CRISPR-Cas9 gene targeting to sequentially delete histone 

gene copies. Then, mutations could be introduced in the remaining copies 

for investigation, again using CRISPR-Cas9 technology. Perhaps another 

chicken cell line could be used for these investigations, DT40 are known for 

their high rates of recombination proving useful for convential gene 

targeting, but as CRISPR-Cas9 gene editing is so efficient DT40 may not be 

required. 
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Supplementary Material 

Histone	   Accession	  Number	   Position	   Direction	  

2A-‐VII	   G11746	   Chromosome	  1:	  49,943,674-‐49,944,063	   Forward	  

1	  02	   G11747	   Chromosome	  1:	  49,946,004-‐49,946,660	   Forward	  

2B-‐I	   G23233	   Chromosome	  1:	  49,947,771-‐49,948,151	   Reverse	  

4-‐IV	   G23232	   Chromosome	  1:	  49,951,470-‐49,951,781	   Forward	  

3-‐III	   G23231	   Chromosome	  1:	  49,952,774-‐49,953,184	   Reverse	  

3-‐II	  
	  

Region	  missing	  between	  49955194	  and	  49955394	  
	  

4-‐III	  
	  

Region	  missing	  between	  49955194	  and	  49955395	  
	  

2A-‐VIII	   G23230	   Chromosome	  1:	  49,962,750-‐49,963,139	   Reverse	  

2B-‐VIII	   G23229	   Chromosome	  1:	  49,963,488-‐49,963,868	   Forward	  

3-‐VII	   G23228	   Chromosome	  1:	  49,965,080-‐49,965,490	   Forward	  

4-‐VI	   G23227	   Chromosome	  1:	  49,971,396-‐49,971,707	   Forward	  

2B-‐VII	  
	  

Chromosome	  1:	  49,	  963,	  488	  -‐	  49,	  963,	  806	  
	  

4-‐VII	  
	   	   	  

2A-‐IX	   G23225	   Chromosome	  1:	  49,975,825-‐49,976,214	   Reverse	  

2B-‐VI	   G23224	   Chromosome	  1:	  49,976,548-‐49,976,928	   Forward	  

1	  10	   G11775	   Chromosome	  1:	  49,978,237-‐49,978,899	   Reverse	  

4-‐VIII	   G23221	   Chromosome	  1:	  49,990,544-‐49,990,855	   Forward	  

3-‐VIII	   G23220	   Chromosome	  1:	  49,992,147-‐49,992,557	   Forward	  

3-‐VI	   G23219	   Chromosome	  1:	  49,995,729-‐49,996,160	   Reverse	  

4-‐V	   G23218	   Chromosome	  1:	  49,997,877-‐49,998,203	   Reverse	  

1	  03	  
	  

Region	  missing	  between	  50,004,074	  and	  50,004,874	  
	  

4-‐I	   G23217	   Chromosome	  1:	  50,010,649-‐50,010,960	   Forward	  

2A-‐I	  	   G23216	   Chromosome	  1:	  50,012,001-‐50,012,390	   Reverse	  

3-‐I	   G23215	   Chromosome	  1:	  50,013,219-‐50,013,629	   Reverse	  

2A-‐II	   G23214	   Chromosome	  1:	  50,014,826-‐50,015,215	   Forward	  

4-‐II	  	   G23213	   Chromosome	  1:	  50,016,239-‐50,016,550	   Reverse	  

1	  01	   G11771	   Chromosome	  1:	  50,026,207-‐50,026,866	  	   Forward	  

2A-‐V	  	   G11773	   Chromosome	  1:	  50,027,876-‐50,028,265	   Reverse	  

2B-‐II	   G23212	   Chromosome	  1:	  50,028,609-‐50,028,989	   Forward	  

2A-‐VI	  	   G23211	   Chromosome	  1:	  50,034,133-‐50,034,522	   Reverse	  

2B-‐III	   G23210	   Chromosome	  1:	  50,034,873-‐50,035,253	   Forward	  

1-‐L	   G11759	   Chromosome	  1:	  50,042,930-‐50,043,699	   Forward	  

2A-‐III	   G23209	   Chromosome	  1:	  50,044,292-‐50,044,681	   Reverse	  

2B-‐V	   G23208	   Chromosome	  1:	  50,045,032-‐50,045,412	   Forward	  

3-‐V	  
	  

Region	  missing	  between	  50,	  046,	  434	  and	  50,	  047,	  654	  
	  

3-‐IV	  
	  

Region	  missing	  between	  50,	  046,	  434	  and	  50,	  047,	  655	  
	  

	  	   NCBI-‐D11055	   Region	  missing	  between	  50,	  046,	  434	  and	  50,	  047,	  656	  
	  

2B-‐IV	   G23207	   Chromosome	  1:	  50,048,730-‐50,049,110	  
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(Region	  missing	  between	  50,	  049,254	  and	  50,050474)	  

	  
I-‐R	   G11783	   Chromosome	  1:	  50,050,557-‐50,051,216	  

	   
	  
Variants	   Position	   Notes	  

H33	   Chr	  18:	  4,698,469	  -‐	  4,	  700,929	   AKA	  H3X,	  H3XI,	  H3.3B,	  H3F3B	  

H2AZ	   Chr	  4:	  61,795,242	  -‐	  61,799,476	   with	  introns	  

H2AY	  (macro-‐H2A.1)	   Chr	  13:	  15,790,904	  -‐	  15,839,763	   with	  introns	  

H2AFY2(macro-‐H2A.2)	   Chr	  6:	  13,	  070,	  352	  -‐	  13,	  082,	  654	   with	  introns	  

Cenp-‐A	  (H3-‐like)	   Chr	  16	  
	  

H2B	  (similar	  to)	   Chr	  2	  	   very	  similar,	  different	  stem	  loop	  

H2Ax	   Chr	  24	   DNA	  Damage	  Response	  

H3F3C	   Chr	  3	   with	  introns	  
 

 
Supplementary Figure 3.1 List of all Gallus gallus histone genes in sequencing 
databases 

Ensembl accession number, positioning on chromosomes and direction of genes 
are shown.  
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4 Conclusions and Future 

Perspectives 
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In this work we have focused our attention on a kinesin, KIF18B, which 

interacts with the DNA damage response mediator 53BP1. KIF18B is 

known for its role in regulating microtubule dynamics during mitosis (Stout 

et al., 2011; Tanenbaum et al., 2011), surprisingly, we have found that it 

interacts with 53BP1, and furthermore has a role in the DNA damage 

response. 

