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Abstract 

DNA-dependent protein kinase (DNA-PK) and ataxia telangiectasia mutated 

(ATM) kinase are DNA-damage activated kinases that play central roles in the non-

homologous end joining (NHEJ) and homologous recombination (HR) DNA double-

strand break repair pathways, respectively. DNA-PK and ATM have both been shown 

to have roles in addition to DNA repair, involving localisation at the centrosome during 

mitosis and mitotic regulation. Pilot studies demonstrated that the selective DNA-PK 

and ATM inhibitors, NU7441 and KU55933, respectively, caused greater sensitisation 

to DNA-damaging and microtubule-targeting agents in multidrug-resistant cells 

compared with parental cells. This observation led to the hypothesis that inhibition of 

DNA-PK and ATM using NU7441 and KU55933, respectively, or loss of DNA-PK 

function in DNA-PK deficient cells, would sensitise cells to agents that interfere with 

the formation of the mitotic spindle, e.g. microtubule-targeting agents such as 

vincristine, docetaxel and paclitaxel.  

Growth inhibition assays in four different paired parental sensitive and multidrug-

resistant cell lines (resistant through overexpression of the drug efflux transporter, 

MDR1) demonstrated that 1 µM NU7441 and 10 µM KU55933 sensitised the 

multidrug-resistant cells to vincristine and either docetaxel or paclitaxel to a 

significantly greater extent than in parental cells. Phosphorylation of DNA-PK at a 

DNA-damage-associated autophosphorylation site (Ser2056) was observed in response 

to vincristine, which did not cause DNA damage as determined using the COMET 

assay. Unexpectedly, three MDR1-overexpressing multidrug-resistant cell lines were 

found to be not only chemo-resistant but also radio-resistant.  

Investigations into the effects of NU7441 and KU55933 on drug transport 

demonstrated that in MDR1-overexpressing canine kidney MDCKII-MDR1 cells, 1µM 

NU7441 significantly increased doxorubicin cellular accumulation, measured by 

fluorescence microscopy, via an MDR1-dependent mechanism. NU7441 (1 µM), three 

structurally-related compounds (NU7742 (an inactive NU7441 analogue), DRN1 and 

DRN2 (DNA-PK-inhibitory and DNA-PK non-inhibitory atropisomeric NU7441 

derivatives, respectively)) at 1 µM, and KU55933 at 1 µM and 10 µM, all increased 

intracellular vincristine accumulation in the MDR1-overexpressing CCRF-CEM VCR/R 

cells to a level similar to that induced by verapamil, as measured by LC-MS. 
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Growth inhibition and cytotoxicity studies using an isogenic panel of DNA-PK 

proficient and deficient cell lines, with varying DNA-PK catalytic subunit expression 

levels (parental DNA-PK +/+, DNA-PK +/-, DNA-PK -/- and DNA-PK -/- cells with 

PRKDC cDNA re-expression (DNA-PK RE)) established that DNA-PK -/- cells were 

more sensitive to ionising radiation, vincristine and docetaxel, thereby demonstrating a 

role for DNA-PK in the response of cells to all of these agents. KU55933 (10 µM) 

caused significant sensitisation in the HCT116 DNA-PK +/+, DNA-PK +/- and DNA-

PK -/- cells to ionising radiation, vincristine and docetaxel, suggesting an additional role 

for ATM. The combination of vincristine and ionising radiation was significantly more 

active in the absence of DNA-PK or following inhibition of DNA-PK. 

Confocal microscopy studies demonstrated that phosphorylated DNA-PK 

localised to mitotic structures and that lack or inhibition of DNA-PKcs caused an 

increase in aberrant mitotic events, such as chromosome misalignment, increases in 

centrosome number and multipolar spindle formation.  

Overall, the studies described in this thesis demonstrate that DNA-PK and ATM 

play a role in mitosis and in the response of cancer cells to microtubule-targeting agents. 

Dual DNA-PK and MDR1 inhibitors, and dual ATM and MDR1 inhibitors, were 

identified. These results extend the clinical potential of targeted inhibition of DNA-PK 

and ATM to use in combination with microtubule-targeting agents. 
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Chapter 1: Introduction 
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1.1 Cancer 

 

Cancer is the name given to a large, heterogeneous group of diseases that have 

developed particular genetic alterations to allow malignant growth. There are over 200 

different cell types in the body and therefore over 200 different types of cancer.  

In the UK, more than 331,000 people were diagnosed with cancer in 2011 and 

more than 1 in 3 people will develop cancer during their lifetime, with breast, lung, 

prostate and bowel cancers together accounting for over half of all new cancers 

diagnosed every year (Cancer Research UK, 2014). Cancer incidence rates in the UK 

have risen 23 % in males and 43 % in females over the last 40 years, but in that time 

cancer survival rates have doubled and now 50 % of people will survive for at least 10 

years after diagnosis (Cancer Research UK, 2014).  

Hanahan and Weinberg originally proposed that, despite the large number of 

different cancers, all cancer cells have 6 biological capabilities, or “Hallmarks”, in 

common that are acquired during the multistep development of a human tumour; self-

sufficiency in growth signals, evasion of apoptosis, insensitivity to anti-growth signals, 

sustained angiogenesis, limitless replicative potential and tissue invasion and metastasis 

(Hanahan and Weinberg, 2000). In 2011, a further two “Hallmarks” were added, and 

these are “deregulating cellular energy metabolism” and “avoiding immune destruction” 

(Hanahan and Weinberg, 2011) (Figure 1-1). It was also noted that there are two 

“enabling characteristics” that make the acquisition of the biological capabilities 

possible and these are “genome instability” and “mutation and tumour-promoting 

inflammation”.   
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Figure 1-1: The Hallmarks of Cancer. Hanahan and Weinberg (2011) have postulated 
that these are the main 10 acquired hallmarks of cancer and associated examples of 
therapeutic targeting of each of these features are given. 

 

Chemotherapy originated in the early 1900s with the German chemist Paul 

Ehrlich. It was defined as the “use of chemicals to treat diseases”, and Paul Ehrlich 

postulated that it would be possible to create “magic bullets”, which would be drugs that 

would travel straight to their intended targets; i.e. the beginnings of targeted therapy 

(Strebhardt and Ullrich, 2008). Radiotherapy and surgery dominated cancer treatment 

until the development of combination chemotherapy followed by cancer sequencing, 

which together with patient-derived cancer cell lines and improved in vivo models to 

test novel agents, have led to the recent advancement of targeted therapies (DeVita and 

Chu, 2008). 

The majority of cancer patients are treated with a combination of cytotoxic 

chemotherapeutics and/or radiation therapy, which tend not to distinguish between 

normal “healthy” rapidly-dividing cells and cancer cells, and therefore result in toxic 

side-effects to tissues such as bone marrow, the gastrointestinal tract and hair follicles. 

Ionising radiation acts to damage DNA directly or indirectly by the ionisation of atoms 

in the DNA and the formation of hydroxyl radicals from water molecules that attack the 
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DNA (Mahaney et al., 2009). There are many different classes of chemotherapeutics 

that act through different mechanisms to result in cell killing such as alkylating agents, 

anti-metabolites, topoisomerase inhibitors and microtubule-targeting agents. However, 

the development of resistance to chemotherapeutic agents is a major clinical problem.  

Many cytotoxic chemotherapeutics and radiation, along with environmental 

damage, ultraviolet light and cell cycle replication errors, result in the formation of 

single- or double-strand breaks in the DNA. There are a number of mechanisms which 

repair different DNA lesions, and key proteins in these pathways can display altered 

expression in cancer cells.  

 

1.2 DNA repair 

 

DNA strand breaks result in arrest at a cell cycle checkpoint and either cell death 

via apoptosis or the engagement of a relevant repair pathway such as nucleotide 

excision repair (NER), base excision repair (BER), mismatch repair (MMR), or the 

double strand break repair pathways homologous recombination and non-homologous 

end-joining (Hoeijmakers, 2001). Together with cell cycle checkpoint activation, 

metabolic processes and stress responses, DNA repair allows for cell survival.  

NER repairs helix-distorting lesions on one strand of the DNA caused mainly by 

exogenous factors, which interfere with base pairing and can impede replication, 

whereas BER repairs base changes caused as a result of predominantly endogenous 

damage (de Laat et al., 1999; Lindahl and Wood, 1999; Hoeijmakers, 2001). 

DNA double strand breaks (DSB) can be lethal to a cell and therefore correct 

repair is essential for a cell to survive. Incorrect repair of the double strand breaks can 

cause genomic rearrangements such as deletions, fusions and translocations; features of 

genomic instability which are commonly observed in cancer cells (Aplan, 2006). The 

two main double strand break repair pathways are non-homologous end-joining (NHEJ) 

and homologous recombination (HR), in which the major essential kinases are DNA-

dependent protein kinase (DNA-PK) and ataxia telangiectasia mutated kinase (ATM), 

respectively. These proteins are the focus of studies in this thesis. 
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1.3 DNA-dependent protein kinase (DNA-PK) 

 

1.3.1 Structure and function 

DNA-dependent protein kinase (DNA-PK) is a serine/threonine kinase complex 

consisting of a heterodimer of Ku proteins (Ku70/Ku80) and the catalytic subunit of 

DNA-PK (DNA-PKcs). The gene for DNA-PKcs (PRKDC) is located on chromosome 

8q11 and comprises of 4128 amino acids (approximately 469 kDa). The Ku70/Ku80 

heterodimer consists of 609 amino acids (approximately 70 kDa) and 732 amino acids 

(approximately 80 kDa), respectively, encoded by XRCC6 and XRCC5 which are 

located on chromosomes 22q13 and 2q33-34, respectively (Koike, 2002). DNA-PKcs 

belongs to the phosphatidylinositol 3-kinase like kinase (PIKK) family (Hartley et al., 

1995), along with the other DNA damage-activated kinases ataxia telangiectasia 

mutated kinase (ATM) and ataxia telangiectasia- and Rad3-related kinase (ATR), and 

mammalian target of rapamycin (mTOR), human suppressor of morphogenesis in 

genitalia-1 (hSMG-1) and transformation/transcription domain-associated protein 

(TRRAP) (Shiloh, 2003; Lovejoy and Cortez, 2009) (Figure 1-2).  

 

 

Figure 1-2: Size and common motifs in the PIKK family members. These family 
members share three motifs: the FAT (focal adhesion targeting) and FATC (COOH-
terminal FAT) domains and the PI3K domain, and all possess protein kinase activity 
(apart from TRRAP) (Shiloh, 2003). 
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DNA-PKcs contains a large N-terminal domain consisting of helical elements, 

HEAT (Huntingtin, Elongation Factor 3, PP2A and Tor1) repeats and phosphorylation 

sites with important regulatory functions (JK, PQR and ABCDE clusters), a FAT 

domain (conserved amongst PIKK members), a kinase domain (conserved) and short C-

terminal region called the FATC domain (Dobbs et al., 2010) (Figure 1-3). 

 

 

Figure 1-3: DNA-PKcs functional domains. Adapted from Goodwin and Knudsen 
(2014). 

 

DNA-PK plays an essential role in NHEJ but has also been implicated in 

homologous recombination, hypoxia, lipogenesis and metabolic regulation, innate 

immunity and inflammation responses, and genomic stability (reviewed in Goodwin and 

Knudsen (2014)) (Figure 1-4).  
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Figure 1-4: The role of DNA-PK in non-homologous end-joining and some of the 
additional roles of DNA-PK. NHEJ pathway adapted from (Goodwin and Knudsen, 
2014).  

 

 

1.3.2 Non-homologous end-joining (NHEJ) 

The main factor in determining which double-strand break repair pathway is 

utilised is the phase of the cell cycle. NHEJ, thought to be the predominant pathway, is 

a rapid but inaccurate form of repair which predominates in G0 and G1. HR is slower 

and more accurate, and is dominant after DNA replication when a sister chromatid is 

present (Meek et al., 2004). NHEJ is also required for the site-specific recombination 

process, somatic or V(D)J recombination, that assembles coding regions for the variable 

domains of immunoglobulin and T cell receptors from their different locations on the 

chromosome during lymphocyte development (Tonegawa, 1983; Meek et al., 2004). 

DNA double-strand breaks occur at conserved recombination signal sequences flanking 

all variable (V), diversity (D) and joining (J) gene segments that are generated by two 

recombination-activating genes (RAG-1 and RAG-2). NHEJ resolves these 

recombination intermediates (Oettinger et al., 1990; McBlane et al., 1995).  
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There is a diverse range of DNA break ends that the NHEJ repair pathway 

components need to deal with and consequently NHEJ enzymes exhibit a large degree 

of multifunctionality, structural tolerance, iterative processing and mechanistic 

flexibility (Gu and Lieber, 2008). There are six main components involved in NHEJ: 

DNA-PKcs, Ku70, Ku80, XRCC4, DNA ligase IV and Artemis. When a DNA DSB 

arises, the ring-shaped Ku70/Ku80 heterodimer binds to the DNA ends forming a Ku: 

DNA complex which serves as a docking site for the nuclease, polymerases and ligase 

to bind (Figure 1-4). Ku is highly abundant in the cell with an estimated 400,000 

molecules per cell and has a high binding constant for DSBs (2.4 x 10-9 M) (Mimori et 

al., 1986; Blier et al., 1993). DNA-PKcs is then recruited and induces the inward 

translocation of Ku by approximately one helical turn to allow DNA-PKcs to act as a 

tether for the broken DNA ends and to prevent exonucleolytic degredation (Yoo and 

Dynan, 1999; Goodwin and Knudsen, 2014). Once DNA-PKcs is bound, it initially 

undergoes phosphorylation at a number of autophosphorylation sites, the best 

characterised being serine 2056 (in the PQR cluster of five phosphorylation sites located 

at aa 2023-2056) and threonine 2609 (in the ABCDE cluster of six phosphorylation sites 

at aa 2609-2647), which causes conformational changes and enhances serine and 

threonine kinase activity.  

DNA-PKcs also interacts with Artemis and the Artemis:DNA-PKcs complex has 

endonucleolytic activity and cuts various forms of damaged DNA ends (Ma et al., 

2005). Pol µ and pol λ can bind to the Ku:DNA complex and are capable of template-

dependent and, in the case of pol µ, template-independent synthesis which is extremely 

important in NHEJ. DNA-PKcs also stimulates the ligase activity of the XLF: XRCC4: 

DNA ligase IV complex which can ligate across gaps and ligate incompatible DNA 

ends with high efficiency (Costantini et al., 2007; Gu et al., 2007a; Gu et al., 2007b). 

Upon activation, DNA-PKcs also phosphorylates a large number of proteins, including 

serine 139 on H2AX (γH2AX), which is a well-known marker of DSBs and recruits 

repair proteins and organises repair signalling cascades (Paull et al., 2000; An et al., 

2010). 

In vivo, DNA-PKcs phosphorylation of threonine 2609 is critical for DSB repair 

and radio-resistance, and is catalysed not only by DNA-PKcs itself but also by ATM 

and ATR in response to a variety of stress-inducers (Yajima et al., 2006; Chen et al., 

2007). However, no other proteins have been implicated in the phosphorylation of 

serine 2056 other than DNA-PKcs itself, and so this phosphorylation site is used a 

marker of DNA-PK activity (Chen et al., 2005).  
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1.3.3 Additional roles of DNA-PK  

When repairing DNA DSBs, homologous recombination (HR) is more accurate 

than NHEJ because it uses an undamaged sister chromatid as a template for repair but is 

therefore restricted to the S-G2 phases of the cell cycle (described in Section 1.4.2) (San 

Filippo et al., 2008). HR is a more complex form of repair and takes more than 7 hours 

to complete, whereas NHEJ can be completed in 30 minutes, and although NHEJ is 

thought to be the dominant form of DSB repair, a functional HR pathway is necessary 

for cell viability (Mao et al., 2008). Potential crosstalk between HR and NHEJ mediated 

by DNA-PK has been investigated, and certain specific phosphorylation sites on DNA-

PKcs identified which promote HR whilst inhibiting NHEJ (Convery et al., 2005; Neal 

et al., 2011).  

DNA-PK has been shown to be activated by mild hypoxia, independently from 

DNA DSBs and NHEJ, and DNA-PKcs positively regulates the hypoxia-inducible 

factor-1 alpha (HIF-1α), which activates a number of oxygen-related genes and 

contributes to the adaptive response to hypoxic conditions, for example the glucose 

transporter, GLUT1, expression (Bouquet et al., 2011). 

A role for DNA-PK in metabolic gene regulation has been demonstrated in 

response to insulin through phosphorylation of the transcription factor USF-1 which 

activates fatty acid synthesis (Wong et al., 2009). DNA-PK positively regulates the 

activation of the regulatory γ1 subunit of AMP-activated protein kinase (AMPK), an 

energy change sensor, under glucose-deprived conditions (Amatya et al., 2012). DNA-

PK has also recently been shown to be a critical regulator of the oxidative stress 

response and is required for suppression of reactive-oxygen species build-up in an 

NHEJ-independent role (Li et al., 2014). 

The DNA binding activity of nuclear factor kappa B (NF-κB) during 

inflammation is critical for VCAM-1 (vascular cell adhesion protein 1) expression, 

which facilitates transmigration, the accumulation of leukocytes and cell-cell 

interactions at inflammatory sites, and DNA-PK is required to phosphorylate the NF-κB 

p50 subunit for VCAM-1 expression in response to the cytokine TNF (tumour necrosis 

factor) (Ju et al., 2010). DNA-PK activates innate immunity and subsequent 

inflammatory responses by recognising and binding to foreign DNA and initiating 

interferon regulatory factor-3 (IRF-3)-mediated transcription of type 1 interferon (IFN), 

and multiple cytokines and chemokines (Ferguson et al., 2012).  DNA-PKcs also 

modulates the innate immune response through recruitment of autoimmune regulator 
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(AIRE) to DNA, activating tissue-restricted antigen (TRA) genes and mediating central 

tolerance in the thymus (Zumer et al., 2012). 

DNA-PK has been shown to mediate genomic stability in a number of ways. 

NHEJ is an error-prone repair process due to the basic nature of the ligation of the 

broken DNA ends together, which can cause a loss of nucleotides and result in 

chromosomal rearrangements where more than one DSB occurs in close proximity. 

DNA-PK therefore affects inherent genomic stability due to its role in this process. 

However, activated DNA-PKcs phosphorylates Snail1, a transcriptional regulator 

shown to determine pathological epithelial to mesenchymal transition during tumour 

progression (Kajita et al., 2004), and this phosphorylation leads to increased Snail1 

stability. Increased Snail1 stability reciprocally inhibits DNA-PKcs activity and 

therefore causes defective DNA DSB repair; affecting genomic instability, and 

migration of tumour cells, characteristics of an aggressive tumour (Pyun et al., 2013).  

DNA-PK and ATM are required for the maintenance of G2-M cell cycle 

checkpoint integrity through phosphorylation of threonine 21 of the 32 kDa subunit of 

replication protein A (RPA32) and mutations in both RPA32 and DNA-PKcs result in 

unrepaired DNA and the inappropriate entry into mitosis due to a G2-M arrest defect 

(Block et al., 2004b). 

DNA-PK has been shown to localise to the centrosomes, kinetochores and 

midbody during mitosis and play a regulatory function in mitotic spindle dynamics and 

chromosomal segregation, attributed to activation of the Chk2-BRCA1 signalling 

pathway (Lee et al., 2011; Shang et al., 2014). Inhibition of DNA-PK following 

ionising radiation causes aberrant spindles and multinucleated cells leading to mitotic 

catastrophe, and therefore DNA-PKcs activation is important in the maintenance of 

microtubule dynamics during mitosis (Shang et al., 2010). 
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1.3.4 DNA-PK expression and cancer 

DNA-PK activity and expression have been examined in many human clinical 

tumour samples. The relationship between DNA-PK and prognosis, radiation response 

and cancer risk have been examined (reviewed in Hsu et al. (2012)). An elevation in 

DNA-PKcs expression has been observed in a variety of cancers. Increased DNA-PKcs 

expression in colorectal cancer, nasopharyngeal cancer and non-small cell lung cancer 

(NSCLC) has been reported by several groups, although some studies found no 

association with clinical outcome whilst others found overexpression to be associated 

with clinical stage and poor survival (Hosoi et al., 2004; Lee et al., 2005b; Xing et al., 

2008). Investigations into lymphoid malignancies revealed increased expression of 

DNA-PK in acute lymphoblastic leukaemia (ALL), chronic lymphocytic leukaemia 

(CLL) and lymphoma, which was associated with the degree of maturation, lymphoma 

grading and proliferation rate (Holgersson et al., 2004). A separate study demonstrated 

that DNA-PK was an indicator of poor prognosis in CLL and that DNA-PK 

overexpression was associated with CLL patients displaying poor prognosis genetic 

aberrations del(11q) (associated with loss of ATM) and del(17p) (associated with loss 

of p53) (Willmore et al., 2008). In contrast, a study in gastric cancer demonstrated that 

loss of DNA-PKcs expression was associated with tumour progression and a poorer 

survival (Lee et al., 2005a; Lee et al., 2007), and reduced DNA-PK repair activity has 

previously been associated with increased risk of developing lung cancer (Auckley et 

al., 2001).  

A number of studies have investigated DNA-PK expression in peripheral blood 

lymphocytes (PBLs). Lower DNA-PK activity was observed in PBLs in patients with 

uterine, cervix or breast cancer, and the frequency of chromosomal aberrations 

increased with decreased DNA-PK activity (Someya et al., 2006). Decreased DNA-PK 

activity has been found in advanced cancer patients compared with early stage patients 

in a variety of cancers, e.g. breast, uterine, head and neck, oesophagus and non-

Hodgkin’s lymphoma, and lower DNA-PK activity in advanced cancer can be 

associated with decreased survival and an increased risk of developing distant 

metastasis following radiotherapy (Someya et al., 2011).  

 

1.3.5 Defects in NHEJ and mutations in the DNA-PKcs gene 

Due to the importance of NHEJ, deficiencies in this pathway have been shown to 

lead to genomic instability and the suppression of translocations, amplifications and 

deletions, and germline defects that can result in soft tissue sarcomas and increased 
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breast cancer risk (Grawunder et al., 1998; Ferguson et al., 2000; Sharpless et al., 2001; 

Fu et al., 2003). Mutations in the various proteins involved in NHEJ, such as Ku70, 

Ku80, XRCC4 and DNA-PKcs, result in radiation sensitivity and a defect in V(D)J 

recombination (Kirchgessner et al., 1995; Nussenzweig et al., 1996; Gu et al., 1997; 

Grawunder et al., 1998).  

Severe combined immunodeficiency disease (SCID) can occur in patients with 

defects in the NHEJ pathway, which normally have the phenotype of T-B-NK+ 

(absence of both T-cells and B-cells but with NK cells present). Mutations in Artemis, 

DNA Ligase IV, DNA-PKcs and Cernunnos-XLF have all been reported to cause SCID 

in humans (reviewed in Dvorak and Cowan (2010)). No defects in XRCC4 or Ku have 

been reported in humans, and XRCC4 defects are embryonically lethal in mice (Soulas-

Sprauel et al., 2007).    

There have been four reported incidences of germline mutations in the DNA-PKcs 

gene PRKDC in animals; two in mice (Bosma et al., 1983; Jhappan et al., 1997), one in 

a horse (McGuire and Poppie, 1973) and one in a Jack Russell terrier dog (Meek et al., 

2001), and two incidences of PRKDC mutation in human patients (van der Burg et al., 

2009; Woodbine et al., 2013). The first human germline mutation found was from a 

radiosensitive T-B-SCID patient that had a PRKDC missense mutation (Leu3062Arg), 

which did not affect DNA-PKcs expression but conferred impaired Artemis activation 

and NHEJ (van der Burg et al., 2009). The second patient had compound heterozygous 

PRKDC mutations resulting in low expression and barely detectable DNA-PKcs kinase 

activity, impaired NHEJ and neurological abnormalities (Woodbine et al., 2013). 

Several somatic mutations in the coding region of PRKDC have been identified in 

patients with breast and pancreatic cancers (Wang et al., 2008b). 

The PRKDC intron 8 6721 G to T variant has been implicated in bladder cancer 

and hepatocellular carcinoma (HCC). The 6721TT genotype was associated with a 

significant increase in bladder cancer, and was more frequent in patients older than 65 

or who were smokers (Wang et al., 2008a) in a study of 213 bladder cancer patients. 

However, 6721GG or 6721GT was associated with an increased risk of HCC compared 

with 6721TT in a study on 348 HCC patients from a high aflatoxin-exposed population 

(Long et al., 2011). These examples demonstrate that single nucleotide polymorphisms 

(SNPs) in non-coding regions of DNA-PKcs may alter gene expression or function (Hsu 

et al., 2012). 
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1.3.6 DNA-PK inhibitors 

DNA damaging agents are an effective mainstay of cancer treatment and their 

therapeutic index may be improved by inhibition of DNA repair or cell cycle checkpoint 

inhibition, as many cancer cells lack DNA repair pathways compared with normal 

healthy tissue; such that targeting the DNA repair pathway on which the cancer cell 

depends for survival is an effective treatment strategy (Zhou and Bartek, 2004; Al-Ejeh 

et al., 2010).  

Wortmannin (Figure 1-5A) is a non-competitive, non-specific 

phosphatidylinositol 3-kinase (PI3K) inhibitor and was one of the first inhibitors of 

DNA-PK identified (DNA-PK IC50 = 150 nM), acting through irreversible alkylation of 

lysine 802 in the active site of DNA-PK that is critical for activity. Wortmannin was 

shown to be an effective radiosensitiser (Arcaro and Wymann, 1993; Price and 

Youmell, 1996). Caffeine (Figure 1-5B) has also been demonstrated to be an inhibitor 

of the PIKKs DNA-PK, ATM and ATR and is an effective radiosensitiser but lacks 

specificity (Sarkaria et al., 1999; Block et al., 2004a).  

LY294002 (2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one) (Figure 1-5C) 

is a morpholine derivative of the plant flavonoid quercetin and is a structurally-distinct 

pan PI3K inhibitor with DNA-PK inhibitory activity (DNA-PK IC50 = 360 nM). 

LY294002 has been shown to increase cellular sensitivity to radiation and 

chemotherapeutic agents (Vlahos et al., 1994; Sarkaria et al., 1999; Gharbi et al., 2007). 

Although this compound is not suitable for in vivo investigation due to instability 

(Gupta et al., 2003), the structure has proved to be a lead compound in the development 

of more potent DNA-PK inhibitors. 

A number of compounds based on LY294002 were developed from the ICOS 

Corporation (Bothell, WA) small molecule library resulting in the synthesis of IC87361 

(Figure 1-5D), a potent and selective DNA-PK inhibitor (DNA-PK IC50 = 34 nM). 

IC87361 directly inhibited the repair of DNA DSBs and displayed radiosensitisation 

and growth delay enhancement in xenograft studies. However, the pharmacokinetic 

limitations such as poor bioavailability and rapid clearance compromised the use of this 

class of compound (Kashishian et al., 2003; Shinohara et al., 2005).   

NU7026 (2-(morpholin-4-yl)-benzo[h]chomen-4-one) (DNA-PK IC50 = 230 nM) 

(Figure 1-5E) is a LY294002-based ATP-competitive compound that demonstrated 

more than fifty-fold selectivity for DNA-PKcs over PI3K and is inactive against ATM 

and ATR (Veuger et al., 2003). NU7026 potentiated the cytotoxicity of topoisomerase 

II poisons (Willmore et al., 2004); however, metabolic lability and poor solubility 
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meant that this was not a suitable compound for in vivo investigation (Nutley et al., 

2005). 

The DNA-PK inhibitor NU7441 (8-dibenzothiophen-4-yl-2-morpholin-4-yl-

chromen-4-one) (DNA-PK IC50 = 14 nM) (Figure 1-5F), developed from the PI3K 

inhibitor LY294002 by screening chromenone libraries (Leahy et al., 2004), has 

improved potency over NU7026. NU7441 has been shown to increase cellular 

sensitivity to radiation and topoisomerase II poisons in a number of solid and 

haematological cell lines, and increase etoposide-induced tumour growth delay in mice 

bearing SW620 xenografts (Zhao et al., 2006; Willmore et al., 2008; Elliott et al., 2011; 

Shaheen et al., 2011; Ciszewski et al., 2014; Tichy et al., 2014). It has been 

demonstrated that this sensitisation occurs because NU7441 attenuates the repair of both 

IR- and etoposide-induced DNA double strand breaks in a DNA-PK dependent manner 

(Zhao et al., 2006; Tavecchio et al., 2012). NU7441 is around 20-fold more selective 

for DNA-PK over PI3K in cellular assays (Tavecchio et al., 2012). It has also been 

shown that inhibition of DNA-PK using NU7441, or knockdown using siRNA, led to 

accelerated senescence following radiation in vitro (Azad et al., 2011); indicating an 

alternative mechanism of action. NU7441 is the DNA-PK inhibitor used throughout 

these studies.  

NU7742 (8-dibenzothiophen-4-yl-2-piperidin-1-yl-chromen-4-one) (Figure 1-5H) 

is an inactive derivative of NU7441 (IC50 > 10 µM) in which the morpholine oxygen 

has been replaced with a methylene group, resulting in the loss of sensitisation of cells 

to DNA-damaging agents (Willmore et al., 2008). The introduction of a methyl 

substituent at the 7-position of the chromen-4-one ring generated atropisomers DRN1 

(DNA-PK IC50 = 2 nM) and DRN2 (DNA-PK IC50 = 7 µM) (Figure 1-5I). As expected, 

and due to restricted rotation between the chromen-4-one and dibenzothiophene rings, 

DNA-PK inhibitory activity resides exclusively in the laevorotatory enantiomer DRN1 

(Clapham et al., 2012).  

NDD0004 (IC50 = 10 nM) (Figure 1-5G) is a Newcastle Drug Discovery 

compound recently synthesised, more water-soluble, potent and selective version of 

NU7441 (unpublished data).  

The DNA-PK IC50 values cited above for these compounds were generated in a 

cell-free ELISA assay which used DNA-PK purified from HeLa cell nuclear extracts 

and examined the known ability of DNA-PK to phosphorylate the serine-15 residue of a 

p53 peptide, and the ability of compounds to inhibit this phosphorylation event (Griffin 

et al., 2005). 
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There are three compounds currently in clinical trials that target DNA-PK, 

although all three compounds lack specificity and target multiple pathways. CC-122 is 

termed a pleiotropic pathway modifier and is a DNA-PK inhibitor with potent in vitro 

anti-proliferative, immunomodulatory and anti-angiogenic properties (Gandhi et al., 

2012). CC-122 is in Phase I clinical trial for advanced solid tumours, non-Hodgkin’s 

lymphoma or multiple myeloma (NCT01421524) (Clinicaltrials.gov, 2014). CC-115 is 

a dual DNA-PK and mTOR kinase inhibitor in Phase I trials for patients with advanced 

solid tumours and haematological malignancies (NCT01353625) (Clinicaltrials.gov, 

2014). ZSTK474 is a pan PI3K inhibitor and has some inhibitory effect on DNA-PK 

(Kong et al., 2009).  ZSTK474 is in Phase I trials, one active (NCT01682473) and one 

completed (NCT01280487), for patients with solid malignancies. However, all of these 

clinical compounds have multiple targets and so it is not possible to distinguish effects 

due to DNA-PK inhibition. 
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Figure 1-5: Structures of the DNA-PK inhibitors discussed in Section 1.3.6. 

  

16 
 



Compound Name 
Cell free assay 

DNA-PK IC50 (μM) 
Structure-activity relationship 

NU7441 0.014 ± 0.001 
>100 fold selective for DNA-PK over 

PI3K and other PIKK family members 

NU7742 >10 

morpholine oxygen of NU7441 replaced 

by methylene group results in no DNA-PK 

inhibitory activity 

DRN1 0.002 ± 0.001 
laevorotatory enantiomer with DNA-PK 

inhibitory activity 

DRN2 7 
dextrorotatory enantiomer with no DNA-

PK inhibitory activity 

NDD0004 0.01 

>100 fold selective for DNA-PK over 

PI3K and other PIKK family members. 

More potent and selective than NU7441 

Table 1-1: DNA-PK inhibitory properties and structure-activity relationships of 
the compounds used in this study 

 

1.4 Ataxia telangiectasia mutated kinase (ATM) 

 

1.4.1 Structure and function 

ATM is a large 370 kDa kinase encoded on human chromosome 11q22-23 and is 

another member of the PIKK family of enzymes (Shiloh, 2003). Like the other PIKK 

family members, ATM consists of a FAT domain, a PI3K domain and a FATC domain 

that represents a common C-terminal amino acid sequence found near the N-terminus of 

the protein (McKinnon, 2004). 

ATM plays an essential role in HR pathway of DNA DSB repair, but ATM has 

also been implicated in playing a role in genomic stability, replication stress, telomere 

stability, redox sensing, transcription and mitotic spindle assembly; roles which will all 

be discussed in the following sections. 
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1.4.2 Homologous recombination (HR) 

HR repairs DNA DSBs during the S and G2 phases of the cell cycle when a sister 

chromatid is available to be used as a template for information exchange and accurate 

repair, making this DSB repair pathway more accurate than NHEJ.  

HR is initiated by the MRN complex (Mre11, Rad50 and Nijmegen breakage 

syndrome 1 (Nbs1) proteins) which recognises the DSB and recruits ATM kinase to the 

site of damage (Mirzoeva and Petrini, 2001; Uziel et al., 2003).  ATM exists as an 

inactive dimer or multimer until recruited to sites of DNA damage where it 

autophosphorylates itself on several serine residues (367, 1893 and 1981), causing 

dissociation of ATM molecules into active monomers (Bakkenist and Kastan, 2003). 

ATM autophosphorylation at serine 1981 occurs within one minute of ionising radiation 

(Bakkenist and Kastan, 2003). Nbs1 interacts directly with ATM at DSB sites, where 

ATP-dependent Rad50 activity is required, and Nbs1 ubiquitination by Skp2 E3 ligase 

facilitates ATM recruitment and activity (Uziel et al., 2003; Lee and Paull, 2005; Wu et 

al., 2012). Activated ATM then signals to a large number of downstream targets such as 

checkpoint proteins (including Chk2), chromatin-remodelling and other DNA damage 

factors (including p53). C-terminal binding protein-interacting protein (CtIP) physically 

interacts with the MRN complex when it is recruited to DNA ends. Recruitment 

initiates 5’-3’ end resection and generates a 3’ single-stranded DNA overhang which is 

needed for strand exchange (Sartori et al., 2007). Bloom syndrome  helicase (BLM) 

stimulates further resection by the nucleolytic activity of exonucleases, including Exo1 

(Nimonkar et al., 2008), and the single-stranded DNA is bound by RPA protein. RPA is 

replaced by Rad51, a process mediated by Rad52 and BRCA2 (McIlwraith et al., 2000; 

Jensen et al., 2010), which forms Rad51-coated single-stranded DNA that allows strand 

invasion of the homologous DNA on the sister chromatid (New et al., 1998), and the 

Rad51-coated strand is then extended by DNA polymerase η to form a D-loop 

(McIlwraith et al., 2005). Recombining DNA strands are linked via a four-way junction 

by covalent bonds and this complex structure is known as a Holliday junction. DNA 

nucleases such as GEN1 and SLX1/SLX4, and DNA helicases such as Werner 

syndrome (WRN) and BLM, resolve and process these Holliday junctions 

(Constantinou et al., 2000; Ip et al., 2008; Fekairi et al., 2009; Svendsen et al., 2009), 

resulting in the accurate repair of the DSB using the sister chromatid template. 
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1.4.3 Additional roles of ATM 

ATM has many roles beyond homologous recombination. These roles include 

replication stress through crosstalk with ATR (Burdak-Rothkamm et al., 2008), redox 

sensing and regulating, in which ATM decreases reactive oxygen species (Alexander et 

al., 2010) and is activated by hypoxia (Bencokova et al., 2009), transcription through 

indirect activation of NF-κB (Wu et al., 2006), insulin signalling through 

phosphorylation of eIF-4E-binding protein 1 (Yang and Kastan, 2000) and insulin 

secretion (Miles et al., 2007), and in neuronal function through trafficking and function 

of synaptic vesicles (Li et al., 2009). 

In relation to this thesis, ATM has been shown to play multiple roles in mitosis 

and mitotic spindle assembly. A defective mitotic spindle checkpoint following ionising 

radiation in A-T cells (i.e. lacking in ATM protein) was previously observed (Takagi et 

al., 1998; Shigeta et al., 1999). ATM acts with p21 to suppress aneuploidy and 

chromosomal instability as demonstrated in an ATM -/- mouse model which displayed 

defective metaphase to anaphase transition and abnormal karyokinesis (Shen et al., 

2005). Furthermore, the inhibition of ATM using the specific ATM inhibitor KU55933 

led to chromosomal aberrations (White et al., 2008). ATM has recently been shown to 

be activated during mitosis in the absence of DNA damage by aurora-B-mediated 

phosphorylation of serine 1403, and activated ATM localises to the centrosomes and 

midbody during mitosis (Yang et al., 2011). ATM was also demonstrated to 

phosphorylate a critical kinetochore protein, BUB1, at serine 314 which activates the 

spindle checkpoint (Yang et al., 2011). ATM forms a complex with the 

poly(ADP)ribose polymerase (PARP) tankyrase (TNKS1), the spindle protein NuMA1 

and BRCA1 in mitosis, and this complex promotes efficient poly(ADP)ribosylation of 

NuMA1 and correct bipolar spindle assembly (Palazzo et al., 2014). 
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Figure 1-6: The role of ATM in homologous recombination and some of the 
additional roles of ATM. HR pathway adapted from Mostoslavsky (2008). 

 

1.4.4 Germline and somatic mutations in ATM and defects in HR  

Ataxia telangiectasia (AT) is an autosomal recessive disorder where ATM is 

defective, which affects around 1:40,000 – 1:100,000 live births. The disease is 

characterised by a 100-fold increase in the risk of some cancers (e.g. lymphomas) along 

with immunodeficiency, hypersensitivity to ionising radiation, progressive cerebellar 

ataxia, oculocutaneous telangiectasias, hypogonadism, growth retardation, premature 

ageing and genetic instability (Meyn, 1995). It was demonstrated in a cohort study of 

AT patients that those with no ATM kinase activity almost always develop lymphomas 

in childhood, whereas the AT patients with residual ATM kinase activity were protected 

from the lymphomas in childhood but had a 30-fold increased risk of breast cancer 

(Reiman et al., 2011). There is an increased risk of breast cancer in heterozygous 

carriers of ATM mutations (Thompson et al., 2005), and a number of well-characterised 

ATM mutations have been proven to be responsible for increased cancer susceptibility 

(Renwick et al., 2006).   
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Patients with Nijmegen breakage syndrome (NBS), caused by mutant Nbs1 

protein, have defective ATM activation and are predisposed to cancer (Digweed and 

Sperling, 2004). Those patients with ataxia telangiectasia–like disorder (ATLD) express 

a mutant form of Mre11 protein and also have defective ATM activation but not cancer 

predisposition (Stracker and Petrini, 2011). 

There are a number of reported cases of somatic ATM mutations present in 

cancers. Approximately 25 % of CLL patients present at diagnosis with ATM mutations 

or deletions. The mutations or deletions are associated with a poor prognosis and shorter 

treatment-free interval (Guarini et al., 2012). CLL patients with biallelic ATM 

alterations have a significantly reduced overall survival compared with those patients 

with monoallelic ATM mutation or deletion (Skowronska et al., 2012). Many studies 

have reported ATM mutations in a number of solid and haematological cancers with the 

percentage of ATM aberrations in cancer being around 5 %, but this proportion varies 

according to tissue type ranging from 0.7 % in ovary tissue to 11.1 % in haematopoietic 

and lymphoid tissue (reviewed in Cremona and Behrens (2014)). To note, ATM 

mutations have been demonstrated to predispose to breast cancer and a recent study on 

119 breast cancer samples found ATM to be downregulated in 55 % of the breast 

tumours compared with adjacent tissue (Salimi et al., 2012). 

 

1.4.5 ATM inhibitors 

Both wortmannin (Figure 1-5A) and caffeine (Figure 1-5B) have previously been 

used as ATM inhibitors but, as discussed in Section 1.3.6, these inhibitors are non-

selective PIKK and PI3K inhibitors. In addition, wortmannin cannot be used in vivo 

because wortmannin covalently modifies a large number of proteins.   

KU55933 (2-morpholin-4-yl-6-thianthren-1-yl-pyran-4-one) (ATM IC50 = 13 nM) 

(Figure 1-7A) was derived from LY294002 (Section 1.3.6) and is an ATM inhibitor 

with demonstrated specificity over PI3K and the other PIKK family members (Hickson 

et al., 2004). KU55933 can radio-sensitise and chemo-sensitise cells to DSB-inducing 

agents and inhibit a range of ionising radiation-induced ATM-dependent 

phosphorylation events (Hickson et al., 2004). KU55933 is the ATM inhibitor that is 

used throughout the studies in this thesis. 

The purified enzyme assay used to determine the cell-free ATM IC50 values is 

very similar to the assay to measure DNA-PK, described in Section 1.3.6. ATM was 

purified from HeLa nuclear extracts and the ability to phosphorylate p53 on serine 15 

measured by an ELISA assay. 
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KU60019 (2-[(2R, 6S)-2, 6-dimethylmorpholin-4-yl]-N-[5-(6-morpholin-4-yl-4-

oxo-4H-pyran-2-yl)-9H-thioxanthen-2-yl]-acetamide) (Figure 1-7B) is a more potent 

and water-soluble analogue of KU55933 (ATM IC50 = 6 nM) which also causes 

sensitivity to radiation, along with reducing ATM-mediated AKT and ERK prosurvival 

signalling and cell migration (Golding et al., 2009). 

CP466722 (Figure 1-7C) is another specific ATM inhibitor that is structurally 

distinct from KU55933, identified by Pfizer (Massachusetts, USA) using a 1500 

targeted compound library (Rainey et al., 2008). CP466722 is a rapidly reversible 

inhibitor of ATM kinase, which reduced ATM-dependent cellular phosphorylation 

events and function, and caused radiosensitisation (Rainey et al., 2008). 

The kinase assays used to identify ATM inhibitors use ATM protein from human 

cells isolated in multistep procedures as it is not possible to express full-length ATM 

protein in bacteria or baculovirus (Chan et al., 2000), limiting screening procedures. 

However, a new immunoassay to screen novel ATM kinase inhibitors has been 

developed which sensitively and quantitatively measures protein signalling pathways 

through expression or phosphorylation of ATM and its downstream target, KAP1 (a 

heterochromatin protein) (Guo et al., 2014). This new assay has identified two novel 

ATM inhibitors to date.   
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Figure 1-7: Structures of the ATM inhibitors discussed in Section 1.4.5. 

 

1.5 The DNA damage response during mitosis 

 

As previously discussed, DNA-PK and ATM have both been shown to localise to 

mitotic structures during mitosis in the absence of DNA damage, and play a regulatory 

role.  Recently, the efficacy of the DNA damage response (DDR) during mitosis has 

been investigated.  

It has been hypothesised that the DDR that occurs in interphase cells is comprised 

of two distinct stages (Giunta et al., 2010). Firstly, there is the initial detection of the 

DNA strand breaks by the Mre11-Rad50-Nbs1 (MRN) and Ku70 and Ku80 complexes, 

recruitment of ATM and DNA-PKcs respectively, phosphorylation of H2AX and 

binding of the DDR mediator protein MDC1 (Rogakou et al., 1998; Falck et al., 2005; 

Stucki et al., 2005). The second phase comprises the recruitment of RING-finger 

ubiquitin E3-ligases RNF8 and RNF168, which ubiquitylate γH2AX and cause 

remodelling of chromatin, and p53-binding protein 1 (53BP1) and BRCA1 

accumulation (Kolas et al., 2007; Doil et al., 2009). The end result of the DDR is cell 

cycle arrest and the cellular fate is either survival or death.   
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Whilst the DDR in interphase cells has been extensively investigated, there is a 

relatively poor understanding of the process of the DDR in cells undergoing mitosis 

(mitotic cells). Treatment of mitotic cells with IR generally fails to halt cell cycle 

progression although vertebrate cells exposed to IR during late G2 to mid prophase (a 

phase called “antephase”) can delay or reverse mitotic progression (Chin and Yeong, 

2010). 

After antephase the cells must complete mitosis, even in the presence of DNA 

strand breaks (Rieder and Cole, 1998). Recently it has been shown that cells in mitosis 

appear to undergo the primary DDR (involving DNA-PK, ATM and γH2AX 

phosphorylation) but do not recruit the ubiquitin ligases and complete the full DDR, 

suggesting that the mitotic cells mark the DSBs during mitosis before full repair during 

the next cell cycle (Giunta et al., 2010). Secondary DDR processes could be damaging 

to cells if chromatin is remodelled during mitosis. It was also shown that mitotic cells 

are more radiosensitive than interphase cells; inhibition of DNA-PK and ATM 

enhanced radiosensitivity and prolonged the repair of IR-induced foci in mitotic cells 

once they had progressed to G1 (Giunta et al., 2010). 

 Following the observation that DNA-PK and ATM, along with ATR, Chk1, 

Chk2, p53, BRCA1 and TopBP1, localise to the centrosome during mitosis (Hsu and 

White, 1998; Tsvetkov et al., 2003; Reini et al., 2004; Tritarelli et al., 2004; Zhang et 

al., 2007b; Lee et al., 2011), and that RNF8 and RNF168 localise at the kinetochores, it 

was suggested that the DDR proteins may be sequestered at mitotic structures to prevent 

them being recruited or accumulating at sites of damaged chromatin during mitosis, 

allowing the cell to prioritise passage through mitosis over repair of DNA breaks 

(Giunta and Jackson, 2011). 

 

1.6 Microtubules structure and function 

 

1.6.1 Microtubules in interphase cells 

Microtubules are hollow cylindrical structures that are essential for a wide range 

of cellular functions and, together with actin microfilaments and intermediate filaments, 

form the cell cytoskeleton. The intracellular lattice-like structure of the microtubules 

during the majority of the cell cycle is involved in cellular growth and motility, 

intracellular molecule and organelle trafficking, modulation of enzyme activity and 
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protein-protein interaction scaffolding, and plays a major role in cell stress responses 

(extensively reviewed in (Parker et al., 2014)) (Figure 1-8).  

Microtubules are comprised of heterodimers of α-tubulin and β-tubulin which are 

arranged head-to-tail in 13 parallel protofilaments to form a hollow cylindrical structure 

(Stanton et al., 2011). The microtubules are dynamic structures with the constant 

assembly and disassembly of tubulin heterodimers in a highly regulated manner, and the 

final structure is organised in a polar manner with α-tubulin subunit exposed at the 

‘minus’ end and the β-tubulin subunit exposed at the ‘plus’ end of the microtubule 

(Risinger et al., 2009). β-Tubulin has GTPase activity and must be bound to GTP to 

allow assembly into the microtubules, and this GTP is then irreversibly hydrolysed to 

GDP upon the addition of another β-tubulin molecule (Erickson and O'Brien, 1992). 

Most of the β-tubulin proteins are therefore GDP-bound, with the β-tubulins exposed at 

the ‘plus’ end forming a GTP cap that prevents microtubule depolymerisation. The 

relatively rapid addition and deletion of tubulin heterodimers at the ‘plus’ end, 

compared with the slower dynamics at the ‘minus’ end, is called dynamic instability 

(Mitchison and Kirschner, 1984).    

The microtubules are organised by the microtubule-organising centre called the 

centrosome. The centrosome consists of a pair of centrioles surrounded by a fibrous 

network of pericentriolar material which binds many proteins including the γ-tubulin 

ring that nucleates the microtubules (reviewed in Hinchcliffe and Sluder (2001)). 

During interphase, the microtubules are nucleated by the centrosome (centrally located 

adjacent to nucleus) and organised into parallel, polarised arrays radiating out from the 

centrosomes with their ‘plus’ ends all orientated in the same direction towards the cell 

periphery (Bergen and Borisy, 1980; Bergen et al., 1980). There are two motor proteins, 

kinesin and dynein, which are responsible for the movement of molecules along the 

microtubules (Hirokawa et al., 2009; Kardon and Vale, 2009). Kinesin carries out ‘plus’ 

end –directed movement and traffics for example, protein-containing vesicles to be 

excreted from the cells to the cell periphery (Hirokawa et al., 2009). Dynein is a ‘minus’ 

end-directed motor protein which carries signalling proteins towards the nucleus 

(Kardon and Vale, 2009) (Figure 1-8).  
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Figure 1-8: Microtubule structure and functions in both interphase and mitosis. 
Figures adapted from (Kavallaris, 2010; Komlodi-Pasztor et al., 2011). 