 

As we were interested in further dissecting the DNA damage response, a 

SILAC proteomic screen was carried out to investigate 53Bp1 interactors in 

chicken DT40 cells (Maretto et al., unpublished). Analysis of this screen 

revealed that the kinesin Kif18b is a novel 53Bp1 interacting protein. Only 

one other kinesin to date has been implicated in DNA repair, namely KIF4 

(Wu et al., 2008), although a direct role for KIF4 in DNA repair has been 

disputed (Mazumdar et al., 2011), and so the discovery of a second kinesin 

interacting with DDR components was intriguing. This interaction was 

confirmed in human cell lines and further characterised using GST-fusion 

fragments of KIF18B in pull down experiments. Here we found that two C-

terminal KIF18B fragments interacted with 53BP1. Next we dissected the 

overlapping region of these two fragments by generating KIF18B deletion 

mutants, this revealed a multi-partite 53BP1 interaction site and 

intriguingly, a histone interacting site.  

 

The tudor domains and an ubiquitination-dependent region of 53BP1 

recognise specific damage dependent histone modifications at DSBs 

(H2AK15ub and H4K20me2) (Fradet-Turcotte et al., 2013). As KIF18B 

interacts with both 53BP1 and histones, we considered whether KIF18B had 

a role at DSBs and in DNA repair. It would be interesting to investigate 

whether KIF18B directly interacts with the nucleosome. If so, is the 

interaction specific to a particular histone residue, and, is this dependent on 

a particular modification? Reciprocal experiments to determine the KIF18B 

interacting region of 53BP1 would further elucidate the mechanism behind 

this relationship. 53BP1 assists chromatin mobility during the fusion of 

dysfunctional telomeres (Dimitrova et al., 2008). It is interesting to note that 

the heavily phosphorylated N-terminal region is required for 53BP1-
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dependent increased mobility, whereas, the BRCT, GAR, LC8-interacting, 

and oligomerisation regions are all dispensable for this mobility 

(Lottersberger et al., 2013). One could speculate that this N-terminal region 

contains an interaction surface that facilitates contact with a critical protein 

involved in movement, potentially a motor protein such as KIF18B. 

 

Through cell fractionation experiments we determined that KIF18B is 

constitutively chromatin bound, unlike its closest paralogue KIF18A, which 

does not bind to chromatin. This suggested to us that KIF18B has a specific 

nuclear role, distinct from most other kinesin family members. 

Immunofluorescence microscopy of KIF18B revealed its nuclear 

localisation during interphase and its localisation at astral microtubules 

during metaphase, as previously described (Lee et al., 2010). We also 

observed KIF18B at the midbody in cells undergoing cytokinesis. It is 

interesting to note that several other DDR proteins have been detected at the 

midbody including ATM and CHK1 (Yang et al., 2011; Peddibhotlaa et al., 

2009), although the role of these proteins at the midbody is yet to be 

described in detail. It is believed that any unsegregated DNA remaining 

after mitosis must be resolved prior to abscission and it is possible that DDR 

components may be involved in this process (Hayashi et al., 2013; 

Agromayor et al., 2014). Perhaps 53BP1 also plays a role in this process; as 

it marks unreplicated DNA in G1 phase (Lukas et al., 2011), 53BP1 could 

potentially mark unreplicated DNA in a dividing cell. As KIF18B localises 

to this cytokinetic structure and interacts with 53BP1, it is possible that it 

too plays a role in abscission.  

 

The use of cytoskeletal pre-extraction buffer (CSK) to remove nuclear 

bound material that is only loosely associated with nuclear structures, 

revealed a more complex localisation pattern of KIF18B. We observed a 

KIF18B filamentous network encompassing the nucleus that colocalises 

with the microtubule network proximal to the nucleus. This network is 

present in interphase cells, therefore KIF18B association with microtubules 

is not limited to astral microtubules during mitosis. This raises the 

possibility of a novel KIF18B function throughout the cell cycle. 



 174 

Additionally, KIF18B nuclear spots are revealed upon CSK extraction. 

These spots colocalise with markers for heterochromatin. Unlike KIF4, 

which is involved in maintaining heterochromatic regions, we did not detect 

a role for KIF18B in overall chromatin architecture maintenance 

(Mazumdar et al., 2011). DSBs in heterochromatin are transported to the 

periphery of the heterochromatic region, in a 53BP1-dependent process 

(Noon et al., 2010). It is worth considering whether this DSB movement is 

somehow related to KIF18B.  

 

We show that depletion of KIF18B results in sensitivity to ionising radiation 

as well as slower repair following DNA damage. However, KIF18B-

deficient cells are proficient in homologous recombination (HR) and 

classical non-homologous end joining (NHEJ). We observed a defect in 

53BP1 ionising radiation induced foci (IRIF) formation when KIF18B was 

depleted. Intriguingly, this defect was dependent on the motor domain of 

KIF18B. This led us to consider whether KIF18B could in fact, be 

functioning as a motor within the nucleus, transporting cargo, in this case, 

53BP1. Alternatively KIF18B could be involved in stabilising the 53BP1 

interaction at DSBs, although this would not explain how this could be 

dependent on a motor domain.  

 

As a consequence of these data, we speculated that KIF18B is involved in 

53BP1-dependent distal NHEJ events such as those seen in class switch 

recombination, long range V(D)J recombination and the fusion of 

dysfunctional telomeres (Ward et al., 2004; Difilippantonio et al., 2008; 

Dimitrova et al., 2008). Hypothetically, KIF18B could interact with 53BP1 

at DSBs and aid their mobility by acting as a motor protein. One major 

caveat with this hypothesis is the mode of transport in use, and whether 

microtubule-dependent active movement is possible within the nucleus. 