 

 

1.6.2 Microtubules in mitotic cells 

Mitosis is a highly complex and regulated process that ensures the correct 

segregation of sister chromatids to maintain genomic stability. Upon entry into mitosis, 

the centrosome duplicates and the daughter centrosomes form the two poles for the 

mitotic spindle following the breakdown of the nuclear envelope (Hinchcliffe and 

Sluder, 2001) (Figure 1-8). The interphase microtubule network disassembles and new, 

more dynamic, spindle microtubules are formed (Zhai et al., 1996). The microtubules 

are organised to form the mitotic spindle and interact with the kinetochores creating 
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tension that allows the direction of the sister chromatids to opposite spindle poles 

(Jordan and Wilson, 2004). In prometaphase the microtubules are highly dynamic and 

lengthen and shorten rapidly, probing the cytoplasm for kinetochores (Hayden et al., 

1990). During metaphase the microtubules undergo a process called ‘treadmilling’ 

where tubulin is continually added at the kinetochores and removed at the spindle poles, 

causing the attached duplicated chromosomes to oscillate back and forth under high 

tension in the mitotic spindle region; which is necessary for correct spindle function 

(Mitchison, 1989; Shelby et al., 1996). During anaphase the microtubules undergo 

controlled shortening to pull the sister chromatids to the opposite spindle poles (Jordan 

and Wilson, 2004).   

The correct duplication of the centrosomes is very important because the cell does 

not have a checkpoint to terminate mitosis in response to extra centrosomes and 

therefore extra spindle poles (Sluder et al., 1997). If the centrosome does not duplicate 

then cells return to interphase which causes polyploidy, whereas more than two 

centrosomes leads to multipolar spindles, unequal division of the chromosomes and 

genetic instability (Orr-Weaver and Weinberg, 1998).  

The mitotic spindle assembly checkpoint (SAC) monitors the proper attachment 

of the mitotic spindles to kinetochores to ensure that there is the correct tension for 

sister chromatid separation; a single unattached chromosome or incorrect tension halts 

the cell cycle and prevents progression to anaphase (Foley and Kapoor, 2013). There are 

a wide range of proteins involved in the SAC, including mitotic arrest deficient 1 

(MAD1), MAD2, budding uninhibited by benomyl 1 (BUB1), BUB3, BUB-related 1 

(BUBR1) and monopolar spindle protein 1 (MSP1) kinases (Hoyt et al., 1991; Li and 

Murray, 1991; Weiss and Winey, 1996), most of which target unattached kinetochores 

and are depleted from kinetochores when microtubules attach (Foley and Kapoor, 

2013). Downstream of the SAC is an E3 ubiquitin ligase, known as the anaphase-

promoting complex (APC), and the proteins in the SAC inhibit the APC by inactivating 

its cofactor CDC20, until all kinetochores are attached and the correct tension is 

detected (Hwang et al., 1998). 

There are a number of other proteins that localise to mitotic structures and play 

well-characterised functions. For example, the aurora kinases are a family of mitotic 

serine-threonine kinases. Aurora A kinase levels increase as the cell progresses through 

prophase, metaphase and anaphase, and the protein localises to the spindle poles and 

then to the midbody during telophase and cytokinesis, where it is involved in 

centrosome separation and maturation, and spindle stability (Dutertre et al., 2002). 
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Auroras B and C kinases are chromosomal passenger proteins and both interact with the 

inner centromere protein (INCENP) (Sasai et al., 2004). Aurora B kinase localises to 

microtubules near the kinetochores whereas aurora C kinase moves from the 

centromeres to the midbody during cell cycle progression (Sasai et al., 2004). The 

knockdown of either aurora B or C kinase gave rise to multinucleated cells with an 

additive effect seen with knockdown of both proteins; demonstrating their importance in 

correct mitosis (Sasai et al., 2004). The polo-like kinases (PLK1-4) are another family 

of proteins that play regulatory functions during mitosis and localise to the centrosomes, 

spindle poles and midbody during mitosis (van de Weerdt and Medema, 2006). 

 

1.7 Microtubule-targeting agents 

  

Due to the importance of microtubules in correct cell division, microtubules are 

important targets of anticancer agents and a wide variety of antimitotic drugs have been 

developed and used clinically in the treatment of cancer. Many microtubule-targeting 

agents (MTAs) were identified in large scale screens of natural products and act to 

inhibit cell proliferation by interfering with the essential spindle dynamics of the 

microtubules, causing a slowing or blocking of mitosis at the metaphase-anaphase 

transition and inducing apoptosis. 

There are five different groups of MTAs based on their tubulin binding site, which 

are the vinca alkaloids, the taxanes, colchicine, the epothilones and laulimalide (Liu et 

al., 2014). MTAs are generally sub-classified into two classes; the microtubule-

destabilising agents and the microtubule-stabilising agents. However, these sub-

classifications are overly simplistic because their effects on microtubule polymer mass 

(through destabilising or stabilising) occur at high concentrations but all of the 

compounds suppress microtubule spindle dynamics at much lower concentrations, 

causing the metaphase-anaphase block, and it is now thought that this is the more 

important mechanism of action of MTAs (reviewed in Jordan and Wilson (2004)). 

 

1.7.1 Microtubule destabilisers 

The vinca alkaloids group were originally derived from the Madagascan 

periwinkle, Catharanthus roseus, around 50 years ago (Bohannon et al., 1963), and 

include the first generation compounds vincristine (Figure 1-9) and vinblastine, and the 

second generation compounds vinorelbine, vindesine and vinflunine.  
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At high concentrations, the vinca alkaloids bind near the GTP hydrolysis site at 

the plus end of the microtubules, modulate the gain and loss of this GTP cap and result 

in decreased dynamics, mitotic spindle destruction and disassembly of the microtubules 

(Cutts et al., 1960; Toso et al., 1993). At low but clinically-relevant concentrations, the 

vinca alkaloids do not act to depolymerise/disassemble the microtubules but cause the 

cells to arrest in mitosis (due to the suppression of microtubule dynamics) and undergo 

apoptosis (Jordan et al., 1991). The vinca alkaloids bind reversibly to the β-tubulin 

subunit of the tubulin heterodimers in a distinct binding site called the vinca-binding 

domain, leading to a conformational change causing tubulin self-association (Wilson et 

al., 1982; Bai et al., 1990). Vinblastine was also shown to bind along the microtubules 

and cause loosening of the protofilaments, exposing further vinblastine binding sites 

and aiding in the depolymerisation of microtubules (Jordan et al., 1986; Singer et al., 

1989). The binding of the vinca alkaloids to the microtubule ends to disrupt the 

microtubule dynamics is extremely sensitive. Only one or two molecules of vinblastine 

per microtubule end are required to cause a 50 % reduction in instability and 

“treadmilling” dynamics of microtubules, without causing depolymerisation; thereby 

reducing the ability of the cell to assemble a correct mitotic spindle and reducing the 

tension at the kinetochores (Jordan and Wilson, 2004). 

Vincristine and vinblastine are widely used clinically in combination regimens in 

the treatment of a range of haematological malignancies, including acute lymphoblastic 

leukaemia, Hodgkin’s and non-Hodgkin’s lymphoma. The other agents in this group, 

vinorelbine and vinflunine, are used in the treatment of lung, breast and bladder cancers 

(Bennouna et al., 2008; Pallis et al., 2011). The vinca alkaloids are associated with 

severe toxicities such as myelosuppression and peripheral neuropathy (Swain and 

Arezzo, 2008), which are also observed with the taxane group of MTAs. Although not 

fully understood, neurotoxicity is caused by the effect of these agents on microtubules 

in neurons, which could disrupt axonal flow and cause neuronal retraction (Sahenk et 

al., 1994). 

Colchicine is another microtubule destabilising agent that is used clinically in the 

treatment of gout (Ben-Chetrit and Levy, 1998). Colchicine binds to a site at the 

interface between α-tubulin and β-tubulin in the heterodimer near to the α-tubulin GTP-

binding site, and preferentially binds to free heterodimers which inhibits dynamics upon 

binding of the heterodimer to a microtubule (Ravelli et al., 2004; Risinger et al., 2009). 

As with the vinca alkaloids, at low concentrations colchicine stabilises microtubule 

dynamics and at higher concentrations causes depolymerisation of microtubules. 
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However, colchicine or its derivatives have not found a use in cancer therapy due to the 

severe toxicities seen at the concentrations necessary for anti-tumour activity, however, 

lower doses can be tolerated for gout treatment (Ben-Chetrit and Levy, 1998).  There 

are a number of colchicine site-binding agents that are in development for use alone or 

in combination with other chemotherapeutics. For example ABT-751 has antimitotic 

and vascular-disrupting properties and clinical trials have shown efficacy against a 

range of solid and haematological malignancies (Mauer et al., 2008) and CA4P, which 

depolymerises interphase microtubules in tumour vascular endothelial cells (Kanthou 

and Tozer, 2007) (reviewed in (Risinger et al., 2009)). 

 

1.7.2 Microtubule stabilisers 

The taxanes are derived from Taxus brevifolia, the Pacific yew (Wani et al., 1971) 

and consist of paclitaxel and its semi-synthetic analogue, docetaxel (Figure 1-9).  

The taxanes bind to GDP-bound β-tubulin in assembled microtubules on the inner 

surface and cause a conformational change that resembles the GTP-bound form, which 

increases the tubulin affinity for neighbouring molecules and therefore causes 

microtubule polymerisation and stabilisation (Nogales et al., 1995; Elie-Caille et al., 

2007). The ability of paclitaxel to increase microtubule polymerisation is associated 

with a 1:1 paclitaxel to tubulin heterodimer molar ratio, and paclitaxel has also been 

demonstrated to cause the formation of 12 protofilament microtubules compared with 

the usual 13 protofilaments (Andreu et al., 1992). At low concentrations, the taxanes act 

in a similar manner to the microtubule-destabilising agents to decrease microtubule 

dynamics, with just one paclitaxel molecule bound per several hundred tubulin 

molecules in a microtubule being sufficient to reduce the dynamic rate of the 

microtubules by 50 % (Yvon et al., 1999). 

Paclitaxel and docetaxel are widely used in the treatment of solid tumours 

including breast, lung, ovarian, and prostate cancers (Clarke and Rivory, 1999). 

Neutropenia, hypersensitivity reactions, and fluid retention are frequently experienced 

by patients treated with these agents (Baker et al., 2009), and their use is limited by the 

occurrence of inherent and acquired drug resistance. Paclitaxel is highly insoluble and 

therefore must be administered in cremophor, an agent that causes hypersensitivity 

reactions. There are a number of newer compounds that were developed to overcome 

the solubility and drug resistance problems encountered with paclitaxel and docetaxel. 

These include ABI-007 (albumin-bound paclitaxel with increased solubility which does 

not require cremophor formulation) (Gradishar et al., 2005), ANG1005 (modified 
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paclitaxel with improved solubility conjugated to a receptor-targeting peptide to 

promote transport across blood-brain barrier) (Regina et al., 2008), and XRP9881 and 

TP1287 (semi-synthetic derivatives of paclitaxel that are poor substrates of the drug-

efflux transporter, MDR1) (Fitzgerald et al., 2012) (Robert et al., 2010).  

The epothilones are a more recent group of pharmaceuticals to enter clinical 

development, which act as microtubule-stabilising agents by binding to a site near to the 

taxane-binding site with a similar mechanism of action to the taxanes whilst retaining 

activity in multidrug-resistant cells (Kowalski et al., 1997). The epothilones are poor 

MDR1 substrates and also display good activity in βIII tubulin-overexpressing cancers, 

a subset of tumours that exhibit poor responses to the taxanes (Kowalski et al., 1997; 

Edelman and Shvartsbeyn, 2012). Laulimalide and peloruside A are compounds that 

acts as microtubule stabilisers and bind to a novel microtubule-binding site on β-tubulin, 

allowing the co-administration of these agents with taxanes, which is not possible with 

the epothilones (Hamel et al., 2006; Wilmes et al., 2011).  
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Figure 1-9: Structures of the three microtubules-targeting agents, vincristine, 
paclitaxel and docetaxel, used in this thesis. 

 

 

1.7.3 The effect of microtubule-targeting agents in interphase cells 

The hypothesis for the selectivity of agents which interfere with mitosis, e.g. the 

MTAs and some mitosis-specific kinase inhibitors, is that cancer cells are rapidly-

dividing (compared with normal healthy tissue) and therefore should be selectively 

killed by agents that halt cell division. A number of inhibitors of mitotic kinases have 

been recently developed following this rationale, including inhibitors of aurora kinases 

A, B and C, polo-like kinases (PLK) and kinesin spindle protein (KSP). As explained in 

Section 1.6.2, aurora kinase A levels increase in mitosis and this protein localises to 

various mitotic structures and plays a regulatory function, demonstrating mitosis-
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specific effects (Dutertre et al., 2002), and aurora kinases B and C are chromosome 

passenger proteins which localise to mitotic structures and aid in the attachment of the 

kinetochores to mitotic spindle fibres (Sasai et al., 2004). PLKs 1-4 act at the 

centrosomes, spindle poles and midbody during mitosis (Kishi et al., 2009). KSP is a 

mitosis-specific protein that hydrolyses ATP to fuel the production of force for 

movement along microtubules to promote the assembly, maintenance and elongation of 

the mitotic spindle (Huszar et al., 2009). Inhibitors of these kinases, and MTAs, disrupt 

mitosis effectively but none of these agents initiate mitosis and so the mitosis-specific 

inhibitors can only work when a cell is undergoing mitosis (reviewed in Komlodi-

Pasztor et al. (2012)). Despite large pharmaceutical investment, there has been very 

limited clinical activity demonstrated with mitosis-specific kinase inhibitors.  

Microtubules have many functions during interphase as well as mitosis and 

therefore MTAs can potentially target cells in all phases of the cell cycle. Komlodi-

Pasztor et al. (2011) produced an excellent review entitled “Mitosis is not a key target 

of microtubule-targeting agents in patient tumours” in which they presented a well-

balanced argument for the roles of MTAs in interphase cells. Cancer cell lines studied in 

vitro and xenograft models can have much faster doubling-times than clinical tumours. 

The median tumour doubling time presented in all of the studies combined in this 

review was 147 days, a sharp contrast to the 24-hour doubling time of cell lines in vitro 

or the 1-12 day doubling time of a tumour xenograft model (Komlodi-Pasztor et al., 

2011). Therefore the percentage of cells undergoing mitosis at any time in a human 

tumour is extremely low, and MTAs have demonstrated good clinical activity compared 

with mitosis-specific agents, implying that the main effects caused by MTAs in a 

human tumour may be mitosis-independent. The trafficking of important proteins along 

the microtubules is a vital feature of the microtubules in interphase, and many proteins 

have been identified that either associate with or traffic along the microtubules. These 

include p53, c-Myc, BRCA1, Rb, androgen receptor, protein kinase C and many others 

(Alexandrova et al., 1995; Garcia-Rocha et al., 1997; Hsu and White, 1998; 

Giannakakou et al., 2000; Roth et al., 2007; Zhu et al., 2010). In addition, proteins 

relevant to the studies described in this thesis localise to mitotic structures e.g. DNA-PK 

and ATM (Zhang et al., 2007b; Shang et al., 2010), and therefore it is hypothesised that 

interfering with intracellular trafficking could disrupt cancer cells (Komlodi-Pasztor et 

al., 2011). In addition, a number of mitosis-independent effects of MTA treatment have 

been identified, such as vascular disruption causing increased permeability of tumour 

blood vessels (Kanthou and Tozer, 2007), and effects on sensory neurones (which rarely 
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or never divide) causing the characteristic neuropathy experienced by patients treated 

with these agents (DeAngelis et al., 1991; Mielke et al., 2006). These findings lead to 

the proposal that MTAs demonstrate the majority of their effects on cancer cells in 

interphase, with the mitosis-specific effects demonstrated in cell lines in vitro and on 

bone marrow precursors in vivo causing neutropenia following treatment (Legha et al., 

1990).  

 

1.7.4 Tubulin modifications and cancer 

There are eight different isoforms of α-tubulin and seven different isoforms of β-

tubulin, which make up the microtubules in a function- and tissue-dependent manner, 

and are distinguishable by differing C-terminal sequences (Sullivan and Cleveland, 

1986; Luduena, 1993).  

The main microtubule modifications documented in a range of cancers are altered 

expression of tubulin isotypes, alterations in tubulin post-translational modifications and 

changes in microtubule-associated protein (MAP) expression (reviewed in Parker et al. 

(2014)). Altered tubulin isotype expression (e.g. high βI-tubulin, βIII-tubulin, βIVa-

tubulin, βV-tubulin and γ-tubulin) and altered post-translational modifications (e.g. high 

Δ2α-tubulin and detyrosinated tubulin) commonly correlate with poor prognosis, poor 

response to MTAs, more aggressive disease and poor survival in a range of cancers 

(Parker et al., 2014). Changes in the expression of MAPs such as Tau, MAP2, MAP4, 

BRCA1 and kinesins have been related to chemotherapy resistance and disease 

progression (Parker et al., 2014), however, these modifications are not clinically 

prevalent and so their importance in cancer progression is undetermined.  

Centrosome amplification is tightly associated with the formation of multipolar 

spindles and chromosomal instability. Centrosome amplification frequently occurs in 

human cancers and is assumed to contribute to transformation or to be a consequence of 

cancer progression (Pihan et al., 1998; Lingle et al., 2002). 

 

1.7.5 Mechanisms of resistance to microtubule-targeting agents 

A well-reported mechanism of resistance to MTAs is changes in tubulin 

expression. Cell lines overexpressing βIII-tubulin display resistance to vinca alkaloids 

and taxanes (Risinger et al., 2008), and cell lines made resistant to taxanes display 

changes in specific β-tubulin isotypes, including βI, βII-, βIII- and βIVa-tubulin 

(Kavallaris et al., 1997; Galletti et al., 2007; Gan and Kavallaris, 2008; McCarroll et al., 

2010; Wang et al., 2014).  
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The most prominently reported cause of resistance to MTAs is the overexpression 

of the ATP-binding cassette drug efflux pump, multidrug resistance protein1 (MDR1). 

The classical taxanes and vinca alkaloids, including paclitaxel, docetaxel and 

vincristine, are substrates for MDR1 (Benard et al., 1989; Mickisch et al., 1991). MDR1 

overexpression has been associated with taxane treatment, which led to multidrug 

resistance (Leonard et al., 2003; Rottenberg et al., 2007). 

 

1.8 Multidrug-resistance 

 

There are two classes of resistance to chemotherapeutic agents that are observed 

in cancer. The first is impaired delivery of drugs to cancer cells, which can result from 

poor absorption of orally administered drugs, increased drug metabolism or increased 

excretion, such that the drug concentration in the blood is lower and less drug diffuses 

from the blood into the tumour, which can involve changes to tumour vasculature (Jain, 

2012). The second class of resistance encompasses genetic and epigenetic alterations in 

the cancer cells that affect drug sensitivity, such as changes to drug targets, increased 

repair of damage caused by anticancer agents, disruption of cell death apoptosis 

pathways, activation of detoxifying enzymes (e.g. cytochrome P450 enzymes), 

decreased drug influx into cells or increased drug efflux (via ATP-dependent efflux 

pumps) (reviewed in Gottesman et al. (2002)). Multidrug resistance is the simultaneous 

resistance to several structurally-related drugs that do not necessarily have a common 

mechanism of action. Multidrug resistance that occurs due to increased drug efflux via 

increased expression of ATP-dependent efflux pumps that have broad drug specificity, 

including the taxanes, the vinca alkaloids, the anthracyclines and actinomycin D, is 

often called classical multidrug resistance. MDR1, one of the ATP-binding cassette 

(ABC) family of drug efflux transporters related to this PhD study, will be discussed 

further.     

 

1.9 Multidrug-resistance protein 1 (MDR1) 

 

1.9.1 MDR1 structure and function 

Multidrug-resistance protein 1 (also known as P-glycoprotein) is the product of 

the ABCB1/MDR1 gene. MDR1 was first discovered almost 40 years ago through cell 
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surface membrane studies of resistant Chinese Hamster Ovary cells which demonstrated 

the presence of a 170 kDa glycoprotein that was not present in parental sensitive cells 

(Juliano and Ling, 1976).  MDR1 was the first member of the ABC superfamily of 

transmembrane transporters to be cloned, and there are now 48 known ABC 

transporters, sub-classified into seven distinct, structure- and sequence-specific 

subfamilies (A-G) (Dean et al., 2001). The MDR1 efflux pump consists of two 

homologous components, each with 6 transmembrane regions and an ATP-binding site 

(Chen et al., 1986).  

 

 

Figure 1-10: Structure of the ABC transporter, MDR1. Adapted from Gottesman et 
al. (2002).  

 

The binding of hydrophobic drug substrates to the transmembrane regions induces 

ATPase activity at the first ATP site causing a conformational change to export the 

bound drug out of the cell, followed by ATPase activity at the second site to reset the 

conformation of the efflux pump (Ramachandra et al., 1998; Gottesman et al., 2002). 

MDR1 is located in the apical membrane of many cell types and acts as a drug efflux 

transporter in the liver, kidneys, gastrointestinal tract, and multiple blood barriers 

including the blood-brain and the blood-placental barriers (Sikic et al., 1997; Gottesman 

et al., 2002). MDR1 has been demonstrated to be an effective, apical membrane 

transporter of hydrophobic substrates, peptides, lipids, steroids and xenobiotics 

including hydrophobic drugs such as vinca alkaloids, taxanes, colchicine and 

anthracyclines (Allen et al., 2000; Dean et al., 2001). In relation to this thesis study on 

kinases, it is interesting to note that at least 8 distinct phosphorylation sites have been 

identified on MDR1 with protein kinase C, protein kinase A and casein kinase 2 
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implicated as major players in MDR1 phosphorylation (reviewed in Stolarczyk et al. 

(2011)). However, the role of phosphorylation on MDR1 function remains unclear it is 

suggested that the regulation of MDR1 phosphorylation will be due to multiple kinases 

acting at multiple phosphorylation sites,  

 

1.9.2 MDR1 expression in human cancers 

Although the overexpression of MDR1 in response to repeated treatment with an 

MDR1 substrate is easily demonstrated in vitro, the role of MDR1 in the clinical setting 

is widely debated. Early studies demonstrated that MDR1 was overexpressed in human 

cancers and that there was an increase in MDR1 expression upon relapse (Fojo et al., 

1987; Goldstein et al., 1989), but the initial thought that this was the only mechanism of 

resistance was quickly disproven. The measurement of MDR1 levels in solid tumours is 

difficult because of tumour heterogeneity and interpretation of the data is complicated 

by the different methods used to measure MDR1. However, correlations between 

MDR1 expression and clinical outcome have been demonstrated in haematological 

cancers. For example, a study demonstrated that one-third of acute myeloid leukaemia 

(AML) patients expressed MDR1 at diagnosis, which increases to more than half at 

relapse, and MDR1 expression is correlated with a reduced complete remission rate, 

poorer prognosis and increased rate of resistant disease (Legrand et al., 1999; Leith et 

al., 1999; Michieli et al., 1999; van der Kolk et al., 2000).   

Following the discovery of the ABC family of transporters and their role in 

multidrug resistance, many inhibitors of this family of transporters have been 

developed. MDR1 inhibitors cause large in vitro sensitisations with drugs known to be 

MDR1 substrates. However, there has been very limited clinical success with MDR1 

inhibitors due to inefficacy, low bioavailability at tumour site or toxicity (reviewed in 

(Szakacs et al., 2006). Primary toxicities observed included hypotension, ataxia and 

immunosuppression with secondary toxicities due to MDR1 inhibition in bone marrow 

stem cells. Many of the MDR1 substrates induced pharmacokinetic interactions that 

affected cytotoxic drug clearance and metabolism, resulting in high plasma cytotoxic 

drug concentrations and hence toxicity. Modification of the drug dose and patient-to-

patient variation of the pharmacokinetic interaction effects resulted in patients being 

over-dosed or under-treated (Szakacs et al., 2006). Until there are accurate methods for 

the measurement of MDR1 activity and inhibition in clinical trials, and the contribution 

of MDR1 to clinical resistance is fully established, there will be limited progress in the 

development of MDR1 inhibitors in cancer treatment.  
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1.10 Previous findings 

 

Prior to the commencement of this project, a Master’s degree project student 

demonstrated that the acute lymphoblastic leukaemia cell line, CCRF-CEM, was 

sensitised not only to DNA damaging agents but also to the microtubule-targeting agent 

vincristine, by the DNA-PK and ATM selective inhibitors NU7441 and KU55933, 

respectively (NJ Tan, unpublished results). An additional hypothesis for this Master’s 

degree project was to test whether multidrug-resistant cells would be hypersensitive to 

the sensitisation effects of DNA-PK or ATM inhibition on topoisomerase II poisons and 

microtubule-targeting agents, and it was demonstrated that the vincristine-resistant 

CCRF-CEM VCR/R cell line was sensitised to both DNA-damaging and microtubule-

targeting agents to a greater degree by NU7441 and KU55933 than the vincristine-

sensitive parental CCRF-CEM cells.   