Following decades of controversy we have now begun to scrape the surface 

of ‘nucleoskeleton’ biology (Simon and Wilson, 2011). Lamins, actin 

filaments, γTubulin, myosins and kinesins are amongst the components of 

this nuclear ‘cytoskeletal-like’ architecture. Interestingly, the cytoskeletal 
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microtubule network responds to DNA damage and cellular stress, 

stabilising in a PIK kinase dependent manner (Emma Harte, NUIG PhD 

thesis, 2014). Unfortunately, the critical question of what tracks these 

nuclear motor proteins use, if any, within the nucleus remains to be 

answered.  Remarkably, numerous nuclear movement events have been 

documented; 53BP1-dependent movement of dysfunctional telomeres, 

53BP1-dependent movement of heterochromatic DSBs, actin/myosin-

dependent movement of interphase chromosomes following changes in 

transcription activity, and the aggregation of DSBs in yeast (Jakob et al., 

2011; Chiolo et al., 2011; Dimitrova et al., 2008; Chuang et al., 2006; Lisby 

et al., 2003). Cytoskeletal networks could influence these movements; either 

by affecting nuclear shape promoting more rapid diffusion within the 

nucleus, or by bridging the nuclear envelope and directly interacting with 

nuclear components. Alternatively, similar networks within the nucleus 

could be responsible for nuclear movement. A noteworthy observation in 

our SILAC screen of 53BP1 interactors is the presence of Vimentin, an 

intermediate filament protein, LaminB2, a nuclear intermediate filament 

protein and Nek4, a serine/threonine kinase which can regulate microtubules 

by promoting their growth following transient depolymerisation (Doles and 

Hemann, 2010; Maretto et al., unpublished).  

 

Numerous reasons may explain our inability to visualise microtubules 

within the nucleus, if in fact they are present. Perhaps, nuclear microtubules 

are shorter, smaller filaments that are not easily detected. Nuclear 

movements may also be extremely dynamic and microtubule polymerisation 

and depolymerisation may be difficult to capture. The use of cytoskeletal 

extraction buffer may also hamper our efforts to see nuclear tubulin signal, 

it may be too stringent for delicate filaments. Finally, the powerful signal 

from cytoplasmic microtubules may overwhelm a weaker signal from 

within the nucleus. Combining the use of a cell line with photo-activatable 

GFP-Tubulin and live cell imaging could help us to detect a transient, 

minimal Tubulin population within the nucleus, if it indeed exists. 

Regardless of the presence of microtubules within the nucleus it is 
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fascinating to discover a kinesin protein with a direct role in the DNA 

damage response.   

 

Recent studies describe a role for microtubules in trafficking DDR proteins, 

including 53BP1, into the nucleus (Poruchynsky et al., 2015). This is 

promoted by the nucleoporin, NUP153 (Moudry et al., 2011). We confirmed 

these observations by using various microtubule poisons, disrupting 

intracellular trafficking. Nocodazole, carbendazim and taxol treatment all 

resulted in smaller 53BP1 IRIF, consistent with less 53BP1 nuclear 

presence. In contrast, KIF18B depletion did not result in less overall 53BP1 

nuclear signal, foci were indeed smaller and fewer, however, a dispersed 

pan nuclear 53BP1 signal was also present. This indicates there is a distinct 

mechanism in action, and that KIF18B may not be involved in 53BP1 

nuclear trafficking. Furthermore, cell fractionation experiments revealed no 

KIF18B-dependent change in 53BP1 soluble or chromatin bound fractions, 

again suggesting KIF18B is not required for 53BP1 nuclear import. A role 

in nuclear import would not explain the nuclear localisation of KIF18B.  

 

We have not as yet detected KIF18B presence at DSB sites. However, 

numerous NHEJ components are typically undetectable or extremely 

difficult to visualise at DSBs, which hampers efforts to investigate them 

(Britton et al., 2013). Further pre-extraction techniques and microscopy 

could help to achieve the visualisation of KIF18B at DSBs co-localising 

with 53BP1 foci. This would be useful in further determining the role of 

KIF18B at DSBs and may help to track any potential movement involved.  

 

A recent investigation has described the degradation of unbound 53BP1 

following IR. In an RNF8/RNF168 dependent manner, nucleoplasmic 

53BP1 is degraded, whereas 53BP1 foci bound to DSBs are protected (Hu 

et al., 2014). Interference of this degradation resulted in a dispersed pan-

nuclear signal, and was important in downstream 53BP1 DDR signalling. 

Treatment with CSK pre-extraction buffer removed this soluble 53BP1 

fraction and revealed underlying 53BP1 foci. In the case of KIF18B 

depletion, we did not see any degradation of 53BP1 nuclear signal; we 
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observed a dispersed pan nuclear signal with smaller, fewer 53BP1 IRIF. It 

would be interesting to test whether treatment with CSK buffer would 

reveal any more information on 53BP1 IRIF in the absence of KIF18B.  

 

Unsuccessful attempts to generate KIF18B null cell lines in human, chicken 

and mouse led us to believe that KIF18B could in fact be an essential gene. 

KIF18B is involved in microtubule dynamics during mitosis and has 

recently been implicated in the regulation of numerous genes involved in 

cell cycle progression (Itzel et al., 2014). We hypothesised that the 53BP1 

interacting region is not required for cell viability and that the mitotic role 

of KIF18B is more likely to be its critical function. This is consistent with 

the survival of 53BP1 knockout mice, albeit with increased radiation 

sensitivity and immune deficiency (Ward et al., 2003). Additionally, genes 

involved in cell division and cell shape are often essential, in Bacillus 

subtilis, approximately one fifth of essential genes are involved in these 

processes (Kobayashi et al., 2003). Numerous approaches allow for the 

investigation of essential genes. Conditional gene targeting methods 

including the auxin inducible degron system prove extremely useful, 

resulting in rapid and reversible degradation of a target protein (Nishimura 

et al., 2009). However, in this case we decided to address the question of 

KIF18Bs relationship with 53BP1 and the DNA damage response by using 

a separation-of-function rescue KIF18B mutant. Separation-of-function 

mutants of this nature isolate and disrupt a single biochemical function, 

whilst maintaining other activities, proving very useful as a tool for 

examining multi-functional genes (Lubin et al., 2013).  In agreement with 

our hypothesis, a KIF18B deletion mutant lacking the 53BP1-interacting 

region rescued cell death when endogenous Kif18b was depleted in mouse 

embryonic fibroblasts. Using this separation-of-function cell line we found 

that Kif18b was indeed required for the fusion of dysfunctional telomeres, a 

distal NHEJ process. We supported this data in a human model system 

using HELA with conditional shRNA against TRF2; once again we saw 

KIF18B was required for efficient fusion of deprotected telomeres.  
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In a recent screen, KIF18B was implicated as a novel driver gene in 

carcinogenesis (Itzel et al., 2014). It is mis-regulated in numerous cancer 

types, affecting cell cycle progression and therefore oncogenesis. This 

information increases the importance of investigating the multiple functions 

of this protein throughout the cell cycle. Perhaps, KIF18B could serve as a 

target for future cancer therapeutics.  

 

Key experiments to investigate the role of KIF18B in DSB repair and 

movement include: 

• Mapping of the KIF18B interacting region in 53BP1 

• Investigating the KIF18B-dependence of DSB movement to the 

periphery of heterochromatic regions 

• Using a photoactivatable-GFP-Tubulin (or other techniques) in the 

attempt to detect nuclear damage dependent microtubules 

 

Our work to generate a cell line with a minimal complement of histone 

genes was halted to focus on characterising KIF18B. However, it is clear 

that chromatin and histone genes are central to all aspects of the life of a 

cell. Drosophila melanogaster and S.cerevisiae have been valuable models 

in the study of histone genetics (Günesdogan et al., 2010), although a 

vertebrate model would offer increased biological relevance when 

comparing with human genetics. The strategy we employed to generate a 

chicken cell line with a minimal complement of histone genes involved 

stages with major imbalances in histone gene copy numbers. These cells 

may not have been capable of tolerating this component of our targeting 

strategy, resulting in rearrangements in the histone gene locus over time. It 

is difficult to determine, although perhaps alternative approaches, 

maintaining a balance in histone genes, or using an increased copy number, 

would prove more successful. Furthermore, CRISPR-Cas9 gene editing 

technology could be a useful in the study of histone genetics, due to its 

efficiency and ability to target multiple genes simultaneously. Post-

translational modifications of histone genes act as a combinatorial code, 

often referred to as the ‘histone code’ (Jenuwein and Allis, 2001). This 
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‘code’ is involved in all or at least the majority of chromatin related 

processes including transcription, through the regulation of chromatin 

dynamics, and DNA repair, through signalling with DDR proteins. A 

system in which one could more clearly study the role of specific histone 

residues and their post translational modifications would be incredibly 

useful in further understanding a plethora of key cellular mechanisms, 

including DSB signalling. 
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6.1 Appendix I - Laboratory Protocols 
 

6.1.1 Media and growth conditions for various cell lines 

 

DT40 (suspension) 

RPMI (glutamax) 

+10%FBS 

+1% Chicken Serum 

+1% Pen/Strep 

Grow at 39°C 

Split 1 in 20 every two days, add 10ml media on intermediate day  

 

U2OS/HEK293T 

DMEM (glutamax) 

+10% FBS 

+1%Pen/Strep 

Grow at 37°C 

Split 1 in 5 every two days 

 

CH12 (suspension) 

RPMI (glutamax) 

+10% FBS 

+1% Pen/Strep (1 aliquot-5ml) 

+ 5% NCTC-109 (GIBCO)   (25ml) 

+ 1% L-glutamine (1 aliquot-5ml) 

+ 10mM B-mercaptoethanol  

(sigma bottle is 14.3M, need 5mmoles per 500ml bottle = 350ul) 

Grow at 37°C 

Split 1 in 15 every two days 
(for puro resistant clones 0.5ug/ml puromycin is plenty) 
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RPE1-hTERT / ARPE19 

DMEM-F12 

+10% FBS 

+1% Pen/Strep 

Grow at 37°C 

Split 1 in 5 every two days 

 

3T3 (mouse)/MEF 

DMEM (glutamax) 

+10% New Born Calf Serum  

+1%Pen/Strep 

Grow at 37°C 

Split 1 in 5 every two days 

 

6.1.2 Competent Cells 

Ensure everything is cold and sterile throughout protocol! 

 

Set up overnight culture in LB medium (no antibiotics) 

Dilute this 1 in 50 into 50-100mls LB the next day 

Grow at 37°C for 1hr 45min – 2hr 

(Spin down 1ml in a 2ml eppendorf to check density – resuspend pellet in 

CaCl2, and spin down again, if the pellet forms a ring the cells are at a good 

density) 

Spin down the rest of the culture at 6000G for 10min at 4°C 

Resuspend pellet in 500ul of cold 0.1M CaCl2 per ml original culture (eg 

for 100ml culture, resuspend in 50ml CaCl2) 

Incubate on ice for 30min 

Spin cells again at 6000G for 10min 

Resuspend in 100ul of cold 0.1M CaCl2 with 15% glycerol per ml of 

original culture 

Freeze at -80°C 

 

(CaCl2.2H2O = 147.02g per mole, for 0.1M 100ml use 1.47 grams) 
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6.1.3 Genomic DNA extraction protocol 

 

Use approximately 1.5 x 106 cells. 

• Spin down cells at 1200 rpm for 5 mins (12000 rpm for one minute 

also works).  Pour off media, touch tube on tissue to remove as 

much media as possible. 

• Resuspend each cell-pellet in 500 µl TAIL buffer (see end) (Add 3 

µl of a 20 mg/ml Proteinase K solution for every 0.5 ml TAIL buffer 

used, best to have this added to the buffer before use). 

• At this point resuspended cells can be stored at -20°C and processed 

at a later date. 

• Continue by incubating at 55°C for three hours, shaking for 5 

minutes each hour in the eppendorf shaker at max speed (1400, mix 

setting).  You can also incubate this overnight at 37°C and perform 

the rest of the extraction the subsequent day if you wish. 

• Shake vigorously (in the shaker at 1400 on the ‘mix’ setting) for 5 

minutes. 

• Add 200 µl saturated NaCl (6M) (Note: 6M NaCl does not go into 

solution!). 

• Shake vigorously (in the shaker at 1400 on the ‘mix’ setting) for 5 

minutes. 

• Spin down for 30 minutes at max speed on the desktop cooled 

centrifuge. Set the centrifuge to 10°C to get a nice compact pellet 

(This step can be temperature dependent.  If the digestion was 

performed at 55°C, then definitely use the cooling centrifuge at 

10°C, as the salt does not come out of precipitation at high 

temperatures. You can use RT after O/N incubation at 37°C, but 

nicer pellet at 10°C). 

• Pour off the supernatent into a new (1.5 ml!!) eppendorf tube. 