 

1.11 Summary and hypothesis 

 

The roles of DNA-PK and ATM in the DNA repair pathways of non-homologous 

end-joining and homologous recombination, respectively, are well established. 

However, recent findings suggest that DNA-PK and ATM may have roles beyond DNA 

repair, one of which is a regulatory function in the mitotic spindle assembly and mitotic 

progression. Microtubules are important intracellular structures that are involved in cell 

structure, polarity and intracellular protein trafficking, along with formation of the 

mitotic spindle to ensure the correct separation of chromosomes during cell division. 

Microtubule-targeting agents are widely used in the clinic but the development of 

resistance to these agents is a clinical problem. The hypothesis tested in this thesis was 

that DNA-PK and ATM play a role in the response of cells to microtubule-targeting 

agents and, therefore, that inhibition of DNA-PK and ATM, using the selective 

inhibitors NU7441 and KU55933, respectively, would sensitise cells to microtubule-

targeting agents.    
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1.12 Aims  

 

There were five overall aims of this thesis: 

1. To investigate the sensitisation of paired parental and multidrug-resistant cell 

lines to microtubule-targeting agents using NU7441 and KU55933, and to 

examine DNA-PK and ATM expression and activity in response to these agents  

2. To identify whether NU7441 and KU55933 were enhancing sensitivity in 

multidrug-resistant cell lines to MTAs via interaction with the drug efflux 

transporter, MDR1 

3. To explore combinations of ionising radiation and microtubule-targeting agents, 

in the presence and absence of DNA-PK or ATM inhibition 

4. To investigate the importance of DNA-PK and ATM in the response of cells to 

microtubule-targeting agents using DNA-PK deficient and proficient isogenic 

cell lines  

5. To investigate the localisation and activation of DNA-PK in mitotic cells, and 

the effect of ionising radiation and microtubule-targeting agents on this 

localisation and activation, together with changes to the mitotic spindle structure 

and mitotic progression in DNA-PK proficient and deficient cells 
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Chapter 2: Materials and Methods 
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2.1 Materials 

 

2.1.1 Chemicals and reagents 

All chemicals and reagents were obtained from Sigma-Aldrich (Dorset, UK) 

unless otherwise specified.  

 

2.1.2 General equipment 

Balances: A&D FX-320 electronic balance (A&D Company Ltd, Tokyo, Japan) and 

Salter electroscale XF-3200 (Scientific Laboratory Supplies, Nottingham, UK) 

Coulter counter: Beckman Coulter Z1 (Beckman Coulter, Buckinghamshire, UK) 

Centrifuges: Eppendorf 5415D (Scientific Laboratory Supplies, Nottingham, UK) and 

Beckman Coulter Allegra X-12R (Beckman Coulter, Buckinghamshire, UK) 

Heating blocks: Starlab dry bath system (Starlab UK, Milton Keynes, UK) and Grant 

heating block (BDH, Dorset, UK) 

Incubators: Sanyo CO2 incubators (Panasonic Biomedical Sales Europe BV, 

Leicestershire, UK)  

Irradiator: Gulmay Medical RS320 Irradiation System (Gulmay, Surrey, UK) 

Luminometer: BMG Labtech FLUOstar Omega multi-mode microplate reader (BMG 

Labtech GMBH, Ortenberg, Germany) 

Microscopes: Leica DMIL inverted microscope (Leica Microsystems, 

Buckinghamshire, UK) and Leitz labovert (Leica Microsystems, Buckinghamshire, UK) 

pH meters: Mettler Toledo SevenEasy (Mettler Toledo, Columbus, OH, USA) 

Power pack: BioRad Powerpac HC (BioRad, Hertfordshire, UK) 

Rollers: Stuart SRT6 and SRT1 roller mixers (Stuart Scientific, Surrey, UK) 

Shakers: Stuart STR9 gyro rocker (Stuart Scientific, Surrey, UK) 

Spectrophotometers: Spectromax 96-well microtitre plate reader (Molecular Devices, 

Berks, UK), BioRad Model 680 microplate reader (BioRad, Hertfordshire, UK) and 

BMG Labtech FLUOstar Omega multi-mode microplate reader (BMG Labtech GMBH, 

Ortenberg, Germany) 

Stirrers: IKA C-MAG MS10 (IKA, Staufen, Germany) 

Tissue culture hoods: BioMAT2 Airology Centre (Medical Air Technology Ltd, 

Oldham, UK) 

Waterbaths: Grant JB1 (Grant Instruments, Cambridgeshire, UK) 

Western blotting tanks: BioRad Criterion Cell running tank and BioRad Criterion 

blotter transfer tank (BioRad, Hertfordshire, UK) 
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2.1.3 Small molecule inhibitors 

The DNA-PK inhibitor NU7441 (8-dibenzothiophen-4-yl-2-morpholin-4-yl-

chromen-4-one) (DNA-PK IC50 = 14 nM) was kindly provided by KuDOS and 

synthesised by Dr Marc Frigerio, Dr Mark Hummersone and Dr Keith Menear. NU7441 

was used at a concentration of 1 µM which was previously shown to inhibit DNA-PK 

activity without inducing cellular toxicity (Zhao et al., 2006). 

NU7742 (8-dibenzothiophen-4-yl-2-piperidin-1-yl-chromen-4-one) was 

synthesised by Dr Celine Cano at Newcastle Cancer Centre and has been previously 

shown to be an inactive derivative of NU7441 with a methylene group replacing the 

morpholine oxygen (DNA-PK IC50 > 10 µM) as used in Willmore et al. (2008). 

NU7742 was used at 1 µM to allow direct comparison with NU7441.  

DRN1 and DRN2 were previously synthesised by Dr Gavin Jones, Faye Craven, 

Dr Tommy Rennison and Dr Kate Clapham at the Newcastle Cancer Centre. The 

atropisomers DRN1 (DNA-PK IC50 = 2 nM) and DRN2 (DNA-PK IC50 = 7 µM) are 

derivatives of NU7441 with an additional methyl substituent at the 7-position of the 

chromen-4-one ring. The 7-methyl group restricts rotation of the O-dibenzothiophene 

moiety such that two atropisomers are formed, only one (DRN1) having appreciable 

DNA-PK-inhibitory activity (Clapham et al., 2012).  

The ATM inhibitor, KU55933 (2-morpholin-4-yl-6-thianthren-1-yl-pyran-4-one) 

(ATM IC50 = 13 nM), was routinely purchased from Tocris Bioscience (Abingdon, 

UK). KU55933 was used at 10 µM which has previously been shown to inhibit ATM 

function and ATM-dependent phosphorylation events (Hickson et al., 2004). 

All of the inhibitors were dissolved in DMSO and stored under light-protected 

conditions at -20 °C. NU7441 and NU7742 were stored at a concentration of 2 mM, 

DRN1 and DRN2 were stored at 1.5 mM, and KU55933 was stored at 20 mM. 

 

2.1.4 Microtubule-targeting agents 

Vincristine sulphate salt, paclitaxel and docetaxel were all dissolved in DMSO and were 

stored at concentrations of 1 mM, 5 mM and 6.2 mM, respectively, at -20 °C. 

  

2.2 Mammalian cell culture 

 

All tissue culture plasticware including Corning flasks, cell culture petri dishes 

and 6-well and 96-well cell culture multiwall plates were purchased from Fisher 
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Scientific International Ltd (Leicestershire, UK). Sterile plastic pipettes were purchased 

from Starlabs (Buckinghamshire, UK). Tissue culture medium, penicillin-streptomycin 

and trypsin-EDTA were obtained from Sigma-Aldrich (Dorset, UK). Foetal bovine 

serum (FBS) was purchased from Sigma-Aldrich until September 2012, after which 

time Gibco FBS was purchased from Life Technologies (Paisley, UK). Sterile 

phosphate buffered saline (PBS) was prepared in the Newcastle Cancer Centre. 

 

2.2.1 Cell lines 

The following cell lines were used during this study:  
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Cell Line Details Reference 
CCRF-CEM Suspension T-cell acute lymphoblastic 

leukaemia cell line derived from buffy coat of 4 
year old female (1964) 

(Foley et al., 
1965) 

CCRF-CEM 
VCR/R 

CCRF-CEM cells that were made multidrug-
resistant by exposure to stepwise increments of 
vincristine and that overexpress MDR1 

(Haber et al., 
1989) 

M059J Adherent human glioblastoma cell line that is 
spontaneously DNA-PKcs deficient  

(Lees-Miller et 
al., 1995) 

M059J-Fus1 M059J cells that have been complemented with 
an extra copy of chromosome 8 containing the 
DNA-PKcs gene 

(Hoppe et al., 
2000) 

SKOV3 Adherent metastatic ovarian adenocarcinoma 
cell line originally derived from the ascites of a 
64 year old female (1973) 

(Fogh and 
Trempe, 1975) 

SKOV3-TR SKOV3 cells that were made paclitaxel resistant 
by exposure to stepwise increments and that 
overexpress MDR1 

Kindly provided 
by Professor 
Iain McNeish 
(Glasgow) 

A2780 Adherent human ovarian carcinoma established 
from the tumour tissue of an untreated patient 

(Hamilton et al., 
1984) 

A2780-
TX1000 

A2780 cells that were made paclitaxel resistant 
by exposure to stepwise increments and that 
overexpress MDR1 

Kindly provided 
by Professor 
Iain McNeish  

KK47 Adherent bladder cancer cell line derived from a 
transitional cell carcinoma of the bladder 

(Hasegawa et 
al., 1995)* 

KK47A KK47 cells that are multidrug-resistant created 
by exposure to stepwise increments of 
doxorubicin and that overexpress MDR1 

(Kimiya et al., 
1992) 

MDCKII Adherent Madin-Darby canine kidney cell line 
strain II, originally derived from a whole normal 
adult dog kidney in 1958 

(Louvard, 1980) 

MDCKII-
MDR1 

MDCKII cell line that stably overexpresses 
MDR1 

(Evers et al., 
1998) 

HCT116 
DNA-PK +/+ 

Adherent human colon cancer cell line derived 
from the colorectal carcinoma of an adult male  

(Brattain et al., 
1981) 

HCT116 
DNA-PK +/- 

HCT116 cells with heterozygous knockout of 
PRKDC, purchased from Horizon Discovery 

(Ruis et al., 
2008) 

HCT116 
DNA-PK -/- 

HCT116 cells with homozygous knockout of 
PRKDC, purchased from Horizon Discovery 

(Ruis et al., 
2008) 

HCT116 
DNA-PK -/-, 
cDNA re-
expression 

HCT116 cells with homozygous knockout of 
PRKDC and PRKDC re-expressed using cDNA, 
purchased from Horizon Discovery 

(Ruis et al., 
2008) 

Table 2-1: Cell lines that were used in these studies 

* KK47 cells referenced in this paper were stated to have been derived by Taya et al. 
(1977) but the article is in Japanese and a translation is not available. To note, the cell 
lines used were obtained from academic laboratories and were not submitted for 
authentication. 
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2.2.2 Continuous culture of cell lines 

All cell lines, routinely grown in medium T-75 tissue culture flasks, were split 

every 3-5 days depending on the growth rate to maintain the cells in the exponential 

phase of growth and kept at 37 °C in a humidified atmosphere of 95 % (v/v) air and 5 % 

(v/v) CO2. Adherent cells were split when the cells reached approximately 70 % 

confluency. Suspension cells were split to maintain the cell density between 3 x 105 and 

2 x 106 viable cells/ml. 

A2780 and A2780-TX1000 cells, CCRF-CEM and CCRF-CEM VCR/R cells and 

HCT116 cell line panel were all grown in RPMI-1640 medium containing 2 mM L-

glutamine supplemented with 10 % (v/v) FBS and 1 % (v/v) penicillin (50 U/ml) – 

streptomycin (50 µg/ml). The A2780-TX1000 cells were routinely grown in the 

presence of paclitaxel at a final concentration of 1 µM which was added to the media 

from a stock of 5 mM paclitaxel. Drug-containing media was removed and replaced by 

drug-free full media at least 3 days before experiments were carried out. The HCT116 

DNA-PK -/-, cDNA re-expression (RE) cells were maintained under antibiotic selection 

using puromycin (Invitrogen, Paisley, UK) at a final concentration in the media of 2 

µg/ml.  

M059J and M059J-Fus1 cells, SKOV3 and SKOV3-TR cells, and MDCKII and 

MDCKII-MDR1 cells were grown in Dulbecco’s modified eagles medium (DMEM) 

containing 2 mM L-glutamine supplemented with 10 % (v/v) FBS and 1 % (v/v) 

penicillin (50 U/ml) – streptomycin (50 µg/ml). The SKOV3-TR cells were routinely 

grown in the presence of paclitaxel at a final concentration of 300 nM. Drug-containing 

media was removed and replaced by drug-free full media at least 3 days before 

experiments were carried out. The M059J-Fus1 cells were maintained under antibiotic 

selection using G418 disulfate at a final concentration of 200 µg/ml. 

KK47 and KK47A cells were grown in MEM medium supplemented with 1 % 

(v/v) L-glutamine, 1.5 % (v/v) MEM vitamins solution, 1 % (v/v) MEM non-essential 

amino acids, 10 % (v/v) FBS and 1 % (v/v) penicillin (50 U/ml) – streptomycin (50 

µg/ml). 

During routine sub-culturing of adherent cells and for use in experiments, the 

growth medium was aspirated from the flask and the cells were washed in 1 x PBS. An 

appropriate volume of 1 x trypsin-EDTA solution (10 x trypsin stock solution diluted in 

PBS) to cover the cells was added and the cells were incubated for 5 minutes at 37 °C in 

a humidified atmosphere of 95 % (v/v) air and 5 % (v/v) CO2. The cells were collected 

and the trypsin neutralised by the addition of at least an equal volume of cell media 
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before the cells were collected by centrifugation at 400 x g. Suspension cells were 

collected and centrifuged before resuspending in fresh media. The passage number was 

noted on the flask when the cells were recovered from the liquid nitrogen bank and cells 

were replaced after 30 passages.  

 

2.2.3 Storage and recovery of cells from the liquid nitrogen bank 

Before storage in liquid nitrogen, 1 x 106 cells per ml from a 70 % confluent flask 

were harvested, pelleted and resuspended in their normal growth medium supplemented 

with 10 % (v/v) DMSO. The HCT116 cells from Horizon were frozen in freezing 

medium comprised of RPMI 1640 medium with 50 % (v/v) FBS and 10 % (v/v) 

DMSO. A sample of 1 ml of cell suspension was aliquoted into labelled cryovials and 

stored for 24 hours at -80 ºC before being placed in the liquid nitrogen bank for long 

term storage.  

To recover samples from liquid nitrogen storage, the cells were rapidly defrosted 

by holding the cryovial in a 37 ºC water bath followed by transfer to a 10 ml universal 

tube containing 9 ml of pre-warmed normal growth medium. The cells were collected 

by centrifugation at 400 x g for 5 minutes, the pellet was resuspended in growth 

medium and transferred to a medium tissue culture flask and the flask incubated at 37 

°C in a humidified atmosphere of 95 % (v/v) air and 5 % (v/v) CO2. The medium was 

changed after 24 hours to remove any residual DMSO.  

The A2780-TX1000 and SKOV3-TR cells were revived in drug-free media for 24 

hours before transfer to media containing 1 μM or 300 nM paclitaxel, respectively, for 

at least 10 days before starting experimental work. 

 

2.2.4 Mycoplasma 

Actively-growing cell cultures were routinely tested in-house every 8 weeks for 

mycoplasma infection using the Mycoalert Mycoplasma detection kit (Cambrex, 

Berkshire, UK).  

 

2.2.5 Counting cells using a haemocytometer 

For routine cell culture experiments, cells were counted using a haemocytometer. 

A Neubauer haemocytometer (Sigma-Aldrich, Dorset, UK) is a glass slide with two 3 

mm2 mirrored chambers with a laser-etched grid on the lower surface.  
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Figure 2-1: Grid layout of a haemocytometer chamber 

 

Each chamber is divided into 9 equal large 1 mm2 squares which are each 

subdivided into 16 smaller squares (Figure 2-1). When a cover slip is placed over the 

chambers, the depth is uniform at 0.1 mm and so the volume of each large square can be 

calculated as (1 mm x 1 mm) x 0.1 mm = 0.1 mm3. One mm3 = 1 µl, hence the number 

of cells per ml can be calculated using the following equation:  

 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑚𝑚𝑚𝑚 ×  104 

Equation 2-1: Formula for the calculation of the number of cells per ml in a cell 
suspension using a haemocytometer 

 

At least 100 cells were counted from at least 3 large squares and counts were 

carried out in duplicate.  

 

2.2.6 Counting cells using a Coulter counter 

Cells were counted using a Coulter counter during clonogenic cytotoxicity assays. 

Half a millilitre of cell suspension was added to a Coulter pot, along with 0.5 ml of 

media (1:2 dilution of cell suspension). Nine ml of Facs Flow (BD Biosciences, Oxford, 

UK) was added to the Coulter pot (1:20 dilution) and the number of cells in 0.5 ml of 

the cell suspension were counted using a Beckman Coulter cell counter. Counts were 

carried out in duplicate and the average count multiplied by 40 gave the cells per ml of 

the original cell suspension. Adherent cells were counted between the size boundaries of 

8-24 µm. Suspension cells were counted between 6-21 µm. 
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2.3 Growth inhibition by XTT assay 

 

2.3.1 Principle 

The XTT assay measures the metabolic activity of cells. The assay is based on the 

cleavage of the yellow tetrazolium salt XTT, to form an orange formazan dye, by 

mitochondrial dehydrogenases, which only occurs in viable, metabolically active cells 

(Figure 2-2). The orange formazan dye is soluble and is quantified using a 

spectrophotometer and has a peak absorbance at approximately 450 nm.  

 

Figure 2-2: Reduction of the yellow tetrazolium salt, XTT, to the orange formazan 
dye in viable cells 

 

An increase or decrease in the number of living cells can be measured indirectly 

as an increase or decrease in mitochondrial dehydrogenase activity which is measured 

as the amount of orange formazan formed.  

 

2.3.2 Method 

Exponentially growing cells were plated out into a 96 well plate (excluding outer 

wells) in 90 µl media and incubated for 24 hours at 37 °C in a humidified atmosphere of 

95 % (v/v) air and 5 % (v/v) CO2. PBS (100 µl) was added to the outer wells on three 

sides of the plate to prevent evaporation of the inner wells and a “blank” lane of 100 µl 

media was added to the remaining outer wells to allow for background subtraction. 

Media (10 µl) containing the required drug concentration was added in triplicate and the 

cells were incubated for a further 72 hours. If the cells were to be treated with ionising 

radiation, cells were plated out in 100 μl media, incubated for 24 hours and then 

irradiated with the desired dose before incubating for a further 72 hours.    
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The XTT assay (Roche, Herts, UK) reagents consisted of XTT labelling reagent 

(1mg/ml XTT (sodium 3’-[1-(phenylaminocarbonyl)- 3,4-tetrazolium]-bis (4-methoxy-

6-nitro) benzene sulphonic acid hydrate in RPMI without Phenol red) and electron 

coupling reagent (1.25 mM PMS (N-methyl dibenzopyrazine methyl sulphate in 

phosphate buffered saline). Each 96 well plate required 3.5 ml XTT labelling reagent 

mixed with 70 µl electron coupling reagent, and 50 µl of this mixture was added to all 

the cell-containing wells and the media control wells, and the plates were incubated for 

4 hours. The absorbance was then measured using a spectrometer at 450 nm at room 

temperature. 

 

2.3.3 Analysis of results 

Results were analysed using GraphPad Prism 6 software (GraphPad Prism 

Software, CA, USA). Data were normalised to the value for cells with no drug. If 

inhibitors were used in combination with a drug, data were normalised to the value for 

cells with inhibitor alone. Two-way analysis of variance (ANOVA) tests were carried 

out with data from 3 independent experiments to examine whether there was a 

significant interaction effect between two variables. Growth inhibitory concentration 

resulting in 50 % growth compared with control was calculated for each separate data 

set and then a Student’s unpaired t-test was used to determine if there was a significant 

difference between data sets. Differences with a p < 0.05 were considered statistically 

significant.  

 

2.4 Clonogenic assay for adherent cells 

 

2.4.1 Principle 

Cytotoxicity was measured by the clonogenic assay for cell survival. This assay 

examines the ability of a single adherent cell to survive after treatment and form a 

colony of more than 50 cells. This assay allows cytostatic and cytotoxic effects of drugs 

and inhibitors to be distinguished, which the XTT assay cannot do.  

 

2.4.2 Method 

Adherent cells were seeded into 6 well plates at a density of 1 x 105 cells/ml and 

left for 24 hours at 37 °C in a humidified atmosphere of 95 % (v/v) air and 5 % (v/v) 

CO2. Cells were then treated with compounds or ionising radiation and incubated for the 
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required length of time. Cells were detached using trypsin as described in Section 2.2.2 

and counted using the Coulter counter (Section 2.2.6). Using the cell count obtained, 

cell suspensions were diluted in an appropriate volume of media in order to produce 50-

200 colonies in a 10 cm tissue culture dish. Each cell suspension was plated out in 

triplicate containing 1, 2 and 4 times the chosen density to ensure that, even at high drug 

concentrations, colonies would be detected. The plates were then were kept at 37 °C in a 

humidified atmosphere of 95 % (v/v) air and 5 % (v/v) CO2 for 10-14 days to allow 

colony growth, depending on the cell line. 

Once the cells had produced colonies of a suitable size to count (>50 

cells/colony), the media was aspirated and the colonies were fixed using Carnoy’s 

fixative (3 volumes of methanol (Fisher Scientific, Leicestershire, UK) to 1 volume of 

acetic acid (BDH, Dorset, UK)) for 5 minutes. The fixative was removed and the 

colonies were stained with 0.4 % (w/v) crystal violet in water for 5 minutes. The excess 

stain was removed by gently rinsing the plates in running water and the plates were left 

to dry overnight. Colonies of > 50 cells were counted using the automated ColCount 

colony counter (Oxford Optronix, Oxfordshire, UK). 

 

2.4.3 Analysis of results 

The plating efficiency of control DMSO-treated cells was calculated using 

Equation 2-2, and this value was used to calculate how many cells should be plated to 

ensure 50-200 colonies per plate.  

  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (%) =  
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 × 100 

Equation 2-2: Calculation of plating efficiency 

 

The cytotoxicity in drug-treated cells was expressed as a percentage of control 

DMSO-treated cell survival. Graphs were plotted using GraphPad Prism 6 and the drug 

concentration that was lethal to 90 % of the population (LC90) was calculated. All data 

are the results of at least 3 independent experiments. 
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2.5 Methylcellulose clonogenic assay for suspension cells 

 

2.5.1 Principle 

The methylcellulose clonogenic assay has the same principle as the adherent cell 

clonogenic assay (Section 2.4). Methocult semi-solid methylcellulose-based media is 

used to study the ability of suspension cells to survive and form colonies following 

treatment.  

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) (Sigma) was used to 

identify and count the colonies. MTT is a yellow compound that is converted to dark 

blue/purple insoluble formazan crystals by mitochondrial dehydrogenases in viable 

cells. The solution can evenly distribute throughout the semi-solid methylcellulose and 

the blue crystals formed in the cells allow the colonies to be seen easily by eye, enabling 

the counting of colonies without the use of a microscope.  

 

2.5.2 Method 

Suspension cells were counted and then seeded in 6 well plates at a density of 1 x 

106 cells per well. Plates were incubated for 24 hours at 37 °C in a humidified 

atmosphere of 95 % (v/v) air and 5 % (v/v) CO2 before treatment with compounds or 

ionising radiation and then incubation for a further 24 hours. A bottle of Methocult 

H4230 methylcellulose media (Stemcell Technologies, Grenoble, France) was thawed 

overnight at 4 °C before use. Gibco Iscove’s medium (20 ml) (Life Technologies, 

Paisley, UK) was added to the 80 ml bottle of Methocult along with 0.5 ml glutamine (1 

mM) and the bottle was mixed and then warmed to 37 °C in the incubator.  