• Add 700 µl of isopropanol, and mix the eppendorf by slowly 

inverting it.  You should be able to see the DNA as you mix, as a 

‘cloud’ in the solution.  Look at each sample, as you will know if the 
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DNA is good or not.  (You can Phenol/Chloroform extract the DNA, 

however, this is not necessary for southerns or PCR!).  

• Spin down for 10 mins at max speed on desktop centrifuge, pour off 

supernatent and look for pellet, it will be very clear and spread out. 

• Wash the pellet with 300 µl of 70% EtOH (leave for a minute in 

EtOH before next step).  

• Spin down for 5 mins at max speed on desktop centrifuge at room 

temperature. Afterwards you will see a much more compact pellet.  

Air-dry the pellet before resuspension. 

• Resuspend the pellet in 60 µl Qiagen Elution Buffer (or TE buffer at 

pH 7.5-8.0), leave at 37°C to help the DNA to go into solution.  

Leave at RT on bench overnight if needed. Add RNase A to the 

buffer before resuspending (2 µl of a 5 mg/ml solution in 60 µl). 

• Store gDNA at -20°C. 

• Digest 30 µl gDNA for a Southern, or use 2 µl for a PCR. 

 

 

  

TAIL 

BUFFER 

FINAL 

Conc. 

100ml 200ml Stock Conc 

Tris-HCl pH 

8.8 (or 8.7) 

50 mM              5 ml    10 mls 1 M 

 

EDTA (pH 8) 100mM 20ml 40ml 0.5M 

NaCl 100mM 1.67ml 3.33ml 6M 

SDS 1% 10ml 20ml 10% 
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6.1.4 Southern Blot 

 
1. Digest genomic DNA samples O/N with the restriction enzyme  

Include also wild type and a positive control.  

20 µL gDNA 

3 µL Buffer X 

1.5 µL Enzyme 

H2O up to 50ul 

Incubate at 37ºC O/N. Prepare a 0.8% agarose gel 

 

2. Run digest on a gel and process the gel  

Load all the samples and the controls. The gel is run for approx. 4 hours at 

60V. (If there are two rows, after 1 hour, stop the machine and cut the gel in 

two to prevent the top samples from running into the bottom) 

Take a picture of the gel and then process it  

(Rinse with ddH20 between  steps): 

Depurination: 300 mL – 10 min on rocker 

Denaturation: 2x250 mL – 15 min on rocker 

Neutralisation: 2x250 mL – 15 min on rocker 

Equilibrate gel in 2xSSC for 10 min 

Transfer O/N in 2xSSC 

 

3. Crosslink DNA and incubate it with probe  

DNA is cross-linked with UV exposure (3000), and rinsed with ddH2O (the 

membrane can be left in the fridge in this step). 

Hybridisation: 

Preheat the DIG Easy Hybridisation buffer to 46ºC 

Pre-hybridisation: 10 mL of DIG Easy Hybridisation per tube, incubate 

rotating at 46ºC for 1h/ 30min. 

Hybridisation: Use 7.5 µL of probe in 50 µL of water, boil to denature 

(100ºC) in the heat block for 5 min. Chill quickly in ice/water slurry for 1 

min (spin briefly). Add to fresh hybridisation buffer (preheat 45ºC). 

Incubate membrane with probe + hybridisation buffer O/N at 45ºC. 
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(Defrost 10X blocking buffer in the fridge and preheat the High 

Stringency buffer to 65ºC O/N for the next day). 

4. Develop the membrane 

Wash with low stringency buffer. 50 mL in each tube, on roller at RT (2x5 

min). 

Wash with high stringency buffer. 2x15 min on roller at 65ºC 

Add 50 mL of Wash Buffer (maleic acid with 0.3% (v/v) tween)  

Add 40 mL blocking solution (dilute to 1x with maleic acid buffer). 

Incubate on roller at RT for 30 min. Discard Blocking Solution. 

Add 20 mL antibody solution (anti-Digoxigenin-AP) - spin down at high 

speed for 1 min, then prepare 1:10000 in blocking). Incubate on roller at RT 

for 30 min. 

Wash membrane twice (2x15 min) with 50 mL of Wash Buffer). 

Equilibrate membrane for 3 min in 20 mL of Detection Buffer. 

Fill 1.5 mL eppendorf with CSPD to allow to come to RT. Put half onto one 

half of membrane, and half onto the other half membrane (in plastic pocket). 

Seal and incubate in 37ºC incubator for 10 min. Put film on for an hour   

Develop 

 

BUFFERS 

1. Depurination Solution 

250mM HCl 

2. Denaturation Solution 

0.5M NaOH, 1.5M NaCl 

3. Neutralisation Buffer 

0.5M Tris-HCl (pH7.5), 1.5M NaCl 

4. Maleic Acid Buffer 

0.1M Maleic Acid, 0.15M NaCl, adjust to pH7.5 with NaOH (autoclave) 

5. Low Stringency Buffer 

2x SSC containing 0.1% SDS 

6. High Stringency Buffer 

0.5% SSC containing 0.1% SDS 

7. Detection Buffer 

0.1M Tris-HCl (pH9.5), 0.1M NaCl, (autoclave) 
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6.1.5 siRNA Transfection Protocol 

 

If the siRNA arrives as a 5nmol tube, add 250µl of RNase free water, let the 

powder resuspend for 10 minutes at RT and then make 20µl aliquots and 

store at -80C. 

 

DAY 0: PLATE 1-1.5x105 cells/well in a 6-well or 35mm plate (for 

adherent cells) Use media with no PEN/STREP. 

DAY 1: TRANSFECT siRNA using oligofectamine 

Prepare 6µl of oligofectamine + 14µl optimem = 20µl total for each sample 

Example: for 16 samples I mixed 96µl of oligofectamine with 224µl of 

optimem. 

 

0 nM siRNA:    0µl siRNA  + 180µl optimem 

10 nM siRNA:  0,5µl siRNA  + 179,5µl optimem 

50 nM siRNA:  2,5µl siRNA  + 177,5µl optimem 

100 nM siRNA:  5µl siRNA  + 175µl optimem 

 

Add 20µl oligofectamine to each siRNA sample 

Incubate 20min at RT 

Wash cells with PBS 

Add 800µl of optimem to each well and then 200µl of incubated siRNA 

Incubate for 3hrs at 37C 

Add 500µl of 3xDMEM (DMEM with 3x FBS and 3x glutamine) 

Next day add 1ml of media with P/S 

Take sample after 48hrs 

DAY 3: COLLECT CELLS 

Trypsinise cells (0.5ml trypsin/well + 2ml of medium). 

Spin down (1200rpm) and wash with 1ml of cold PBS. Transfer to 

eppendorf tube. 

Spin down in microcentrifuge (1200 rpm) and freeze pellet at -80C or 

continue to analyse. 

  



 213 

6.1.6 GST pull down 

 

Put 5µl of packed GST fragment beads (10µl of 50% slurry) in a low 

adhesion eppendorf tube and top up with 15ul of empty G beads (30µl 

of 50% slurry) 

GST-only control: Take 1µl of GST beads slurry (50%) and add 38µl G 

beads slurry (50%) 

Wash the beads 2x in cold lysis buffer. Never spin at more than 1,500 as 

this will crush the beads 

Incubate the beads with 1mg of total cell extract at 4°C on rotating 

wheel for 1 hour 

Pellet the beads (2 mins @ 1,000rpm) and keep the supernatant as the 

“flowthrough” fraction 

Resuspend the beads in lysis buffer and return to the wheel for 20 mins 

Pellet the beads again and resuspend in lysis buffer. Repeat this wash 3 

times 

Resuspend the beads in 30µl 3xSB. Boil for 5 mins, centrifuge at 

14,000rpm for 5 mins and run 10µl of the supernatant on SDS-PAGE 

gel for western 

 

Notes:  

Cut pipette tip when pipetting beads.  

Parafilm tubes when rotating on the wheel. 

 

Lysis buffer: 
Glycerol 20% 

NP40 0.5% 

NaCl 145mM 

TrisHCl pH7.5 50mM 

DTT 2mM 

Protease inhibitors Dilute depending on stock concentration 

Phosphatase inhibitors Dilute depending on stock concentration 

Benzonase 1 in 1000 (only for lysing cells) 

H2O x 
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6.1.7 Immunoprecipitation (HEK293 cells - DynaBeads) 

 

Remove media from confluent 10cm dish of HEK293 cells and remove 

the cells from the dish using fresh media  

Pellet the cells (5 mins @ 1,200 rpm) and wash once in cold PBS 

Pellet the cells and remove as much media as possible (using a 1ml 

pipette – this prevents dilution of the lysate) 

Add 500µl to 1ml of lysis buffer (depending on the size of the pellet) 

Incubate for 45 mins on rotating wheel at 4oC (parafilm tubes closed) 

Determine protein concentration using bradford assay 

Wash DynaBeads twice in lysis buffer (33.3ul of beads per IP). After the 

final wash, resuspend the beads to the same volume you started with. 

(Cut tips when pipetting beads) 

In a 1.5ml, low adhesion tube, add 5ug of antibody, 33.3ul of 

DynaBeads and 500ul of lysis buffer.  

Incubate for 1hr @ 4°C (rotating) 

Pellet the beads using the magnetic stand and wash 3 times (i.e. invert 

the tube a few times and pellet the beads) in 1ml of lysis buffer 

Add 5mg of cell lysate to the beads-antibody mix and incubate for 1hr at 

4oC 

Wash 3 times in lysis buffer (1ml) 

Resuspend the beads in 2 volumes of 3xSB (15% b-mercaptoethanol) 

and freeze 

Boil samples for 5 mins before loading on gel 

Spin down for 5min at full speed, load supernatent, don’t load the beads! 

 

Lysis Buffer:  

Same as lysis buffer used in GST pull down 
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6.1.8 Cell Cycle Assay– Immunofluorescence 

 
Cell Cycle Primary Secondary 

? Ab of interest MOUSE 

(in my case 53BP1 

1/200) 

Anti-mouse Cy5 (FAR 

RED) 1/100 

S EdU (30min pulse, 

1/1000) 

Described below. Use 

Green Kit 

G2/M ZWINT RABBIT 

1/100 

Anti-rabbit TRITC 

1/100 

All (can distinguish 

mitotics) 

DAPI  N/A 

G1 (interphase) Unstained Unstained  

 

Rabbit anti-ZWINT-1 IHC Antibody, Affinity Purified 

Host: Rabbit, Species Reactivity: Human, Antibody Type: Polyclonal,  

Product:IHC-00095 

Bethyl Laboratories, Inc 

 

Click-iT EdU Imaging Kit C10337  

We also have Red-C10339 

Invitrogen  

EdU stock is 10mM, use at 10uM ie 1/1000 (2.5ul in 2.5ml media)  

 

Fix with ice-cold methanol 20min at -20C 

 

Day 1 

Plate U2OS cells on sterilized coverslips in 35mm dishes (plate 1X105 cells 

in 2.5ml DMEM no p/s) 

 

Day 2 

Transfection with siRNA (oligofectamine transfection protocol) 
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Day 3 

Add 1 ml media with p/s or change the media 

Day 4 

Irradiate 3Gy/No IR samples 

For 15min timepoint, add EdU 15 minutes before irradiation 

For 45 min timepoint add EdU 15 minutes after irradiation (ie 30 min EdU 

incorporation) 

 

Wash once in PBS 

Fix with ice-cold methanol at -20C for 20 minutes 

Block in 1% BSA O/N at 4C or 1hr room temp 

 

Staining 

 

EdU  
 

Make up reaction mix (ensure it is well defrosted, and remember to dilute 

the Rxn additive from 10x to 1x with milliQ water) 

Also important to add in this order for reaction to proceed optimally 

 

 

Green master mix (can alter amount for different number of coverslips 

but make sure to keep same ratio) 

 

1x Reaction Buffer          516ul 

CuSO4 (blue)                             24 ul 

1x Reaction additive                             120 ul 

 

Add 70/80ul to parafilm and place coverslip on top (cells down) 

Incubate in the dark at room temp for 30min 

 

Wash 3 times with PBS 
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Primary Antibody staining 
 

53BP1 (mouse) 1/200 

ZWINT (rabbit) 1/100  

 

In 1%BSA (in PBS 1x) 

Incubate 1 hour at 37C in the dark 

 

Wash 3 times in 1xPBS 

 

Secondary Antibody staining 
 

Mouse Cy5 1/100  

Rabbit TRITC 1/100 

 

In 1%BSA (in PBS 1x) 

Incubate 1 hour at 37C in the dark 

 