The cells were transferred to 1.5 ml microfuge tubes, centrifuged for 5 minutes at 

1500 rpm, resuspended in fresh full medium and then counted using the Coulter counter 

(Section 2.2.6). Methylcellulose media (1.5 ml) was transferred to microfuge tubes 

using a blunt-ended needle (Stemcell Technologies, Grenoble, France) and cells were 

added at a density selected to result in 50-200 colonies per well. Each cell suspension 

was plated out in triplicate with each containing 1, 2 and 4 times the chosen density. 

The tubes were vortexed to ensure even cell distribution in the methylcellulose medium, 

and incubated for 20 minutes to allow any bubbles in the tubes to clear. Using a 5 ml 

syringe fitted with a blunt-ended needle, 1 ml cell suspension in methylcellulose 

medium was transferred to each well of a 6 well plate, taking care to avoid introducing 

bubbles to the wells whilst achieving full well coverage. Plates were incubated for 14 

days at 37 °C in a humidified atmosphere of 95 % (v/v) air and 5 % (v/v) CO2.  
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To detect the colonies, MTT was diluted to a concentration of 1 mg/ml in PBS 

and 500 µl was spread evenly over the methylcellulose in each well and incubated for 2 

hours to allow diffusion throughout the medium. Colonies were then visible and were 

counted by eye.  

 

2.5.3 Analysis of results 

Analysis was performed as described in Section 2.4.3. Plating efficiency was 

calculated using Equation 2-2 and cytotoxicity in drug-treated cultures was expressed as 

a percentage of control DMSO-treated cell survival. The plating efficiency of untreated 

CCRF-CEM and CCRF-CEM VCR/R cells was approximately 35-40%, which is 

considered high for a suspension cell line and is only achievable in this cell line with the 

use of Methocult. Graphs were generated using GraphPad Prism 6 software and the 

drug concentration that was lethal for 90 % of the population (LC90) was calculated. All 

data are the results of at least 3 independent experiments. 

 

2.6 Caspase-Glo 3/7 assay 

 

2.6.1 Principle 

The Caspase-Glo 3/7 assay measures the activity of caspase-3 and -7 and was 

obtained from Promega (Southampton, UK). Caspase-3 and -7 are members of the 

cysteine aspartic acid-specific protease (caspase) family whose activation plays a key 

role in the execution-phase of apoptosis in mammalian cells (Thornberry et al., 1997). 

Caspases recognise tetra-peptide sequences and hydrolyse peptide bonds after aspartic 

acid (D) residues; caspase-3 and caspase-7 share similar substrate specificity by 

recognising D-x-x-D. The assay provides a luminogenic caspase-3/7 substrate 

containing the tetra-peptide sequence DEVD, and reagents optimised for caspase 

activity, luciferase signal and cell lysis.  The Caspase-Glo assay contains a buffer and a 

lyophilised substrate that are mixed and added to cells causing cell lysis and allowing 

caspase cleavage of the substrate. Caspase substrate cleavage causes the release of 

aminoluciferin (a luciferase substrate), resulting in luciferase action and a luminescence 

signal that is proportional to the amount of caspase activity, measured using a 

luminometer (Figure 2-3).  
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One disadvantage of the caspase assay is that it relies on the absolute cell number 

being consistent in all wells, which is not always possible as cell number may change 

following treatment when compared to control wells.  

 

Figure 2-3: Caspase 3/7 cleavage of the luminescence substrate containing the 
DEVD tetra-peptide sequence. 

From: www.promega.co.uk 

 

2.6.2 Method 

Cells were counted and 90 µl aliquots of cell suspension were plated in white 

solid-bottomed 96 well plates (Greiner Bio-One, Stonehouse, UK) and left to incubate 

for 24 hours at 37 °C in a humidified atmosphere of 95 % (v/v) air and 5 % (v/v) CO2. 

Ten µl of the relevant drug treatments were added to wells in duplicate and plates were 

incubated for the desired length of time. Caspase-Glo 3/7 buffer (2.5 ml) was added to 

the bottle containing the lyophilised Caspase-Glo 3/7 substrate, and when carrying out 

this assay with adherent cells, 80 µl of media was removed from each well leaving 20 µl 

which was mixed with 20 µl of Caspase-Glo reagent following which plates were 

incubated for 30 minutes. Duplicate wells containing only media with Caspase-Glo 

reagent were used as blank controls. Luminescence was measured using the FLUOstar 

Omega luminometer with a gain of 3000. The gain setting was previously optimised to 

allow maximum sensitivity measurements without saturation of the detector. 

 

2.6.3 Analysis of results 

All values were blank-subtracted and data were presented as percentage increase 

in caspase-3/7 activity compared to untreated control cells. Graphs were plotted using 

GraphPad Prism 6.  
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2.7 Protein analysis 

 

2.7.1 Preparation of whole cell extracts 

Cell pellets were re-suspended in ice-cold Novagen Phosphosafe extraction 

reagent (EMD Millipore, MA, USA), supplemented with 25x protease inhibitor cocktail 

(Roche Diagnostics GMBH, Mannheim, Germany), at a volume of approximately two 

times the volume of the pellet in a 1.5 ml microfuge tube. Lysates were incubated at 

room temperature for 5 minutes before being centrifuged at 16,000 x g at 4 °C to pellet 

the cell debris. The supernatant was transferred to a new microfuge tube and a 5 µl 

aliquot was removed to be used for protein estimation before the remaining volume was 

snap frozen and stored at -80 °C. 

 

2.7.2 Quantification of protein using the Pierce protein assay 

2.7.2.1 Principle  

The Pierce BCA protein assay employs the reagent bicinchoninic acid (BCA) and 

is used to determine protein concentration in a sample. The first reaction is the reduction 

of Cu2+ to Cu+ by peptide bonds in protein, in an alkaline medium, and the reduction of 

Cu2+ is in proportion to the amount of protein in the sample. The second reaction is the 

chelation of two molecules of BCA with one Cu+ ion, which results in the purple-

coloured BCA-Cu+ complex product that strongly absorbs light at 562 nm and can be 

measured on a spectrophotometer.  

 

2.7.2.2 Method 

The Pierce BCA Protein Assay Kit (Pierce, Thermo Scientific, IL, USA), was 

used according to the manufacturer’s instructions to estimate the protein concentration 

of whole cell extracts, or nuclear and cytoplasmic fractions. The supplied albumin 

standard containing 2 mg/ml BSA was used to make standards with final BSA 

concentrations of 0.2, 0.4, 0.6, 0.8, 1 and 1.2 mg/ml. The unknown samples were 

diluted 1:10 in dH2O and 10 µl was added in quadruplicate to a 96 well plate along with 

the known standards and blanks containing H2O. BCA reagent A and BCA reagent B 

were mixed in a ratio of 50:1, respectively. The mixed reagent (190 µl) was added to 

each well and the plate was incubated at 37 °C in a humidified atmosphere of 95 % 

(v/v) air and 5 % (v/v) CO2 for 30 minutes. The absorbance was measured on the 

FLUOstar Omega spectrophotometer at 570 nm.  
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2.7.2.3 Analysis of results 

A standard curve was created from the absorbance of the standards and the protein 

concentration of the unknown samples was calculated using the value obtained from the 

standard curve multiplied by 10 to account for the 1:10 dilution.  

 

2.7.3 SDS-polyacrilamide gel electrophoresis 

2.7.3.1 Principle 

SDS-PAGE (sodium dodecyl sulphate – polyacrylamide gel electrophoresis) is 

used to separate proteins and peptides in a sample based on their molecular weights. 

When a current is applied to a sample containing a mixture of proteins in their native 

conformation, they migrate to either the anode or cathode depending on their isoelectric 

point. SDS is an amphiphillic anionic surfactant which denatures proteins and applies an 

equal negative charge to the unfolded proteins per unit mass. This results in all proteins 

retaining only their primary structures once unfolded and all of the proteins having a 

strong negative charge and therefore migrating towards the positively charged anode 

according to their molecular weight.  

Polyacrylamide gel is used for the electrophoresis. Bisacrylamide creates cross-

links between polyacrylamide molecules creating a gel through which the denatured 

proteins can pass. The ratio of acrylamide and bisacrylamide determines the size of the 

pores created in the gel which in turn determines the rate at which the proteins travel 

based on their molecular weight. A lower percentage of acrylamide results in better 

resolution of high molecular weight proteins and a higher percentage improving 

resolution of lower molecular weight proteins. This study investigated both high and 

low molecular weight proteins (e.g. DNA-PK at 460 kDa and β-actin at 42 kDa) and 

therefore gradient gels were used, allowing the resolution of both proteins on one gel.  

 

2.7.3.2 Method 

Cell lysates, collected as described in Section 2.7.1, were mixed with PBS and 4 x 

XT sample buffer (Bio-Rad, Hertfordshire, UK) to give 30 µg of total protein per well 

in the gel. The sample buffer contained SDS to denature the proteins and bromophenol 

blue loading dye. Proteins were denatured by heating the samples to 95 °C for 5 minutes 

before cooling on ice. Samples were centrifuged briefly to collect any condensation in 

the tubes. The majority of experiments used pre-cast 3-8 % Criterion Tris-Acetate 18-

well polyacrylamide gels (Bio-Rad, Hertfordshire, UK) for electrophoresis. However, 

when examining MDM2, p53 and p21 levels, 4-20 % tris-glycine gels were used. 
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HiMark pre-stained molecular weight marker (Life Technologies, Paisley, UK) was 

loaded into at least 1 well of the 3-8 % gels and Precision Plus protein standard 

(BioRad, Hertfordshire, UK) was loaded onto the 4-20 % gels, in order to estimate the 

protein molecular weights in the samples. Tricine running buffer (1x) (BioRad, 

Hertfordshire, UK) was used with the 3-8 % gels and electrophoresis was carried out at 

90 V for 2 hours. MOPS running buffer (1x) (BioRad, Hertfordshire, UK) was used 

with the 4-20 % gels to fill the BioRad criterion gel tank and electrophoresis was carried 

out at 150 V for 1 hour. 

 

2.7.4 Western blotting 

2.7.4.1 Principle 

Western blotting is the process by which proteins are transferred from the 

polyacrylamide gel to a nitrocellulose protein-binding membrane using an electric 

current in a transfer buffer. Once the proteins are bound and immobilised, antibodies 

can be used for immune-detection of specific proteins of interest.     

 

2.7.4.2 Method 

The Western blotting apparatus was assembled in accordance to the 

manufacturer’s guidelines (BioRad, Hertfordshire, UK). Fibre pads, 3 mm filter paper 

(Whatman, GE Healthcare, Amersham, UK) and Hybond C nitrocellulose membrane 

(GE Healthcare, Amersham, UK) were soaked for at least 10 minutes in 1x Tris-Glycine 

transfer buffer (Life Technologies, Paisley, UK) just prior to the end of each 

electrophoresis run. The gel was removed from its plastic cover and also soaked in 

transfer buffer for 5 minutes before assembly of the Western blotting cassette. The 

cassette was loaded as shown in Figure 2-4. A small roller was used to remove bubbles 

from between the different layers.  
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Figure 2-4: Schematic diagram of the assembly of a Western blot cassette 

 

The cassette was loaded into a BioRad transfer tank filled with an ice block and 

transfer buffer and the proteins were transferred from the gel onto the nitrocellulose 

membrane using an electric current at 100 V for 45 minutes. The membrane was then 

removed from the cassette ready for immunodetection. 

 

2.7.5 Immunodetection and enhanced chemiluminescence for protein detection 

2.7.5.1 Principle 

Proteins can be detected using specific antibodies, which can be selected to detect 

the total protein or forms of the protein phosphorylated at particular sites. A secondary 

horse-radish peroxidase (HRP)-conjugated antibody raised against the animal that 

produced the primary antibody is then used to recognise and bind to the primary 

antibody. 

The enhanced chemiluminescence (ECL) system is robust, highly-sensitive and 

light-emitting. The HRP that is conjugated to the secondary antibody catalyses the 

oxidation of luminol resulting in the production of 3-aminophthalate, a reagent that 

emits light when it decays from the excited to the ground state (Figure 2-5). The amount 

and location of light emission that HRP catalyses is directly correlated with the location 

and amount of protein present on the membrane, and the phenol-enhanced luminol 

reagent in the ECL mix increases the light emission by more than 1000-fold. Light 

57 
 



emission occurs at a wavelength of 428 nm and this light can be captured using 

autoradiography imaging film.  

 

Figure 2-5: Schematic diagram of enhanced chemiluminescence 

 

2.7.5.2 Method 

The membrane was blocked for 1 hour in 1x tris-buffered saline (TBS) with 0.05 

% (v/v) Tween 20 and 5 % (w/v) bovine serum albumin (BSA) powder. This blocking 

step reduces non-specific antibody binding on to the membrane, aided by the mild 

detergent Tween 20. The membranes were then probed using primary antibodies raised 

against the phosphorylated or total proteins of interest, as described in Table 2-2, and 

were incubated for the indicated time on a rocker. If overnight incubation at 4 °C was 

not possible, 4 hours incubation at room temperature was used. The membrane was then 

washed 3 times for 5 minutes with 0.05 % (v/v) Tween in TBS (TBS-T) before 

incubating with the specific secondary antibody conjugated with HRP for 1 hour at 

room temperature on a rocker. 

The blots were then washed for 15 minutes in TBS-T followed by 3 further 

washes for 10 minutes each to remove all unbound antibody. A 1:1 ratio mix of ECL 

reagents A and B from the ECL kit (GE Healthcare, Amersham, UK) was made and the 

solution was pipetted directly onto the membrane and left for 2 minutes. Excess ECL 

reagent was then removed from the blot. Two different methods were used to develop 

the blots. Firstly, the blot was transferred to an autoradiography cassette and Kodak X-

ray film (Wolf Laboratories, York, UK) was used in a dark room with various exposure 

times to capture the emitted light. The film was developed using a MediPhot 937 film 

developer (Colenta, Germany) and was digitally scanned to produce an electronic copy. 

Alternatively, the blot was placed in the Fujifilm LAS 3000 developer (Fujifilm 

Medical Systems, Stamford, CT, USA) and the image was captured with an appropriate 
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exposure time. It was also possible to capture an image of a developed X-ray film either 

through digital scanning or on the Fujifilm LAS 3000 developer to allow quantification.  

 

Target Species Details Dilution Conditions 
pDNA-PK 
(Ser2056) 

Rabbit Abcam ab18192 1:500 4 °C 
overnight  

pDNA-PK 
(Thr2609) 

Rabbit Santa Cruz sc-101664 1:500 4 °C 
overnight 

pATM 
(Ser1981) 

Rabbit R&D Biosciences 
AF1655 

1:500 4 °C 
overnight 

tDNA-PKcs Mouse Thermo Shandon MS-
370-P 

1:100 1 hour room 
temp. 

tATM Mouse Abcam ab78 1:1000 1 hour room 
temp. 

Ku70 Mouse Abcam ab3114 1:2000 4 °C 
overnight 

Ku80 Mouse Abcam ab3715 1:2000 4 °C 
overnight 

MDR1 Mouse Santa Cruz sc-13131 1:1000 1 hour room 
temp. 

Β-actin Mouse Sigma A4700  1:1000 1 hour room 
temp. 

MDM2 Mouse Calbiochem OP46 1:1000 4 °C 
overnight 

p53 Mouse Vector VP-P958 1:1000 4 °C 
overnight 

p21 Mouse Calbiochem OP64 1:200 4 °C 
overnight 

Secondary 
goat anti-
rabbit 
IgG/HRP 

Goat  DAKO P0448 1:1000 1 hour room 
temp. 

Secondary 
goat anti-
mouse 
IgG/HRP 

Goat DAKO P0447 1:1000 1 hour room 
temp. 

Table 2-2: Antibodies and conditions used in Western blotting. p = phosphorylated, 
t = total. 

  

2.7.6 Quantification using Aida Image Analyser 

If quantification of Western blots was required, this was carried out using the 

Aida Image Analyser version 3.28.001 using the densitometric analysis function. 

Background measurements were taken and regions of interest were measured with the 

background subtracted.   
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2.7.7 Stripping the Western blotting membrane 

It was sometimes necessary to strip the bound antibodies from the membrane, 

allowing the membrane to be re-probed with different antibodies against proteins of a 

similar molecular weight. To do so, a water bath was set to 55 °C and a box containing 

40 ml of stripping buffer (62.5 mM Tris-HCL (pH 6.8), 2 % SDS in water) was pre-

warmed in the water bath before the membrane was transferred to the box. β-

mercaptoethanol (280 µl) was added in a fume hood and the box was placed in the 

water bath for 30 minutes. The membrane was removed and washed 3 times for 5 

minutes with TBS-T before re-blocking the membrane, as described in Section 2.7.5.2.  

 

2.8 Quantification of single and double-stranded DNA breaks using alkaline 

Comet assay 

 

2.8.1 Principle 

The alkaline Comet assay is a single cell gel electrophoresis technique which 

allows evaluation of DNA fragmentation associated with DNA damage in cells. The 

Comet assay measures the ability of cleaved, denatured DNA fragments to migrate out 

of the nucleus upon the application of an electric field, whereas uncleaved DNA 

fragments will be trapped within the nucleus. The alkaline Comet assay is sensitive and 

can be adapted to measure both single and double-stranded DNA breaks along with 

crosslinks and alkali-labile sites. Following treatment, cells are embedded in agarose gel 

and lysed, and the DNA is unwound and denatured under alkaline conditions. Low 

melting point agarose is used which has the optimal pore size to allow solutions to 

penetrate the agarose gel and reach the cells without disrupting the position of the cells. 

The lysed cells are then subjected to an electric current, allowing fragments of 

DNA to pass out of the nucleus towards the anode, creating a Comet-shaped structure, 

with undamaged DNA still trapped in the nucleus. The DNA is stained with a 

fluorescent intercalating dye and the amount of DNA that has passed out of the cell 

compared to that which is undamaged and still in the nucleus.  
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Figure 2-6: Comet assay method 

From: www.trevigen.com 

 

2.8.2 Method 

Treated cells were harvested, centrifuged and then resuspended in ice-cold PBS at 

a concentration of 1 x 105 cells/ml. Positive control treatments, including mitoxantrone 

and temozolomide, which are known DNA-damaging agents, were included in each 

experiment. The reagents for the Comet assay were purchased as a kit from Trevigen 

(Gaithersberg, MD, USA). The low melting point agarose gel (LM Agarose) was melted 

in the microwave in 10 second bursts until just melted and then incubated at 37 °C in a 

water bath. Cells were mixed with the agarose and pipetted onto a Cometslide and then 

placed at 4 °C for 10 minutes to allow the agarose to gel. Slides were immersed in pre-

cooled lysis solution at 4 °C for 30 minutes and then in alkaline unwinding solution 

(200 mM NaOH, 1 mM EDTA, pH>13) for 30 minutes at room temperature in light-

protected conditions.  The slides were placed, facing the same direction, in an 

electrophoresis tank, submersed in alkaline electrophoresis solution (200 mM NaOH, 1 

mM EDTA, pH>13) and a current of 300 mA was applied for 40 minutes in light-

protected conditions. Slides were washed twice by immersing in dH2O for 5 minutes 

each and then cells were fixed each time in 70 % (v/v) ethanol for 5 minutes before 

being left to dry at room temperature overnight. DNA was stained using 100 µl SYBR 

Green nucleic acid gel stain for 30 minutes at room temperature in light-protected 

conditions. The excess dye was tapped from the slides and the slides were left to dry at 

room temperature before microscopic analysis. 
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2.8.3 Analysis of results by Fluorescence microscopy and quantification of results 

using Komet 5.5 software 

An Olympus BH2-RFCA fluorescence microscope (10x objective) (GX Optical, 

Suffolk, UK) with Hamamatsu ORCAII BT-1024 cooled CCD camera (Hamamatsu 

Photonics, Massy, France) were used to view the microscope slides. Image Pro Plus 

(Media Cybernetics, Bethesda, MD, USA) software was used for image capture. The 

software package Komet 5.5 (Kinetic Imaging, Nottingham, UK) was used to analyse 

results. The data were presented using the Olive Tail Moment which takes into account 

the amount of DNA in the tail (intensity) and the distance of DNA migration (comet tail 

length).  

 

2.9 mRNA analysis 

 

2.9.1 Principles of quantitative real-time PCR (qRT-PCR) 

The polymerase chain reaction (PCR) is designed to quantify mRNA levels and 

involves converting mRNA into complementary DNA (cDNA). Copies of targeted 

DNA sections can be synthesised in a three-step procedure of denaturation, primer 

annealing and elongation in a reaction containing the cDNA, specific primers, 

deoxyribonucleoside triphosphates (dNTPs) and DNA polymerase. The cDNA is 

denatured by heating the sample to 95 °C, resulting in single stranded DNA that binds 

the primers when the sample is cooled to the primer-specific annealing temperature (60 

°C for Taqman primers). The primers are designed to bind to sites which flank the target 

DNA and are complementary to both strands. Once annealed, the primers are then 

elongated by DNA polymerase and the process repeated for 40 cycles, resulting in 

amplification of the target sequence. 

Quantitative real-time PCR was performed using Taqman gene expression assays 

(Applied Biosystems, Carlsbad, CA, USA). This assay is a highly quantitative method 

which relies on an oligonucleotide probe that is bound to the target sequence being 

cleaved by the 5’ endonuclease activity of Taq DNA polymerase. The probe consists of 

a reporter dye, fluorescein (FAM) and a quencher dye (TAMRA). The reporter dye 

emits fluorescence at a wavelength which is absorbed by the quencher dye until the 

probe is cleaved by Taq DNA polymerase, at which point the reporter dye can emit 

fluorescence that is detectable upon amplification of the target sequence. Additional 
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reporter dye molecules are released as the cycles progress and so the fluorescence is 

proportional to the PCR product. 

 

2.9.2 Preparation of cell extracts 

Cells were grown in 6-well plates to 70 % confluency on the day of the 

experiment. Suspension cells were collected, centrifuged, washed in ice-cold PBS and 

centrifuged again at 500 x g for 5 minutes in a cooled centrifuge. Adherent cells had the 

media removed and were washed in ice-cold PBS. Cells were then collected using a cell 

scraper and centrifuged at 500 x g for 5 minutes in a cooled centrifuge. PBS was 

removed from cell pellets which were frozen at -20 °C before RNA extraction was 

carried out the following day.  

 

2.9.3 Extraction of RNA using Qiagen RNeasy Plus Mini Kit 

RNA was extracted from the cell pellets using the Qiagen RNeasy Plus Mini kit 

(Qiagen, West Sussex, UK), as per the manufacturer’s instructions. Either 350 µl (for 

adherent cell pellets) or 600 µl (for suspension cell pellets) Buffer RLT Plus was added 

to the pellet and vortexed for 30 seconds. The suspension was transferred to a gDNA 

Eliminator spin column placed in a 2 ml collection tube and centrifuged for 1 minute at 

8000 x g. The column was discarded and 1 volume (either 350 µl or 600 µl, dependent 

on the amount of Buffer RLT Plus used) of 70 % (v/v) ethanol was mixed with the 

flow-through. Up to 700 µl of the flow-through was transferred to a spin column placed 

in a 2 ml collection tube and centrifuged for 30 seconds at 8000 x g. The flow-through 

was discarded and 700 µl Buffer RW1 was added to the column which was centrifuged 

for 30 seconds at 8000 x g. Again the flow-through was discarded and 500 µl Buffer 

RPE was added to the column which was centrifuged for 30 seconds at 8000 x g. This 

step was then repeated with centrifugation for 2 minutes at 8000 x g. The spin column 

was dried by placing it in a new collection tube and centrifugation at full speed for 1 

minute. Lastly, the column was placed in a new 1.5 ml collection tube and 30-50 µl 

RNase-free water was used to elute the RNA by centrifugation for 1 minute at 8000 x g.  

 

2.9.4 RNA concentration and quality determination 

The RNA concentration in the samples were determined from 1 µl of sample 

using the Nanodrop ND-1000 spectrophotometer (Labtech, East Sussex, UK) taking a 

reading at OD260. The ratio of absorbance at 260 nm and 280 nm assesses the purity of 

the RNA and it was checked that the ratio was between 1.9 and 2.1 on all occasions.  
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2.9.5 Reverse transcriptase real time PCR 

The reverse transcription (RT) of RNA to cDNA was achieved using the 

QuantiTect Reverse Transcription Kit (Qiagen, West Sussex, UK). Genomic DNA 

elimination was the first step and template RNA at a concentration of 1 µg (as 

calculated from the Nanodrop results) was mixed with 7x gDNA wipeout buffer  and 

made up to 14 µl with RNase-free water. This reaction was incubated at 42 °C for 2 

minutes and then placed immediately on ice. The reverse-transcription master mix was 

prepared amd consisted of 5x Quantiscript RT buffer (containing dNTPs), RT primer 

mix and (in the positive samples) Quantiscript reverse transcriptase (containing RNase 

inhibitor). The reaction components were mixed as given in the Table 2-3 below: 

 

Components Volume per reaction 
Quantiscript RT buffer, 5x 4 µl 
RT primer mix  1 µl 
Quantiscript reverse transcriptase 1 µl 
Template RNA from genomic 
DNA elimination reaction 

14 µl 

Total 20 µl 

Table 2-3: Reverse transcription reaction components 

 

A negative control for each sample was also included which consisted of all of the 

reagents except the reverse transcriptase, in order to detect any contaminations. The 

reverse transcriptase was replaced with RNase-free water.  This reaction mixture was 

incubated for 30 minutes at 42 °C and then for 3 minutes at 95 °C to inactivate the 

reverse transcriptase.  

 

2.9.6 Quantitative PCR method 

Real-time PCR was carried out on 40 ng cDNA using Taqman gene expression 

assays for PRKDC (assay ID: Hs00179161_m1), XRCC6 (assay ID: Hs00995282_g1), 

XRCC5 (assay ID: Hs00221707_m1), ATM (assay ID: Hs00175892_m1), ABCB1 

(assay ID: Hs00184500_m1) and β-actin (assay ID: Hs99999903_m1). It was assumed 

that 1 µg RNA resulted in 1 µg cDNA, and the cDNA was diluted initially 1 in 5 by 

adding 80 µl water to the 20 µl cDNA from the RT step. A blank control was used 

containing no cDNA along with a water-only sample. Each PCR well was comprised of 

the components listed in Table 2-4:  
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Components Volume per well 
Gene expression assay 1 µl 
Taqman master mix, 2x 10 µl 
RNase free water 5 µl 
cDNA (200 ng concentration) 4 µl 
Total 20 µl 

Table 2-4: qRT-PCR reaction components per well 

 

Samples were pipetted into a 96-well PCR plate in duplicate (Applied Biosystems, 

Carlsbad, CA, USA) and the plate was sealed with a plate sealer before being loaded 

onto the 7500 Fast System (Applied Biosystems, Carlsbad, CA, USA) which employed 

the following thermal cycler profile: standard 7500 mode, 50 °C – 2 minutes (1 cycle), 

95 °C – 10 minutes (1 cycle), then 95°C – 15 seconds and 60 °C – 1 minute (40 cycles). 

Results were analysed using the 7500 Fast system software and the Δ Δ cycle threshold 

method  (Livak and Schmittgen, 2001) was used to determine gene expression relative 

to β-actin control. Data were expressed on results graphs as 1/ΔCT. 

 

2.10 Doxorubicin nuclear fluorescence assay 

 

2.10.1 Principle 

Dr Chris Hill and Dr David Jamieson in the Newcastle Cancer Centre designed an 

assay to measure cellular levels of the fluorescent MDR1 substrate doxorubicin (λex: 

470 nm, λem: 595 nm) (Hill et al., 2013). The principle behind the assay is that, 

following treatment, cellular doxorubicin can be visualised using a fluorescent 

microscope. Cells which overexpress the drug efflux pump, MDR1, will pump out 

intracellular doxorubicin and therefore will have diminished fluorescence. If MDR1-

overexpressing cells are treated with a compound that interferes with drug efflux, 

effects on cellular doxorubicin can be measured quantitatively by changes in cellular 

fluorescence.  

 

2.10.2 Method 

MDCKII and MDCKII-MDR1 cells were seeded in black, clear-bottomed 96-well 

plates at a density of 2 x 104 cells per well and left to adhere and grow for 3 days. Cells 

were pre-incubated for 1 hour with varying concentrations of NU7441 (0-10 µM), 

verapamil (0-10 µM) or cisplatin (10 µM), before a 1-hour incubation with 10 µM 
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doxorubicin. The growth media was removed and the cells were washed twice in PBS 

before 50 µl of 10% (v/v) formalin in PBS was added for 20 minutes to fix the cells. 

The formalin was removed and the cells were washed in PBS before 50 µl of 10 µg/ml 

(v/v) 4’,6-diamidino-2-phenylindole (DAPI) and 0.1% (v/v) Triton-X in PBS was added 

for 20 minutes to permeabilise and stain the cells. The cells were again washed in PBS 

before a final volume of 200 µl PBS was added to all of the wells and the plates were 

kept at 4 °C in light-protected conditions until imaged within 24 hours. 

 

2.10.3 Collection and analysis of results 

Cells were evaluated for doxorubicin fluorescence using a BD HT Pathway 

microscope (BD Biosciences, Oxford, UK). Doxorubicin was excited at 488 nm and a 

515 nm long-pass filter was used to collect emitted fluorescence greater than 515 nm. 

The BD HT Pathway software was used to collect arbitrary fluorescence units, using 

DAPI fluorescence to calculate the area of the cells, from >1000 cells in 3 separate 

experiments.  

 

2.11 Liquid Chromatography-Mass Spectrometry (LC-MS) 

 

2.11.1 Principle 

LC-MS combines two techniques: high-performance liquid chromatography 

(HPLC) and mass spectrometry (MS) to separate and detect compounds in a sample. 

HPLC is a separation technique that permits the resolution of a mixture of 

analytes and involves passing a sample through an HPLC column that is packed with 

small particles. The individual components of the sample are introduced to the column 

by a mobile phase and are separated depending on their chemical interactions with the 

stationary phase. The elution of the components can be controlled by altering the 

gradient conditions of the mobile phase. The column used in this study was a reverse 

phase Phenomenex Luna 3 µm C8 (2), 50 mm x 2 mm, (PNo. 00B-4248-B0, 

Phenomenex, UK) in which the stationary phase is comprised of silica particles of 3 µm 

in diameter attached to C8 carbon units.  

A mass spectrometer works by analysing the eluent mixture from the HPLC 

column, after ionisation, to detect the presence of compounds of interest by their mass. 

On its passage through the instrument molecules are fragmented in a collision cell using 
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high pressure nitrogen, resulting in the formation of specific fragments of the parent 

compound which are detected and quantified. 

 

2.11.2 Preparation of cells for LC-MS 

CCRF-CEM and CCRF-CEM VCR/R cells were seeded into 6 well plates for 24 

hours at a density of 1 x 106 cells/ml. The cells were then incubated for 1, 8 or 24 hours 

in the presence of vincristine at equitoxic GI50 concentrations (1 nM for CCRF-CEM 

cells and 1 µM for CCRF-CEM VCR/R cells) alone or in the presence of 1 µM 

NU7441, NU7742, DRN1, DRN2 or verapamil. Cells were collected, centrifuged for 5 

minutes and washed in PBS twice to remove all trace of media. 400 μl methanol was 

added to the cells which were then centrifuged at 16,000 x g for 5 minutes to 

permeabilise the cells and allow the intracellular drug to pass out of the cells into the 

methanol. The methanol solution was transferred to glass vials and stored at -20 °C until 

analysed by LC-MS. Vinblastine was used as the internal standard for the assay and was 

added to the glass vials to give a final concentration of 50 ng/ml. 

 

2.11.3 Method 

Samples were analysed using an LC-MS assay validated in-house based on a 

previously described method (Israels et al., 2010) and fully described in Mould et al. 

(2014). An API4000 LC/MS/MS (Applied Biosystems, USA) was used for analysis, 

with an LC-200 Micro pump, autosampler and Peltier column oven (Perkin Elmer, UK). 

The analytical column used was a Phenomenex Luna 3 µm C8 (2) 50 mm x 2 mm 

column (PNo. 00B-4248-B0, Phenomenex, UK) maintained at 30 °C. Elution of the 

analytes was performed with mobile phases of 0.02 M ammonium acetate pH 5 (pump 

A) and 100% methanol (pump B). The analysis was performed using the gradient 

shown in Table 2-5, at a flow rate of 400 µl/min, and an injection volume of 10 µl.  

 

Step Total Time (min) A (%) B (%) 
0 0.0 80 20 
1 2.0 80 20 
2 7.0 10 90 
3 7.5 80 20 
4 11.0 80 20 

Table 2-5: Gradient conditions of the HPLC mobile phase 
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Atmospheric pressure chemical ionisation was performed in positive ion mode 

using nitrogen gas with the following optimum settings: collision gas, 9; curtain gas, 10; 

ion source gas 1, 21; ion source gas 2, 45 (settings in Table 2-6). The temperature of the 

heated nebuliser was 450 °C.  

 

Analyte Retention 
time 
(min) 

Q1 
mass 
(Da) 

Q3 
mass 
(Da) 

Declustering 
potential 

Entrance 
potential 

Collision 
energy 

Collision 
exit 
potential 

Vincristine 6.58 825.4 765.4 101 10 49 26 
Vinblastine 6.85 811.4 355.3 161 10 49 10 
Verapamil 6.37 455.2 164.7 91 10 41 10 
NU7441 7.64 414 247.1 91 10 67 6 
NU7742 7.76 412.2 303.2 86 10 59 10 

Table 2-6: Mass transitions and optimised MS/MS parameters for vincristine 
analysis 

 

2.11.4 Analysis of results 

Analyst software v1.5 (AB SCIEX, USA) was used for sample analysis, peak 

integration and analyte quantitation. Additional CCRF-CEM and CCRF-CEM VCR/R 

cells were collected and counted at the time of collection of the samples. The results 

were then calculated as vincristine accumulation per 1 x 106 cells and then represented 

on the graphs as the fold change in vincristine concentration measured compared to 

levels following vincristine treatment alone. 

 

2.12 Confocal Microscopy 

 

2.12.1 Principle 

Microscopy was used to examine the intracellular location of a number of proteins 

and the effects of treatments on their activation and localisation. Confocal microscopy 

employs laser point scanning and so allows the capture of sharper and clearer images 

than obtainable with a standard fluorescent microscope. 

 

2.12.2 Preparation of cells 

Coverslips (22 mm) (VWR International, Pennsylvania, USA) were immersed in 

methanol to sterilise them and left for 20 minutes to dry. They were then submerged in 
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poly L-lysine solution for 10 minutes, washed 3 times in sterile deionised water and left 

to dry leaning against the sides of petri dishes for 2 hours.  

HCT116 cells were grown in 6-well plates on poly L-lysine-coated coverslips at a 

density of 1.5 x 105 per well. Cells were left to adhere for 24 hours at 37 °C in a 

humidified atmosphere of 95 % (v/v) air and 5 % (v/v) CO2, and then treated with 

ionising radiation or vincristine and incubated for a further 24 hours.  

 

2.12.3 Fixation and permeabilisation 

Cell media was carefully aspirated from the wells and the cells were fixed by 

adding 4 % (w/v) paraformaldehyde in PBS for 10 minutes on ice. The coverslips were 

rinsed in PBS and the cells were permeabilised using KCM-T buffer (0.1 % (v/v) Triton 

X-100 in KCM buffer (120 mM KCl, 20 mM NaCl, 10 mM Tris-HCl, pH 8.0, 1 mM 

EDTA)).  

  

2.12.4 Staining and immunodetection 

The coverslips were carefully removed from the 6-well plates and placed cell-

side-up on a strip of parafilm in a large petri dish. The fixed cells were blocked with 

400 µl of blocking solution containing 2 % (w/v) bovine serum albumin, 10 % (w/v) 

dried milk powder in KCM-T buffer for 1-2 hours at room temperature.  

The blocking buffer was carefully removed from the coverslips and replaced with 

200 µl of primary antibody mix (diluted in blocking buffer). Strips of wet tissue paper 

were placed in the petri dishes to maintain a humid environment and the petri dishes 

were stored overnight at 4 ºC.  

Immunostaining was performed using the antibodies detailed in Table 2-7 against 

the following proteins at 4 °C overnight diluted in blocking buffer: phosphorylated 

DNA-PKcs (pT2609 and pS2056), total DNA-PKcs, PLK1, α-tubulin and γ-tubulin.  
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Target Species Details Dilution Conditions 
pDNA-PK 
(Ser2056) 

Rabbit Abcam ab18192 1:100 4 °C overnight  

pDNA-PK 
(Thr2609) 

Rabbit Abcam ab4194 1:100 4 °C overnight 

tDNA-PK Mouse Thermo Shanden 
MS-370-P 

1:200 4 °C overnight 

PLK1 Mouse Abcam ab17057 1:200 4 °C overnight 

α-tubulin Rabbit Abcam ab18251 1:200 4 °C overnight 
γ-tubulin Mouse Abcam ab11316 1:200 4 °C overnight 
Secondary Alexa-
Fluor 488 goat 
anti-rabbit IgG 

Goat Life Technologies 
A11034 

1:200 1 hr room temp. 

Secondary Alexa-
Fluor 594 goat 
anti-mouse IgG 

Goat Life Technologies 
A11034 

1:200 1 hr room temp. 

Table 2-7: Antibodies and conditions used in immunofluorescence throughout this 
study 

 

The coverslips were then returned to the 6-well plates and washed 3 times in 

KCM-T buffer and moved to a fresh piece of parafilm before incubation with 200 µl 

Alexa Fluor 488 goat anti-rabbit antibody and Alexa Fluor 594 goat anti-mouse 

antibody diluted in blocking buffer for 1 hour in light-protected conditions at room 

temperature. Excess secondary antibody mix was removed by washing as before in 

subdued light. Microscope slides (Leica Microsystems, Buckinghamshire, UK) were 

labelled and 10 µl 4’,6-diamidino-2-phenylindole (DAPI) in Vectashield mounting 

solution (Vector Laboratories Inc, Burlingame, CA, USA) was added to the slides. 

DAPI produces a blue fluorescence when bound to DNA, with excitation at 360 nm and 

emission at 460 nm. The coverslip was removed from the KCM-T buffer and excess 

buffer was removed by dabbing the edges of the coverslips on tissue paper before 

placing cell-side-down in contact with the DAPI solution. Excess DAPI was blotted 

from the slides and, once dried, the coverslips were sealed to the slide using clear nail 

varnish. Slides were kept at 4 °C in light-protected conditions until ready to be viewed. 

 

2.12.5 Detection using Zeiss LSM 700 confocal microscope 

Microscope images were obtained on a Zeiss LSM 700 confocal microscope using 

a 40x objective and higher magnification images were obtained with a 63x objective 

with oil immersion. The DAPI fluorescence dye was detected at 455 nm (coloured blue 

in the images), the goat anti-rabbit antibody fluorescence dye was detected at 488 nm 
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(coloured green in the images) and the goat anti-mouse antibody fluorescence dye was 

detected at 594 nm (coloured red in the images). 
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Chapter 3: The effects of the DNA-PK inhibitor NU7441 

and the ATM kinase inhibitor KU55933 on the growth 

inhibitory and cytotoxic activities of microtubule-targeting 

agents in paired parental and multidrug-resistant cell lines 
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3.1 Introduction 

 

DNA-PK and ATM are well-characterised DNA double-strand break repair 

enzymes that play essential roles in non-homologous end-joining (NHEJ) and 

homologous recombination (HR), respectively. However, DNA-PK and ATM have 

recently been found to have roles outside of DNA repair that are less well characterised, 

as discussed in detail in Chapter 1. ATM has been more widely studied and has been 

found to have roles in mitotic spindle structure and the spindle assembly checkpoint 

(Oricchio et al., 2006; Palazzo et al., 2014), although DNA-PK has been found to have 

roles in preventing spindle disruption and mitotic catastrophe, and ensuring 

chromosomal stability (Shang et al., 2010; Shang et al., 2014). NU7441 and KU55933 

are potent, selective and well characterised inhibitors of DNA-PK and ATM, 

respectively (Hickson et al., 2004; Leahy et al., 2004).  

Prior to the commencement of this study, a Masters project was carried out which 

led to two interesting conclusions (NJ Tan, unpublished results). Firstly, it was noted 

that CCRF-CEM leukaemia cells could be sensitised not only to DNA-damaging agents 

by NU7441 and KU55933, but also that small but significant sensitisation was seen 

with the microtubule-targeting agent vincristine (work carried out by NJ Tan, some of 

these data are included in Mould et al. (2014)). Secondly, the vincristine-resistant 

CCRF-CEM VCR/R cells, which were resistant to vincristine, doxorubicin and 

etoposide, were sensitised to these agents to a much greater degree by NU7441 than the 

parental CCRF-CEM cells. In the current study, the CCRF-CEM and CCRF-CEM 

VCR/R cell line pair, along with three other paired sensitive and resistant cell lines, 

were used to investigate whether DNA-PK or ATM inhibition can sensitise parental and 

multidrug-resistant cells to microtubule-targeting agents, in order to establish the 

generality of the initial observations in the CCRF-CEM cell line pair.  

The multidrug-resistant sublines were all established by exposure of the parental 

cell line to increasing concentrations of drug over a prolonged period of time, thereby 

selecting for resistant cells. In relation to vincristine- and paclitaxel-resistant cell lines, 

there are two main ways that cells can become resistant; the development of tubulin 

modifications and overexpression of drug efflux transporters, for example MDR1. As 

the initial experiments were carried out with CCRF-CEM leukaemia cells and the 

vincristine-resistant CCRF-CEM VCR/R cells, which grow in suspension, further cell 

lines selected were adherent solid tumour cell lines (ovarian A2780 and SKOV3 cells) 

and MDR1-mediated resistant paired cell lines generated by exposure to a taxane 
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(paclitaxel-resistant A2780-TX1000 and SKOV3-TR cells). The bladder cancer KK47 

and KK47A cell line pair, although not displaying the same level of MDR1-mediated 

resistance as seen in the other multidrug-resistant cell lines, were used as a model of 

resistance developed by exposure to a non-microtubule-targeting cytotoxic agent; in this 

case doxorubicin (Kimiya et al., 1992). 

Phosphorylation of DNA-PK and ATM was used in the studies described in this 

chapter as a measure of activity in response to both DNA- and non-DNA-damaging 

agents. Enzyme activation was measured by investigation of autophosphorylation sites 

on both DNA-PK and ATM, which are known to be activated by DNA-damaging 

agents and essential for DNA-PK and ATM function in their respective DNA repair 

pathways.  

DNA-PK kinase activity has been demonstrated to be essential for functional 

NHEJ (Kurimasa et al., 1999). Numerous phosphorylation sites have been identified on 

DNA-PK and many studies use threonine 2609 phosphorylation as a measure of DNA-

PK activity. However, ATM was found to be essential for phosphorylation of the DNA-

PK threonine 2609 site (Chen et al., 2007). Autophosphorylation on DNA-PK serine 

2056 is essential for DNA double-strand break repair by NHEJ, as demonstrated by 

S2056A mutation resulting in compromised NHEJ and radiation resistance (Chen et al., 

2005). Importantly, phosphorylation at S2056 is ATM-independent (Chen et al., 2005) 

and no other kinases have been shown to mediate phosphorylation at this site other than 

DNA-PK itself. Therefore, DNA-PK serine 2056 autophosphorylation was used to 

measure DNA-PK activation in this study.  

There are 5 reported sites of ATM autophosphorylation in response to DNA 

damage. The most characterised is the serine 1981 site contained within the FRAP-

ATM-TRRAP (FAT) domain, and phosphorylation at this site is necessary for the 

dissociation of the inactive ATM dimer into active monomers (Bakkenist and Kastan, 

2003). The serine 1981 site is commonly used as a measure of ATM activity because 

rapid phosphorylation occurs in response to DNA damage, and therefore this site was 

investigated in the current study.  

 

3.2 Aims 

 

Following observations that CCRF-CEM and CCRF-CEM VCR/R cells could be 

sensitised not only to DNA-damaging agents but also to vincristine by the DNA-PK 
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inhibitor NU7441 and the ATM inhibitor KU55933, and that sensitisation was much 

greater in the vincristine-resistant CCRF-CEM VCR/R cells, sensitisation and DNA-PK 

and ATM expression and phosphorylation was examined in other paired cell lines. Four 

different paired sensitive and multidrug-resistant cell lines were characterised by PCR 

and Western blotting, and examined using growth inhibition and clonogenic survival 

assays following treatment with vinca alkaloids or taxanes. Sensitisation was examined 

using NU7441 and KU55933. NU7441- and KU55933-induced inhibition of DNA-PK 

and ATM autophosphorylation, respectively, was evaluated by Western blot in response 

to DNA-damaging ionising radiation, and DNA-PK and ATM phosphorylation in 

response to vincristine treatment was investigated, in the CCRF-CEM and CCRF-CEM 

VCR/R cells. The Caspase Glo assay, which measures caspase 3/7 activity, was used to 

study cell death in response to vincristine, paclitaxel or docetaxel alone or in 

combination with NU7441. Previous studies have demonstrated that NU7441 and 

KU55933 cause sensitisation to DNA-damaging agents and studies were performed to 

measure DNA-strand breaks following vincristine and docetaxel treatment using the 

COMET assay.  

 

3.3 Results 

 

3.3.1 Characterisation of the cell lines 

The preliminary data for this project were generated using CCRF-CEM cells and 

their multidrug-resistant counterpart, CCRF-CEM VCR/R cells. Therefore this cell line 

was used along with three other paired drug sensitive and multidrug-resistant cell lines 

(Table 2-1). The cell lines were chosen to represent solid and haematological cancers 

made resistant to the microtubule-targeting agents vincristine or paclitaxel, or to 

doxorubicin, through exposure to increasing concentrations of drug. In each case 

resistance was known to be due to overexpression of the drug-efflux transporter, 

MDR1.  

Initially, cell lines were characterised for basal levels of expression (mRNA 

and/or protein) of key genes. The CCRF-CEM and CCRF-CEM VCR/R cell lines 

(Figure 3-1) express autophosphorylated DNA-PK and ATM, as detected by probing 

the Western blot with antibodies for autophosphorylation sites on these proteins 

(pDNA-PK (Ser2056) and pATM (Ser1981)). The CCRF-CEM VCR/R cells have 

higher levels of total and phosphorylated DNA-PKcs and ATM protein, but this higher 
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expression was not observed at the mRNA level, where the levels were similar for both 

cell lines (Figure 3-4A). As expected, CCRF-CEM VCR/R cells displayed clear 

overexpression of MDR1 as detected at the mRNA (p=0.0005) and protein level (Figure 

3-1, Figure 3-4).    

 

Figure 3-1: Characterisation of CCRF-CEM and CCRF-CEM VCR/R cells by 
protein expression. CCRF-CEM and CCRF-CEM VCR/R cell lysates were prepared 
from exponentially-growing cells and phosphorylated DNA-PK (pDNA-PK (Ser2056)), 
total DNA-PK (tDNA-PKcs), phosphorylated ATM (pATM (Ser1981)), total ATM 
(tATM), MDR1, Ku80, Ku70 and actin expression was determined by Western blotting 
using the indicated specific antibodies (Section 2.7.4). Data are representative of 3 
independent experiments. 

 

The A2780 and A2780-TX1000 cells express similar levels of DNA-PKcs and 

ATM mRNA and there is no difference in the protein levels of DNA-PKcs in these 

cells; a pattern also observed in the paired SKOV3 and SKOV3-TR cells (Figure 3-2, 

Figure 3-4B and C). Again as expected, both the A2780-TX1000 cells and the SKOV3-

TR cells overexpress MDR1 at both the mRNA and the protein levels. KK47A have 
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previously been shown to overexpress MDR1 (Hasegawa et al., 1995) and there was no 

difference in total DNA-PKcs levels between the KK47 and the KK47A cells (Figure 

3-3). 

 

Figure 3-2: Characterisation of A2780 and A2780-TX1000 cells and SKOV3 and 
SKOV3-TR cells by protein expression. A2780 and A2780-TX1000 and SKOV3 and 
SKOV3-TR cell lysates were prepared from exponentially-growing cells and total 
DNA-PK (tDNA-PKcs), MDR1 and actin expression was determined by Western 
blotting using the indicated specific antibodies (Section 2.7.4). Data are representative 
of 3 independent experiments. 