Wash 3 times in 1xPBS 

 

Nuclear staining 
 

DAPI 1/100 in vectashield 

Use 10ul on slide and put coverslip on top 

Seal with nail varnish, visualise 
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6.1.9 Cytoskeletal (CSK) pre-extraction buffer  

 

Pre-warm CSK to 37°C 

Incubate coverslip with CSK buffer for10 minutes at room temp prior to 

fixation 

 

 

 STOCK Dil. Factor 10ml 

100mM NaCl 5M 50x 200ul 

300mM Sucrose 2M 6.6x 1.5ml 

10mM PIPES 

pH7 

200mM 20x 500ul 

3mM MgCl2 1M 333x 30ul 

0.2% TritonX 10%  200ul 

 

 
Notes:  
 
You can vary TritonX concentration, or try NP40 depending on the protein 
you want to visualise 
 

It may also be interesting to add RNase/DNase 
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6.1.10 Lentivirus Production 

 

Day1:  

Seed 10 million HEK293T cells into a T175 (20ml media) 

 

Day2:  

Cells should be around 60-80% confluent 

Mix 80 ul of JET PEI transfection reagent (Polyplus) with 150mM NaCl 

(provided) – up to 500ul total volume per reaction 

Again in 500ul total volume (with 150mM NaCl), mix 14ug transgene, 

14ug Packaging (psPAX2.2 - GAG), 6ug Envelope (pMD2.G-VSVG), 

6ug Additional (pRSV-REV) 

Incubate both mixes at room temperature for 5 min 

Add JET PEI mix to the DNA mix slowly and pipette up and down 

Incubate at room temp for 20-25 min 

During incubation remove the media from the cells and replace with 

fresh media without P/S 

Add transfection mix to the cells dropwise and incubate cells O/N 

 

Day3: 

24hr harvest – remove media (containing virus) from cells and transfer to a 

50ml tube. Store at 4C. Replace the media on the cells with fresh media 

(15ml) 

 

Day4: 

48hr harvest - remove media (containing virus) from cells and transfer to a 

50ml tube 

 

Virus is stable at 4C for 1 week. For long term storage, aliquot into 

cryotubes and freeze at -80 

  



 220 

6.1.11 Viral transduction/infection 

 

Seed cells of interest at low density into 6-well plate (approx. 30% 

confluency) 

Defrost virus and add 5ug of polybrene per ml virus, incubate for 5 min  

Add 2ml of virus/polybrene mix per well 

Centrifuge plate at 1500 rpm for 90min at 37C (or room temp) (not all 

cells require this spin for efficient infection) 

After centrifugation remove plate and place directly into the incubator 

(try not to shake plate too much) 

The following day, remove virus media and replace with fresh growth 

media, allow cells to recover for another day before splitting and 

selection 

Add selection and grow cells for at least two days under selection.  

 

It is good to carry out a kill curve with your selection drug on your 

particular cell line. Try to use the lowest amount of drug that kills all wild 

type cells. Typically wild type cells will die by the second day exposed to 

the drug. 

 

CH12 – I used 3ug/ml puromycin 

MEF – I used 2ug/ml puromycin 

MEF – I used 300 ug/ml hygromycin 

MEF – I used 20 ug/ml blasticidin 
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6.1.12 Concentration of Lentiviral Supernatants (PEG) 

 

Usually this concentration step is not necessary. 

 

Collect viral supernatent in a 50ml falcon tube 

Add PEG 6000 (8.5% final concentration) and NaCl (0.4M final 

concentration) to the supernatant and mix well. 

Store at 4°C for 1.5h mixing every 20-30 minutes  

(I left it for around 3 hours in the cold room, inverting a few times 

every half an hour or so) 

Centrifuge at top speed (4700rpm) for 30min at 4°C. You can see a 

white pellet. 

Bring to TC, decant supernatant carefully and resuspend the pellet by 

vigorous pipetting in a small volume of 50mM Tris-HCl pH7.4. Vortex 

to further resuspend the pellet.  (I used 200ul, there was a small amount of media 

left but the pellet was dislodging so I left it)  

Aliquot the resuspended pellet into cryotubes and freeze at -80°C  
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6.1.13 Stimulating CH12 cells for Class Switch Recombination 

 
To induce CSR, cells are cultured at a density of 0.25 × 106 cells/ml in 1 

µg/ml anti-CD40 (eBioscience), 12.5 µg/ml IL-4 (R&D Systems) and 0.1 

ng/ml TGF-β (R&D Systems).  

 

CSR efficiency is measured by FACS analysis of IgA surface expression at 

72-96h after stimulation.  

 

FITC-conjugated anti-IgA antibody (C10-3, BD Pharmingen)  

 

There should be around 30% to 40% IgA+ cells at 72h and 96h respectively. 

CH12 cells are very sensitive to cell density, so if you are looking at IgA 

expression at 72 or 96h after stimulation, count cells at 48h and add media 

accordingly; otherwise CSR efficiency will be lower than it should be. 
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6.1.14 Cell Surface Marker Staining Protocol 

 
N.B. Keep cells on ice throughout staining 

• Harvest cells, transfer to 15 ml sterile tube and centrifuge at 

1200 rpm for 5 minutes.  

• Resuspend each cell pellet in 1 ml of FACS buffer (1x PBS, 1% 

BSA) 

• Centrifuge cell suspensions at 400 g for 5 minutes.  

• Re-suspend each cell pellet in 100 µl of FACS buffer.  

• Prepare a 1 in 40 dilution of FITC conjugated anti-IgA antibody 

in FACS buffer, keep on ice.  

• Add 10 µl of diluted antibody to all samples (except No stain 

sample) and gently vortex to mix.  

• Incubate the samples for 30 mins on ice in the dark.  

• Add 3 ml of FACS buffer to each sample and centrifuge at 400 g 

for 5 mins.  

• Remove supernatant and re-suspend each sample in 400 µl of 

FACS buffer.  