 

 

 

Figure 3-3: Characterisation of KK47 and KK47A cells by protein expression. 
KK47 and KK47A cell lysates were prepared from exponentially-growing cells and 
total DNA-PK (tDNA-PKcs) and actin expression was determined by Western blotting 
using the indicated specific antibodies (Section 2.7.4). Data are representative of 3 
independent experiments. KK47 cell work carried out during EM MRes project. 
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Figure 3-4: Characterisation of (A) CCRF-CEM and CCRF-CEM VCR/R cells, 
(B) A2780 and A2780-TX1000 cells and (C) SKOV3 and SKOV3-TR cells by 
mRNA expression. Cell pellets were prepared from exponentially-growing cells and 
ABCB1, PRKDC, ATM, XRCC6, XRCC5 and β-actin mRNA expression was 
determined by real-time quantitative PCR using the indicated gene expression assays 
(Section 2.9.5). The cycle threshold (CT) value was determined by 7500 Fast RT PCR 
system and data are presented as 1/ΔCT relative to β-actin. Results for CCRF-CEM and 
CCRF-CEM VCR/R cells are mean ± standard error of three independent experiments, 
each using duplicate samples. Significant differences between CCRF-CEM and CCRF-
CEM VCR/R cells were evaluated using an unpaired t-test. Asterisk indicates a 
statistically significant difference (* p<0.05, ** p<0.01, *** p<0.001). Results for 
A2780 and A2780-TX1000 cells and SKOV3 and SKOV3-TR cells are mean results of 
duplicates in 1 experiment.  
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The p53 status of the parental and multidrug-resistant cell lines was established 

because cells that become resistant to drug treatment can develop p53 mutations. The 

parental SKOV3 cells are known to have a TP53 homozygous mutation (COSMIC, 

2014) and the KK47 and KK47A cells both have wild-type functional p53, as 

previously demonstrated by Shirakawa et al. (2001).   

 SJSA1 osteosarcoma cells were used as a positive control as it is known that they 

have wild type p53, overexpress MDM2 and display a p53 wild-type response to the 

MDM2-inhibitor Nutlin-3 (Arva et al., 2008). P53 promotes MDM2 transcription and 

MDM2 acts as an inhibitor of p53 stability and function, and Nutlin-3 inhibits the 

interaction between p53 and MDM2 by binding to MDM2 in the p53 binding pocket, 

therefore enhancing and prolonging p53 transcriptional activity. Cells were therefore 

treated with 0, 1 and 10 µM Nutlin-3 to examine whether they exhibit a wild-type p53 

response.  

For SJSA1 cells, as shown in Figure 3-5, only 10 µg of protein was loaded onto 

the gel because this cell line overexpresses MDM2. In SJSA1 cells p53 induction was 

observed in response to Nutlin-3 treatment and, as expected, MDM2 expression also 

increased, along with p21, which is a downstream marker of p53 function.  

However, in the CCRF-CEM and CCRF-CEM VCR/R cells, there were very high, 

constant levels of p53 protein detected, even in untreated cells, but no MDM2 or p21 

expression, indicating that p53 is non-functional in this cell line. This result is consistent 

with the mutation data for the CCRF-CEM cell line in the COSMIC database which 

lists two heterozygous mutations in the TP53 gene (COSMIC, 2014).  

In contrast to CCRF-CEM cells, A2780 cells have no TP53 mutations listed in the 

COSMIC database and a Nutlin-3 concentration-dependent induction of p53, MDM2 

and p21 expression was seen; similar to that observed in the SJSA1 cells (Figure 3-6). 

However, untreated A2780-TX1000 cells had higher levels of p53 when compared with 

A2780 cells, and there was no induction of p53, MDM2 or p21 observed in this cell line 

following Nutlin-3 treatment, suggesting that A2780-TX1000 cells may have aquired a 

p53 mutation. To confirm this suggestion, the A2780-TX1000 cells were submitted for 

TP53 next generation sequencing (NewGene, Newcastle upon Tyne, UK) and it was 

confirmed that this cell line was TP53 mutant with a deletion in exon 4 

(delATGGATG).  
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Figure 3-5: CCRF-CEM and CCRF-CEM VCR/R cells have non-functional p53. 
CCRF-CEM and CCRF-CEM VCR/R cells were treated with 0, 1 or 10 µM Nutlin-3 
for 8 hours. SJSA1 cells were used as a p53 wild-type positive control cell line (10 µg 
protein loaded). Cell lysates were prepared, 30 µg protein loaded onto the gel and 
MDM2, p53, p21 and actin expression was determined by Western blotting using the 
indicated specific antibodies (Section 2.7.4). X-ray film exposure time varied depending 
on the intensity of signal. Data are representative of 3 independent experiments. 

 

 

 

 

Figure 3-6: A2780 cells have functional p53 but A2780-TX1000 cells have non-
functional p53. A2780 and A2780-TX1000 cells were treated with 0, 1 or 10 µM 
Nutlin-3 for 8 hours. SJSA1 cells were used as a p53 wild-type positive control cell line 
(10 µg protein loaded). Cell lysates were prepared, 30 µg protein loaded onto the gel 
and MDM2, p53, p21 and actin expression was determined by Western blotting using 
the indicated specific antibodies (Section 2.7.4). X-ray film exposure time varied 
depending on the intensity of signal. Data are representative of 3 independent 
experiments. 
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3.3.2 Inhibition of DNA-PK and ATM by NU7441 and KU55933, respectively, in 

CCRF-CEM cell lines 

The inhibitory activity of NU7441 and KU55933 against their target enzymes was 

investigated in the CCRF-CEM and CCRF-CEM VCR/R cell lines. DNA damage was 

induced using 10 Gy of ionising radiation and inhibition of autophosphorylation at 

DNA-PK serine 2056 or ATM serine 1981, following pretreatment with increasing 

concentrations of NU7441 or KU55933, respectively, was investigated.  

Figure 3-7 shows DNA-PK inhibition induced by NU7441 in both the CCRF-

CEM and CCRF-CEM VCR/R cells. The Western blot reveals higher basal levels of 

phosphorylated DNA-PK (Ser2056) in the CCRF-CEM VCR/R cells, as observed 

previously (Figure 3-1). DNA-PK was autophosphorylated in response to 10 Gy 

ionising radiation in both cell lines and a concentration-dependent inhibition of 

autophosphorylation was observed with NU7441. The graphs were generated by 

densitometry quantification of 3 independent Western blots, with the phosphorylated 

DNA-PK normalised to actin in each sample, and then plotted as % inhibition of 

phosphorylated DNA-PK compared to that observed with 10 Gy IR alone. The 

concentration that caused 50 % phosphorylated DNA-PK inhibition (IC50) is displayed 

on the graphs for each cell line, and IC50 values in both cell lines are similar (0.25 µM 

in CCRF-CEM cells (Figure 3-7B), 0.46 µM in CCRF-CEM VCR/R cells (Figure 

3-7C)). These IC50 values are similar to the value of 0.3 µM NU7441 previously 

determined in K562 cells (Tavecchio et al., 2012). NU7441 was used at 1 µM in 

subsequent experiments as this concentration is greater than the IC50 of both CCRF-

CEM and CCRF-CEM VCR/R cells, and 1 µM has previously been shown to be the 

optimal concentration for DNA-PK inhibition without NU7441 causing cellular toxicity 

(Zhao et al., 2006; Tavecchio et al., 2012).  
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Figure 3-7: NU7441 is a potent inhibitor of IR-activated DNA-PK phosphorylation 
in CCRF-CEM and CCRF-CEM VCR/R cells. CCRF-CEM and CCRF-CEM VCR/R 
cells were pretreated for 1 hour with NU7441 (0-10 µM) before cells were irradiated 
with 10 Gy IR, and cell lysates were collected after a further 30 minutes. (A) DNA-PK 
levels and phosphorylation, and actin expression, were determined by Western blotting 
using the indicated specific antibodies (Section 2.7.4). Data represents findings of 3 
independent experiments. (B) and (C) Mean ± SEM pDNA-PK inhibition following 
quantification of results from 3 independent Western blots. The lines were fitted using 
non-linear regression analysis.  

 

 

The experiment was repeated in the presence of increasing concentrations of 

KU55933 in place of NU7441 and the results are shown in Figure 3-8. Higher basal 

ATM phosphorylation at serine 1981 was observed in the CCRF-CEM VCR/R cells 

compared with the parental cells before treatment, and ATM phosphorylation was 

increased after treatment with 10 Gy IR in both cell lines but, more clearly in the 

CCRF-CEM VCR/R cells compared with the CCRF-CEM cells. ATM phosphorylation 

was inhibited by KU55933 in both cell lines with IC50 values of 6.1 µM in CCRF-CEM 

cells (Figure 3-8B) and 3.6 µM in CCRF-CEM VCR/R cells (Figure 3-8C). KU55933 

was used at 10 µM in subsequent experiments as this concentration is higher than the 

IC50 values in both CCRF-CEM and CCRF-CEM VCR/R cells, and this concentration 

has been previously be demonstrated to maximally potentiate ionising radiation-induced 

cell killing (Hickson et al., 2004). 
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Figure 3-8: KU55933 is a potent inhibitor of IR-activated ATM phosphorylation in 
CCRF-CEM and CCRF-CEM VCR/R cells. CCRF-CEM and CCRF-CEM VCR/R 
cells were pretreated for 1 hour with varying concentrations of KU55933 (0-30 µM) 
before cells were irradiated with 10 Gy IR, and cell lysates were collected after a further 
30 minutes. (A) ATM levels and phosphorylation, and actin expression, were 
determined by Western blotting using the indicated specific antibodies (Section 2.7.4). 
Data represents findings of 3 independent experiments. (B) and (C) Mean ± SEM 
pATM inhibition following quantification of results from 3 independent Western blots. 
The lines were fitted using non-linear regression analysis. Stephanie Burnell (SB) 
carried out two of the independent experiments. 

 

 

3.3.3 NU7441 and KU55933 caused greater sensitisation in multidrug-resistant cells 

compared with parental cells 

Having characterised the cell lines and the inhibitors, the sensitivity of the 4 

different paired parental and multidrug-resistant cell lines to vincristine, docetaxel or 

paclitaxel alone or in the presence of NU7441 (1 µM) or KU55933 (10 µM) was 

examined using the XTT assay (Section 2.3).  

For each data set, the bar charts show the 50 % growth inhibitory concentrations 

calculated from the line graphs with statistical analyses using an unpaired t-test. The 

GI50 data for all of the cell lines are displayed in Table 3-1. 
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CCRF-CEM cells were sensitised 1.5-fold (p=0.02) and 6-fold (p=0.0006) to 

vincristine by 1 µM NU7441 and 10 µM KU55933, respectively, but were not 

sensitised to docetaxel (Figure 3-9). CCRF-CEM VCR/R cells, developed by exposure 

to increasing concentrations of vincristine, were 3200-fold resistant to vincristine 

(p=0.02) and 105-fold (p=0.006) cross-resistant to docetaxel. The CCRF-CEM VCR/R 

cells were sensitised by NU7441 (1 µM) and KU55933 (10 µM) to both vincristine (7-

fold (p=0.01) and 48-fold (p=0.006), respectively) and docetaxel (7-fold (p=0.003) and 

53-fold (p=0.002), respectively), i.e. to a much greater degree than the parental CCRF-

CEM cells. 

A2780 cells were sensitised 20-fold (p<0.0001) to paclitaxel at the GI50 

concentration by 10 µM KU55933 (Figure 3-10). However, KU55933 did not sensitise 

A2780 cells to vincristine, and NU7441 did not sensitise the A2780 cells to either 

vincristine or paclitaxel at the GI50 concentration. A2780-TX1000 cells, generated by 

exposure to increasing concentrations of paclitaxel, were 8800-fold resistant (p=0.0002) 

to paclitaxel and 5100-fold cross-resistant (p=0.003) to vincristine, when compared with 

the parental A2780 cells. The large resistance to paclitaxel and cross-resistance to 

vincristine is in agreement with the relatively high ABCB1 mRNA levels found in this 

cell line (Figure 3-4). The A2780-TX1000 cells were sensitised to paclitaxel 3.5-fold 

(p=0.002) and 17-fold (p=0.0003), and to vincristine 5.7-fold (p=0.007) and 24-fold 

(p=0.01), by 1 µM NU7441 and 10 µM KU55933, respectively.  

The parental SKOV3 cell line was not sensitised by either NU7441 (1 µM) or 

KU55933 (10 µM) to vincristine or paclitaxel (Figure 3-11). The SKOV3-TR cell line, 

generated by exposure to increasing concentrations of paclitaxel, was 355-fold 

(p=0.0008) resistant to paclitaxel and 340-fold (p=0.01) resistant to vincristine, and was 

sensitised 7.6-fold (p=0.002) and 27-fold (p=0.0009) to paclitaxel, and 17-fold (p=0.01) 

and 11-fold (p=0.02) to vincristine, by 1 µM NU7441 and 10 µM KU55933, 

respectively.  

The parental KK47 cells were not sensitised to docetaxel or vincristine by 

NU7441 (1 µM) (Figure 3-12). The KK47A cell line was developed in the same way as 

the A2780-TX1000 and SKOV3-TR cell lines but with exposure to doxorubicin rather 

than an antimitotic agent. The KK47A cells were 3.2-fold (p=0.03) resistant to 

vincristine but not significantly resistant to docetaxel. In contrast to KK47 cells, 

KK47A cells were significantly sensitised to both vincristine and docetaxel by 1 µM 

NU7441 (3.4-fold (p=0.02) and 2.5-fold (p=0.04), respectively).  
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KU55933 (10 µM) consistently caused a greater sensitisation to the cytotoxic 

drugs than 1 µM NU7441 in all of the parental cell lines. Also, the sensitisation effects 

were greater when the inhibitors were used in combination with vincristine, as opposed 

to a taxane (docetaxel or paclitaxel) in all of parental and multidrug-resistant cell lines, 

except the KK47A cell line.  
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Figure 3-9: CCRF-CEM cells are sensitised to vincristine and docetaxel by 
KU55933 and CCRF-CEM VCR/R cells are sensitised to vincristine and docetaxel 
by both NU7441 and KU55933. CCRF-CEM and CCRF-CEM VCR/R cells were 
treated with (A and C) vincristine or (B and D) docetaxel alone or in combination with 
1 µM NU7441 or 10 µM KU55933 for 72 hours and % growth was analysed by XTT 
assay (Section 2.3). (A) and (B) data are presented as a percentage of vehicle control 
cells. Points represent the mean of  ≥3 independent experiments, each in triplicate, ± 
standard error. (C) Vincristine and (D) docetaxel GI50 data are presented as the GI50 
means ± standard error. Asterisk indicates a statistically significant difference using the 
Student’s unpaired t-test when compared with the GI50 for drug alone (* p<0.05, ** 
p<0.01, *** p<0.001). 
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Figure 3-10: A2780 cells are sensitised to paclitaxel by KU55933 and A2780-
TX1000 cells are sensitised to vincristine and paclitaxel by both NU7441 and 
KU55933. A2780 and A2780-TX1000 cells were treated with (A and C) vincristine or 
(B and D) paclitaxel alone or in combination with 1 µM NU7441 or 10 µM KU55933 
for 72 hours and % growth was analysed by XTT assay (Section 2.3). (A) and (B) data 
are presented as a percentage of vehicle control cells. Points represent the mean of  ≥3 
independent experiments, each in triplicate, ± standard error. (C) Vincristine and (D) 
paclitaxel GI50 data are presented as the GI50 means ± standard error. Asterisk indicates 
a statistically significant difference using the Student’s unpaired t-test when compared 
with the GI50 for drug alone (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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Figure 3-11: SKOV3 cells are sensitised to vincristine by KU55933 and SKOV3-TR 
cells are sensitised to vincristine and paclitaxel by both NU7441 and KU55933. 
SKOV3 and SKOV3-TR cells were treated with (A and C) vincristine or (B and D) 
paclitaxel alone or in combination with 1 µM NU7441 or 10 µM KU55933 for 72 hours 
and % growth was analysed by XTT assay (Section 2.3). (A) and (B) data are presented 
as a percentage of vehicle control cells. Points represent the mean of  ≥3 independent 
experiments, each in triplicate, ± standard error. (C) Vincristine and (D) paclitaxel GI50 
data are presented as the GI50 means ± standard error. Asterisk indicates a statistically 
significant difference using the Student’s unpaired t-test when compared with the GI50 
for drug alone (* p<0.05, ** p<0.01, *** p<0.001). 
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Figure 3-12: KK47A cells are more resistant to vincristine and docetaxel than the 
parental KK47 cells and are sensitised to vincristine and docetaxel by NU7441. 
KK47 and KK47A cells were treated with (A, C, E, G) vincristine or (B, D, F, H) 
docetaxel alone or in combination with 1 µM NU7441 for 72 hours and % growth was 
analysed by XTT assay (Section 2.3). (A-F) Data are presented as a percentage of 
vehicle control cells. Points represent the mean of  ≥3 independent experiments, each in 
triplicate, ± standard error. (G) Vincristine and (H) docetaxel GI50 data are presented as 
the GI50 means ± standard error. Asterisk indicates a statistically significant difference 
using the Student’s unpaired t-test when compared with the GI50 for drug alone (* 
p<0.05). KK47 cell work carried out during EM MRes project. 
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GI50 drug (nM) CCRF-CEM cells  CCRF-CEM VCR/R cells 
Drug  Drug + NU7441  Drug + KU55933 

 

Drug Drug + NU7441 Drug + KU55933 
Vincristine 0.6 ± 0.04 0.4 ± 0.04p=0.02 0.1 ± 0.04p=0.0006 1900 ± 340p=0.02 250 ± 30p=0.01 40 ± 10p=0.006 

Docetaxel 2.0 ± 0.2 2.0 ± 0.4ns 1.0 ± 0.5ns 210 ± 30p=0.006 30 ± 4.0p=0.003 4.0 ± 1.0p=0.002 

GI50 drug (nM) A2780 cells  A2780-TX1000 cells 
Drug Drug + NU7441 Drug + KU55933 

 

Drug Drug + NU7441 Drug + KU55933 
Vincristine 0.2 ± 0.05 0.1 ± 0.02ns 0.2 ± 0.1ns 1020 ± 210p=0.003 180 ± 20p=0.007 43 ± 9p=0.01 

Paclitaxel 0.8 ± 0.02 0.7 ± 0.1ns 0.04 ± 0.02p<0.0001 7050 ± 550p=0.0002 2020 ± 340p=0.002 410 ± 35p=0.0003 

GI50 drug (nM) SKOV3 cells  SKOV3-TR cells 
Drug Drug + NU7441 Drug + KU55933 

 

Drug Drug + NU7441 Drug + KU55933 
Vincristine 1 ± 0.5 0.4 ± 0.2ns 0.2 ± 0.1ns 340 ± 80p=0.01 20 ± 2p=0.01 30 ± 10p=0.02 
Paclitaxel 10 ± 7 6 ± 3ns 3 ± 1ns 3550 ± 380p=0.0008 470 ± 180p=0.002 130 ± 50p=0.0009 

GI50 drug (nM) KK47 cells  KK47A cells 
Drug Drug + NU7441 -  Drug Drug + NU7441 - 

Vincristine 1.8 ± 0.5 1.1 ± 0.1ns -  5.8 ± 1.1p=0.03 1.7 ± 0.3p=0.02 - 
Docetaxel 1.3 ± 0.4 0.5 ± 0.06ns -  2.0 ± 0.34ns 0.8 ± 0.22p=0.04 - 

Table 3-1: GI50 concentrations of drug alone or in the presence of the NU7441 or KU55933 in four paired sensitive and multidrug-resistant 
cell lines. Cells were treated with vincristine, docetaxel or paclitaxel alone or in combination with 1 µM NU7441 or 10 µM KU55933 for 72 hours and 
% growth was analysed by XTT assay (Section 2.3). The data are presented as the GI50 mean (nM) of  ≥3 independent experiments, each in triplicate, ± 
standard error. Significant differences between parental and multidrug-resistant cells treated with drug alone were calculated using an unpaired t-test 
and results are shown as a subscript. Significant differences between cells treated with drug alone and cells treated with drug + inhibitor were 
calculated using an unpaired t-test and results are shown as a superscript. ns = not-significant. KK47 cell work carried out during EM MRes project.
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3.3.4 KU55933 significantly sensitised cells to vincristine and paclitaxel 

To determine whether sensitisation to microtubule-targeting agent-induced growth 

inhibition by NU7441 and KU55933 in the 4 paired cell lines reflected increased 

cytotoxicity, cell survival assays were performed.  

Survival assays on the suspension CCRF-CEM and CCRF-CEM VCR/R cell lines 

were performed using an enriched semi-solid methylcellulose medium, Methocult. The 

plating efficiency of suspension cell lines in sloppy agar, which is a commonly-used 

method, is often quite poor but the plating efficiency in methylcellulose for these cell 

lines was between 35-40 %. 

CCRF-CEM and CCRF-CEM VCR/R cells were treated with vincristine alone or 

in combination with NU7441 (1 µM) or KU55933 (10 µM) for 24 hours before the 

drugs were washed off and cells were plated out and left for colonies to establish for 14 

days (Section 2.5). It was not possible to obtain 90 % lethal concentrations (LC90) for 

the CCRF-CEM VCR/R cells as they did not reach 10 % survival at the highest 

vincristine concentration used (10 µM). However, there was a 13-fold increase in 

cytotoxicity in response to 10 µM vincristine in combination with KU55933 (10 µM). 

NU7441 (1 µM) had no effect on cell survival in the CCRF-CEM VCR/R cell line. In 

the parental CCRF-CEM cell line, 10 µM KU55933 sensitised CCRF-CEM cells to 

vincristine at concentrations of 0.3 nM and above. However, NU7441 (1 µM) did not 

show any marked sensitisation effects until the higher concentrations of vincristine were 

tested (3-30 nM). 
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Figure 3-13: CCRF-CEM and CCRF-CEM VCR/R cells are not markedly 
sensitised to vincristine cytotoxicity by NU7441 or KU55933. CCRF-CEM and 
CCRF-CEM VCR/R cells were treated with vincristine alone or in combination with 1 
µM NU7441 or 10 µM KU55933 for 24 hours. Survival was analysed by 
methylcellulose clonogenic assay (Section 2.5). Data are presented as a percentage of 
vehicle or inhibitor alone control cells. Vincristine alone and vincristine plus NU7441 
points represent the mean of 3 independent experiments, vincristine plus KU55933 
points represent the mean of 2 independent experiments, each in triplicate, ± standard 
error. SB carried out one of the independent experiments with KU55933. 

 

 

Cell survival was also investigated in the A2780 and A2780-TX1000 solid-

tumour cell lines following treatment with paclitaxel alone or in combination with 

NU7441 (1 µM) or KU55933 (10 µM). It was not possible to obtain 90 % lethal 

concentrations (LC90) for the A2780 or A2780-TX1000 cells as they did not reach 10 % 

survival at the highest paclitaxel concentration used (10 µM). In the A2780 cell line, 1 

µM NU7441 did not reduce the cell survival in combination with paclitaxel when 

compared with paclitaxel alone. However, 10 µM KU55933 caused a 19.1-fold 

sensitisation in A2780 cells to 1 nM paclitaxel.  The A2780-TX1000 cells were highly 

92 
 



resistant to paclitaxel in comparison to the parental A2780 cell line, and the data for the 

A2780-TX1000 cell line suggests sensitisation to paclitaxel by NU7441 and KU55933 

may be obtained, but higher concentrations of paclitaxel would need to be tested.   

 

  

Figure 3-14: A2780 cells are sensitised by KU55933 and A2780-TX1000 cells are 
sensitised by both NU7441 and KU55933 to paclitaxel cytotoxicity. A2780 and 
A2780-TX1000 cells were treated with paclitaxel alone or in combination with 1 µM 
NU7441 or 10 µM KU55933 for 24 hours. Survival was analysed by clonogenic assay 
(Section 2.4). Data are presented as a percentage of vehicle or inhibitor alone control 
cells. Points represent the mean of 3 independent experiments, each in triplicate, ± 
standard error. 
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3.3.5 DNA-PK underwent autophosphorylation, but ATM did not, in response to 

vincristine in CCRF-CEM and CCRF-CEM VCR/R cell lines 

Phosphorylation of DNA-PK and ATM were investigated in CCRF-CEM and 

CCRF-CEM VCR/R cells following treatment with vincristine. Cells were treated with 

concentrations of vincristine that included the GI50 concentrations determined for each 

cell line (Figure 3-9); however, because the cells for these Western blotting experiments 

were only treated for 24 hours, higher concentrations of vincristine were also included. 

Following vincristine treatment, DNA-PK was phosphorylated at serine 2056 in a 

concentration-dependent manner (Figure 3-15). Unexpectedly, the total DNA-PKcs 

protein levels decreased in a concentration-dependent manner. This result could not be a 

cross-antibody or a membrane stripping effect as separate Western blots were 

performed, one being probed for phosphorylated DNA-PK and one for total DNA-PK. 