• Analyse using FACS Canto 

 

Samples for staining 

Unstained cells (i.e. No stain sample)  (No antibodies added) 

Untreated cells (Antibody added, no CSR induced)  

Treated cells (Antibody added, CSR induced) – various cell lines/time 

points 
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6.1.15 Metaphase Spreads 

 

Grow cells to around 60-70% confluency 

Arrest cells in metaphase with 0.1 ug/ml colcemid for between 15 

minutes and 1hr (optimise for your cell type) 

Harvest cells (keep media to spin down as it may contain dislodged 

mitotic cells) 

Spin down cells (1200 rpm 5min) 

Discard supernatent (okay to leave a drop) 

Resuspend pellet slowly in 1ml pre-warmed (37C) hypotonic solution 

(75 mM KCl), then add 4ml hypotonic solution dropwise. (Volume of 

hypotonic solution can be optimised, you want a slightly cloudy 

solution) 

Incubate adherent cell types for 25-30 min at 37C (Suspension cells – 

around 10min) 

Using a 1ml pipette, add one ml of fresh ice cold fixative 

(methanol/acetic acid - 3:1 ratio) per ml of hypotonic solution used. Add 

dropwise to the tube and invert to mix. This stops the hypotonic process 

and pre-fixes the cells 

Spin the cell suspension (1200 rpm 5min), remove the supernatent 

carefully, leaving a drop 

Add 5ml fresh ice cold fixative dropwise down the side of the tube, very 

slowly, gently flicking the pellet all the time 

Pellet cells, repeat fixation step and pellet again 

Add between 200ul-1ml of ice cold fixative to the pellet dropwise, flick 

to mix. The final volume of fixative is determined by the desired 

concentration of cells on your slide. It should be slightly cloudy, yet 

translucent when held up to the light. 

This can now be stored at -20C or dropped onto slides 

Drop cell cuspension (~50 ul) onto pre-wet (50% ethanol) polylysine 

slide from a height of about 30cm 

Air dry slides, stain as desired (GIEMSA/DAPI/FISH) 
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6.1.16 FISH protocol for PNA telomere probe 

 

Solutions 

 
Hybridization buffer     40ml 

20mM Na2HPO4, pH 7.4    1.6ml of 0.5M 

20mM Tris, pH 7.4     800ul of 1M 

60% formamide     24ml 

2X SSC      4ml of 20X SSC 

0.1 ug/ml salmon sperm DNA   2ul of 2mg/ml stock 
ddH2O up to volume     9.6ml 

 

RNAaseA      1ml 

100 ug/ml RNAaseA in 2x SSC   1ul RNAaseA from 

miniprep kit 

       100ul 20X SSC 

       899 ul water 

 

Pepsin 0.005% solution 

2.5mg pepsin in 50ml 0.01M HCl (water and 42ul of 37%HCl) (make fresh 

and warm to 45 degrees) 

 

Wash solution 

2X SSC 

0.1% Tween 20 

 

Prepare the Probe 
I am using a Telomere PNA probe from Eurogentec (TelC-FAM) – 
green 
Resuspend 5nmol lyophilized PNA probe in 100ul milliQ water to make 
50uM stock. 
Use at 250x (i.e. final concentration 200nM) 

 

Denature 20ul of probe in hybridization per slide at 90 degrees for 5min 

(125ul hybridization buffer and 0.5ul probe) 
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Pre-treat slides (metaphase spreads) 

 
Immerse in PBS for 15min 

Fix in 4% formaldehyde in PBS for 4min at 37 degrees 

Two 5min washes in PBS at 37 degrees 

Put 500ul of RNAaseA solution onto parafilm and place slide face down 

onto it for 1hr at 37 degrees (humidified box) 

Three washes in 2X SSC and one in DW (deionized water) 

Immerse in Pepsin 0.005% for 4min at 37 degrees 

Wash twice in PBS for 3min at 37 degrees 

Fix in 4% formaldehyde in PBS for 4min at 37 degrees 

Two 5min washes in PBS at 37 degrees 

5 min PBS wash at room temp 

Dehydrate slides in cold ethanol series (1min in 70%, 85%, 100%) 

Air dry slide 

 

Hybridization 

 
Incubate slide at 80 degrees for 5min 

Add 20ul of probe in hybridization buffer to marked area (heat at 90 degrees 

for 5min first) 

Cover with parafilm to prevent drying 

Incubate for 10min at 85 degrees (minimum 80, maximum 90) 

Incubate in the dark at room temp for 1hour 

 

Wash 

 
Immerse in wash solution at room temp 

Wash twice in preheated wash solution (55-60 degree) for 10min 

Wash in wash solution for 1min at room temp 

 

Wash in 2X SSC for 2min 

Wash in 1X SSC for 2min 
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Wash in deionised water for 2min 

Air dry 

 

Visualising 

 
Add DAPI with vectashield and a coverslip 

Use 100x magnification to visualise telomeres 
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6.2 Appendix II – Funding and Poster Presentations  

 

6.2.1 Scholarship Funding 

 

PhD scholarship awarded by the National University of Ireland, Galway 

Awarded a Beckman Fund Scholarship in 2013 

 

 

6.2.2 Poster Presentations 

 

1. SFI midterm review, November 2011 

Title: A genetic system to assess the functions of histones in the DT40 

chicken cell line 

 

2. Scientific advisory board, Centre for Chromosome Biology, Galway, 

November 2013 

Title: The role of KIF18B, a novel 53BP1 interactor, in DNA damage repair 

 

3. Irish Association of Cancer Research, Galway, March 2014 

Title: The role of KIF18B, a novel 53BP1 interactor, in DNA damage repair 
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6.3 Appendix III – Top 53bp1 Interactors In SILAC Screen 
 

Published 53BP1 interactors at the time of the screen are highlighted in 

orange.  

 

Protein Description 53BP1/WT 

  

53Bp1 20.675 

53Bp1 (216kDa isoform) 12.702 

p53 9.6166 

USP28 6.1894 

Kinesin-like protein KIF18B 4.4999 

serine/threonine-protein kinase Nek4 4.2237 

similar to olfactory receptor MOR41-1 1.6558 

signal recognition particle 14kDa protein 1.649 

PLK1 1.5361 

Vimentin 1.5116 

Ubiquitin carboxyl -terminal hydrolase 7 1.4189 

Polyadenylate-binding protein -interacting protein 2 1.2021 

DEAD box polypeptide 17 1.174 

Tripartite motif-containing protein 71 1.1328 

eukaryotic translation initiation factor 3 subunit H 1.0806 

similar to gag protein 1.0224 

clathrin light chain B 1.0205 

Isoform 2 of alpha-actinin-2 1.0205 

lamin-B2 1.0176 

Thioredoxin domain containing 4 0.98635 
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