 

   

 

Figure 3-15: Concentration-dependent DNA-PK phosphorylation in response to 
vincristine. CCRF-CEM and CCRF-CEM VCR/R cells were treated with varying 
concentrations of vincristine (0-5 nM and 0-5 µM, respectively) for 24 hours. Cell 
lysates were prepared and DNA-PK levels and phosphorylation, and actin expression, 
were determined by Western blotting using the indicated specific antibodies (Section 
2.7.4). Data are representative of 3 independent experiments. 
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An additional experiment using the same treatment conditions was performed, and 

the membranes were probed for total ATM and ATM serine 1981 phosphorylation. A 

positive control was also included, namely MDA-MB-231 cells which are known to 

phosphorylate ATM at serine 1981 in response to ionising radiation (Toulany et al., 

2006) (Figure 3-16).   

There was no ATM phosphorylation in the CCRF-CEM cell lines in response to 

vincristine as measured by the serine 1981 phosphorylation site, and the total ATM 

protein level was constant.  

 

 

 

Figure 3-16: ATM is not phosphorylated in response to vincristine. CCRF-CEM 
and CCRF-CEM VCR/R cells were treated with varying concentrations of vincristine 
(0-5 nM and 0-5 µM, respectively) for 24 hours. Irradiated MDA-MB-231 cells were 
included as a positive control for ATM serine 1981 phosphorylation. Cell lysates were 
prepared and ATM levels and phosphorylation, and actin expression, were determined 
by Western blotting using the indicated specific antibodies (Section 2.7.4). Data are 
representative of 3 independent experiments. SB carried out two of the independent 
experiments. 
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To confirm that the DNA-PK phosphorylation observed (Figure 3-15) was due to 

DNA-PK activation, the inhibitory effect of 1 µM NU7441 on phosphorylation was 

examined. Cells were treated with their respective vincristine GI50 concentrations alone 

or in combination with 1 µM NU7441. Induction of DNA-PK phosphorylation was 

observed in response to vincristine, and this phosphorylation was inhibited by NU7441 

(1 µM) in both cell lines (Figure 3-17). 

 

 

Figure 3-17: Vincristine-induced DNA-PK phosphorylation is inhibited by 
NU7441. CCRF-CEM and CCRF-CEM VCR/R cells were treated with vincristine (0.5 
nM and 2 µM, respectively) alone or in the presence of NU7441 (1 µM) for 24 hours. 
Cell lysates were prepared and DNA-PK levels and phosphorylation, MDR1 and actin 
expression were determined by Western blotting using the indicated specific antibodies 
(Section 2.7.4). Data are representative of 3 independent experiments. 

 

These experiments demonstrated that DNA-PK is phosphorylated at serine 2056 

in a concentration-dependent response to vincristine, and that phosphorylation is 

inhibited by 1 µM NU7441. In contrast, ATM autophosphorylation at serine 1981 was 

not observed, although this site is a known site of autophosphorylation in response to 

DNA-damaging agents as shown in Figure 3-8 with ionising radiation in these cell lines.  
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3.3.6 Vincristine, paclitaxel and docetaxel induce caspase 3/7 activation in parental 

and multidrug-resistant tumour cell lines 

NU7441 and KU55933 were shown to sensitise cells to microtubule-targeting 

agents (Sections 3.3.3 and 3.3.4) and the mechanism of cell death involved was 

investigated using the caspase 3/7 assay to evaluate the role of apoptosis.  

KU55933 was found to interfere with the Caspase-Glo assay, i.e. the inhibitor 

alone with no cells present gave a high luminescence reading, and so it was not possible 

to measure caspase 3/7 activity in cells treated with KU55933 using this assay. 

However, the other cytotoxic drugs and NU7441 did not interfere with the Caspase-Glo 

assay. 

CCRF-CEM and CCRF-CEM VCR/R cells were treated with a GI50 vincristine 

concentration either alone or in combination with 1 µM NU7441, or with the GI50 

concentration of mitoxantrone for 6 hours (a positive control treatment based on 

unpublished data obtained by NJ Tan). Six hours was chosen as the time point for 

caspase activity to be measured as this is long enough for the compounds to have 

entered the cells and caused an induction of caspase 3/7 activity, but before cells have 

undergone cell death, when the signal is lost.  
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Vincristine increased caspase 3/7 activity to a level similar to or higher than the 

positive control mitoxantrone, in both the CCRF-CEM and CCRF-CEM VCR/R cells 

(Figure 3-18). In CCRF-CEM cells, NU7441 increased vincristine-induced caspase 3/7 

activity by 21 % and by 187 % in CCRF-CEM VCR/R cells, although this was not 

statistically significant. There were much higher levels of caspase 3/7 activity detected 

in the CCRF-CEM VCR/R cells compared with the parental CCRF-CEM cells in 

response to GI50 drug concentrations (>100 % increase in caspase 3/7 activity compared 

with >35 % increase, respectively), indicating that caspase activation is much greater in 

the multidrug-resistant cells at the equitoxic vincristine and mitoxantrone 

concentrations. 

 

 

Figure 3-18: Vincristine increases caspase 3/7 activity in CCRF-CEM and CCRF-
CEM VCR/R cells but there is no additional increase in caspase activity with 
NU7441. CCRF-CEM and CCRF-CEM VCR/R cells were treated with vincristine (0.5 
nM and 2.5 µM, respectively) or mitoxantrone (10 nM and 1 µM, respectively) alone or 
in the presence of NU7441 (1 µM) for 6 hours. Caspase 3/7 activity was determined by 
Caspase-Glo assay (Section 2.6). Bars represent the mean of  ≥3 independent 
experiments, each in triplicate, ± standard error. Significant differences between 
untreated cells and cells treated with drug and between cells treated with drug alone and 
drug + NU7441 were evaluated using an unpaired t-test. Asterisk indicates a statistically 
significant difference (* p<0.05, ** p<0.01). 

 

Caspase 3/7 activation was also studied in A2780 and A2780-TX1000 cells using 

both GI50 and 5 x GI50 concentrations of paclitaxel, alone or in combination with 1 µM 
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NU7441. There was no induction of apoptosis with 1 µM NU7441 treatment alone, in 

agreement with the growth inhibition and survival data showing that 1 µM NU7441 

alone was not toxic (Figure 3-19). Paclitaxel caused an increase in caspase 3/7 activity, 

up to a 255 % increase in A2780 cells and a 177 % increase in A2780-TX1000 cells, 

indicating paclitaxel causes cell death via apoptosis. There was no further increase in 

caspase 3/7 activity in the A2780 cells with the addition of NU7441 (1 µM), which is in 

agreement with the lack of sensitisation seen in the growth inhibition and clonogenic 

survival experiments. However, in the A2780-TX1000 cells there was a marked 173 % 

increase in caspase 3/7 activity with the addition of NU7441 (1 µM) at a paclitaxel 

concentration of 5 μM.  

 

Figure 3-19: Paclitaxel increases caspase 3/7 activity in A2780 and A2780-TX1000 
cells and there is an increase in caspase activity with NU7441 in A2780-TX1000 
cells. A2780 and A2780-TX1000 cells were treated with paclitaxel (0, 1, 5 nM and 0, 5, 
25 µM, respectively) alone or in the presence of NU7441 (1 µM) for 6 hours. Caspase 
3/7 activity was determined by Caspase-Glo assay (Section 2.6). Bars represent the 
mean of  ≥3 independent experiments, each in triplicate, ± standard error. Significant 
differences between untreated cells and cells treated with drug, and between cells 
treated with drug alone and drug + NU7441, were evaluated using an unpaired t-test. 
Asterisk indicates a statistically significant difference (* p<0.05, ** p<0.01). 

 

KK47 and KK47A cells were also investigated for caspase 3/7 activation, in 

response to a range of docetaxel concentrations.  Docetaxel caused a concentration-

dependent increase in caspase 3/7 activity in both cell lines, up to a 143 % increase in 

the KK47 cells and a 185 % increase in the KK47A cells (Figure 3-20). Although only 
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statistically significant at 20 nM docetaxel in KK47 cells, due to experimental variation, 

NU7441 increased apoptosis at all concentrations of docetaxel.   

 

 

Figure 3-20: Docetaxel increases caspase 3/7 activity in a concentration-dependent 
manner in KK47 and KK47A cells which is enhanced by NU7441 in KK47 cells. 
KK47 and KK47A cells were treated with docetaxel (0, 1, 5, 20 nM and 0, 1, 5, 20 µM, 
respectively) alone or in the presence of NU7441 (1 µM) for 6 hours. Caspase 3/7 
activity was determined by Caspase-Glo assay (Section 2.6). Bars represent the mean of 
2 independent experiments, each in triplicate, ± standard error. Significant differences 
between untreated cells and cells treated with drug, and between cells treated with drug 
alone and drug + NU7441, were evaluated using an unpaired t-test. Asterisk indicates a 
statistically significant difference (* p<0.05, ** p<0.01, *** p<0.001). KK47 cell work 
carried out during EM MRes project. 

 

The caspase 3/7 activity results show that vincristine, docetaxel and paclitaxel all 

cause cell death, at least in part via the caspase-dependent apoptosis pathway, and that 1 

µM NU7441 can increase drug-induced apoptosis.  

 

3.3.7 The microtubule-targeting agents vincristine and docetaxel did not cause DNA 

strand breaks 

DNA-PK activation, measured by autophosphorylation of DNA-PK, is 

conventionally associated with DNA repair following treatment with a DNA-damaging 

agent, and caspase 3/7-dependent apoptosis is commonly associated with cell death 

following DNA damage. Although the mechanism of action of the vinca alkaloids and 

the taxanes is known to involve interaction with the microtubules and not DNA, clear 

evidence of DNA-PK phosphorylation following vincristine treatment is presented here 
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(Section 3.3.5). Experiments were therefore performed to determine whether vincristine 

and docetaxel were in fact causing DNA strand breaks.  

The alkaline COMET technique allows DNA fragmentation to be examined in a 

single cell gel electrophoresis assay. Experiments were carried out with both KK47 cells 

and CCRF-CEM cells following docetaxel or vincristine treatment. Mitoxantrone and 

temozolomide were used as positive control agents, which are known to induce DNA 

damage.  

DNA damage was assessed by microscopy using the DNA-intercalating dye, 

SYBR green and quantified using KOMET software. In cells without DNA-damage, the 

DNA remains intact and does not pass out of the nucleus following application of an 

electrical current. However, if the DNA is damaged small DNA fragments will pass out 

of the nucleus under an electrical current and will form a “tail” behind the nucleus (the 

“head” of the COMET), with smaller DNA fragments travelling further. 

Untreated KK47 and CCRF-CEM cells showed no DNA damage, i.e. the cells 

have round, intact nuclei (Figure 3-21A and G) and a very low olive tail moment (which 

reflects the size of tail and intensity of DNA fragments in tail) (Figure 3-22). The 

positive control compounds mitoxantrone (Figure 3-21B and I) and temozolomide 

(Figure 3-21C) induced high levels of DNA damage as shown by the presence of an 

intense comet tail and a high olive tail moment. The temozolomide-treated cells had so 

much DNA damage that the KOMET software could not reproducibly detect the heads 

of the comet which is required for calculation for the olive tail moment, hence the 

temozolomide data are not presented in the olive tail moment graphs (Figure 3-22).  In 

contrast to the DNA damage seen with mitoxantrone and temozolomide, there was no 

DNA damage observed following treatment with cytotoxic concentrations of docetaxel 

or vincristine, in either KK47 or CCRF-CEM cells (Figure 3-21E, F and H, Figure 

3-22). The alkaline COMET assay detects both single and double-strand DNA breaks, 

alkali-labile sites and DNA crosslinks, and these results demonstrate that vincristine and 

docetaxel do not cause DNA lesions of the type conventionally associated with DNA-

PK activation.  
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Figure 3-21: Docetaxel and vincristine do not cause DNA strand breaks. (A) 
Untreated KK47 cells. KK47 cells treated with (B) 0.5 µM mitoxantrone (MITOX) 
(positive control), (C) 1 mM temozolomide (TEMOZ) (positive control) or (D-F) 2.5, 5 
or 20 nM docetaxel (DOC) for 24 hours. (G) Untreated CCRF-CEM cells. CCRF-CEM 
cells treated with (H) 2 nM vincristine (VCR) or (I) 10 nM MITOX for 24 hours. DNA 
strand breaks were determined using the COMET assay (Section 2.8) and representative 
images chosen from images from duplicate slides in 1 experiment for each cell line. 
KK47 cell work carried out during EM MRes project. SB and EM jointly carried out the 
COMET assay on CCRF-CEM cells. 
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Figure 3-22: There is no significant DNA damage after docetaxel or vincristine 
treatment, as measured by the Olive Tail Moment. KK47 cells were treated with 0.5 
µM mitoxantrone (MITOX) (positive control) or 2.5, 5 or 20 nM docetaxel (DOC) for 
24 hours. CCRF-CEM cells were treated with 1 or 2 nM vincristine (VCR) or 10 nM 
MITOX for 24 hours. DNA strand breaks were determined using the COMET assay 
(Section 2.8). Analysis of the COMET assay results using Komet 5.5 software showing 
the Olive Tail Moment (OTM) ([(tail mean – head mean) * tail % DNA] / 100) for at 
least 20 cells in each treatment category. Horizontal lines indicate the mean OTM for 
each treatment. Data are the results of duplicates in 1 experiment. Asterisk indicates a 
statistically significant difference using an unpaired t-test when compared with control 
cells (** p<0.01, **** p<0.0001). KK47 cell work carried out during EM MRes 
project. SB and EM jointly carried out the COMET assay on CCRF-CEM cells. 
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3.4 Discussion and future work 

 

The studies described in this chapter evaluated the roles of DNA-PK and ATM in 

the sensitivity of tumour cells to microtubule-targeting agents, using the specific 

inhibitors NU7441 and KU55933, respectively, and were stimulated by reports that 

DNA-PK and ATM may play a role in mitotic spindle assembly and the spindle 

assembly checkpoint (Oricchio et al., 2006; Shang et al., 2010).  

CCRF-CEM acute lymphoblastic leukaemia cells were used initially in this study, 

along with their vincristine-resistant counterpart, CCRF-CEM VCR/R cells, and this 

pair of cell lines has been extensively investigated previously. The parental CCRF-CEM 

cells are an unstable cell line with respect to ploidy, and polyploidy has previously been 

associated with loss of at least two of the four chromosome 8 copies (Pittman et al., 

1993). However, in the karyotypic analysis carried out by Pittman et al. (1993), the 

CCRF-CEM VCR/R cell lines displayed neither polyploid clones nor loss of 

chromosome 8. The authors therefore suggested that loss of genes on chromosome 8 

(e.g. c-myc) may facilitate ploidy changes or provide a selective advantage, as near- or 

pseudo-tetraploid parental cells without loss of chromosome 8 were not observed, and 

pseudo-tetraploid cells were not observed in CCRF-CEM VCR/R cells with a normal 

chromosome 8 and a deleted chromosome 8.  

However, the COSMIC cell line database does state that the parental CCRF-CEM 

cells have microsatellite instability (D17S250), 3 mutations on chromosome 8 

(WHSC1L1, PCM1 and UBR5) and a small section of chromosome 8 with a copy 

number gain at 130 Mb, indicating that the cell line tested in the COSMIC database 

does not have the chromosome 8 abnormalities indicated in previous papers (COSMIC, 

2014).  

DNA-PK is located on chromosome 8 and the CCRF-CEM cells used in this study 

have a functional DNA-PK response. The CCRF-CEM VCR/R cells have greater levels 

of DNA-PKcs protein present but similar levels of PRKDC mRNA, so the higher levels 

of DNA-PKcs protein are unlikely to be due to additional copies of chromosome 8. 

Also, DNA-PK is located at around 48 Mb on chromosome 8, which is not near the area 

of copy number variation described on the COSMIC database. However, using 

fluorescent in-situ hybridisation it would be interesting to compare chromosomal 

abnormalities in the cell line pair used in these studies.  

 The higher levels of DNA-PKcs and ATM protein detected in the resistant 

CCRF-CEM VCR/R cell line (Figure 3-1) could indicate that this multidrug-resistant 
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cell line has acquired higher levels of DNA double-strand break repair capacity. 

However, the A2780-TX1000 and SKOV3-TR cells did not display higher levels of 

DNA-PK than their respective parental cell lines, and hence increased DNA-PK appears 

to be CCRF-CEM VCR/R cell line-specific.  

The A2780-TX1000 cells and the SKOV3-TR cells were cultured in the presence 

of paclitaxel to maintain their multidrug-resistance status, although the cells were 

cultured in drug-free medium for at least 3 days before experiments were carried out. In 

contrast, CCRF-CEM VCR/R cells overexpress MDR1 and display resistance properties 

without the need for the presence of vincristine in their growth medium, indicating a 

stable change in copy number of ABCB1.  

The p53 status of the cell lines and their resistant counterparts was determined 

either from functional studies or published genotypes. The CCRF-CEM cell line pair 

was p53 non-functional (Figure 3-5), the A2780 cells were p53 wild-type and the 

A2780-TX1000 cells were p53 non-functional (Figure 3-6), the SKOV3 cell line pair 

were p53 mutant (COSMIC, 2014) and the KK47 cell line pair were p53 wild-type 

(Shirakawa et al., 2001). It was important to understand the p53 status of the cells, as 

p53 is an important protein in cellular responses to anti-cancer agents and the TP53 

gene is commonly mutated in cancer.  

However, despite the different p53 status of the cell lines and their drug resistant 

counterparts, the same pattern of sensitisation to microtubule-targeting agents by 1 µM 

NU7441 and 10 µM KU55933 was observed throughout. These findings are in line with 

previous studies demonstrating that cell death caused by tubulin-binding agents can 

occur through both p53-dependent and p53-independent apoptosis pathways (Woods et 

al., 1995). Whether NU7441 and KU55933 interact with MDR1, resulting in greater 

sensitisation in the resistant cell lines, is the focus of investigations described in Chapter 

4.  

In growth inhibition studies in the parental cell lines, significant vincristine 

sensitisation by 1 µM NU7441 was only observed in the CCRF-CEM cells. 

Sensitisation by 10 µM KU55933 in parental cells was observed in the CCRF-CEM 

cells in response to vincristine, and in the A2780 cells in response to paclitaxel.  

The sensitisation caused by 1 µM NU7441 in the CCRF-CEM VCR/R cells was 

observed with both vincristine and docetaxel. However, the effect of 10 µM KU55933 

differed depending on both the microtubule-targeting agent and the cell line. In the 

CCRF-CEM and CCRF-CEM VCR/R cells, KU55933 (10 µM) sensitised to a greater 

degree than NU7441 (1 µM) in response to both vincristine and docetaxel. In the A2780 
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and A2780-TX1000 cells, there was greater sensitisation with KU55933 (10 µM) 

observed in all combinations apart from A2780 cells treated with vincristine, where no 

sensitisation was observed with KU55933.  Conversely, in the SKOV3 and SKOV3-TR 

cell line, KU55933 (10 µM) caused similar sensitisation to NU7441 (1 µM) although 

there was no sensitisation in the SKOV3 cells treated with paclitaxel. Therefore the 

sensitisation effect with KU55933 is not microtubule-targeting agent-dependent, i.e. it is 

seen with both a vinca alkaloid and a taxane. The A2780 cells are p53 functional 

whereas the SKOV3 and CCRF-CEM cells are p53 non-functional. Nevertheless, all the 

cell types were sensitised to both vincristine and docetaxel by KU55933, indicating that 

sensitisation is not p53 dependent. According to the COSMIC database (COSMIC, 

2014), SKOV3 cells have heterozygous mutations in a number of DNA repair proteins, 

including ATM, BUB1B, Chk2 and PI3KA, and these mutations could explain the 

reduced KU55933 effect compared with the other cell lines. For example, if ATM is 

mutant and non-functional in SKOV3 cells then sensitisation by KU55933 might not be 

expected. 

In the methylcellulose cytotoxicity assay, KU55933 caused sensitisation in 

CCRF-CEM and CCRF-CEM VCR/R cells in response to vincristine at higher 

concentrations (Figure 3-13). Sensitisation of A2780 cells with KU55933 was observed 

with paclitaxel (Figure 3-14), and these results are consistent with the growth-inhibition 

experiments with KU55933.  

DNA-PK autophosphorylation was observed in response to vincristine in a 

concentration-dependent manner (Figure 3-15). In the Western blotting experiments, 

cells were treated for 24 hours with vincristine before cell lysates were prepared. 

Phosphorylation was observed even at concentrations of vincristine below the GI50 

value (which was calculated after drug treatment for 72 hours) and so the effect is 

unlikely to be secondary to cytotoxicity and suggests that DNA-PK plays a role in the 

response of cells to the microtubule-targeting agents.  

The observation that total DNA-PKcs decreased in a concentration-dependent 

manner in response to vincristine treatment in CCRF-CEM cells was not expected 

(Figure 3-15). Two separate membranes were probed for total and phosphorylated 

DNA-PK and therefore this result was not a membrane-stripping artefact. The total 

DNA-PKcs antibody (MS-370-P) used was supplied by Thermo Scientific and is a 

monoclonal antibody that reacts with an epitope at aa 3198-4127, and only binds to 

intact DNA-PKcs protein and not its degradation products (Fisher Scientific, 2014). 

There are two possibilities for the apparent loss of DNA-PK following vincristine 
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treatment. One possibility is that DNA-PK phosphorylation at serine 2056 prevents MS-

370-P antibody binding and this could be investigated using a different total DNA-PKcs 

antibody. The second possibility is that the DNA-PKcs protein is targeted for 

degradation in response to vincristine. The apparent molecular weight of the DNA-PKcs 

was not altered by vincristine treatment and so it is unlikely that extensive 

ubiquitination was induced; however, ubiquitinated DNA-PKcs might not be detected 

by the antibody used. Immunoprecipitation of total DNA-PKcs using a number of 

antibodies followed by Western blotting using a ubiquitin antibody after treatment 

might elucidate whether DNA-PKcs is being targeted for ubiquitin degradation.  

Growth inhibition and clonogenic assay data demonstrated that KU55933 

sensitised parental and multidrug-resistant cells to vincristine and docetaxel, suggesting 

that ATM plays a role in the cellular response to these agents, and hence 

autophosphorylation of ATM was examined. ATM phosphorylation was investigated by 

Western blotting for serine 1981 phosphorylation, a site modified in response to DNA 

damaging agents. Although autophosphorylation of ATM at serine 1981 in response to 

vincristine was not observed, this does not prove that ATM is not activated and 

phosphorylation at a different site cannot be excluded.  

A publication by Yang et al. (2011) investigated the role of ATM in mitosis and 

identified a new phosphorylation site on ATM that is modified during mitosis in the 

absence of DNA damage. These authors demonstrated weak ATM serine 1981 

phosphorylation in mitotic cells in the absence of DNA damage, and Aurora-B kinase 

was identified as being activated in mitosis and required for mitotic ATM activation. 

Yang et al. (2011) also demonstrated that Aurora-B kinase phosphorylates ATM on 

serine 1403, which was required for mitotic ATM activation and the spindle checkpoint. 

Based on these findings it is possible that vincristine treatment, which interferes with 

the mitotic spindle and mitotic progression, may be activating ATM at the serine 1403 

phosphorylation site, independent of serine 1981 phosphorylation. Unfortunately, there 

are no commercially-available phospho-specific antibodies to the serine 1403 site on 

ATM, so ATM activation at this site could not be investigated. Knockdown of Aurora-B 

kinase could be achieved using siRNA followed by vincristine treatment alone or in the 

presence of KU55933, to investigate whether vincristine-induced growth inhibition of 

cells is altered, and whether the sensitisation effects of KU55933 involve Aurora-B 

kinase-dependent mitotic ATM activity. In this context, studies with Aurora-B kinase 

inhibitors could also be performed.  
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The Caspase Glo assay was used in this study to investigate caspase 3/7-mediated 

programmed cell death in response to microtubule-targeting agents alone and in 

combination with NU7441 or KU55933. Vincristine, paclitaxel and docetaxel increased 

caspase 3/7-mediated apoptosis in both sensitive and multidrug-resistant cells, 

indicating that caspase 3/7-mediated cell death is a mechanism activated in response to 

these agents. However, NU7441 (1 µM) co-treatment did not increase caspase 3/7-

mediated apoptosis to a degree that corresponded to the level of sensitisation observed 

in the growth inhibition assays. Interestingly, in the CCRF-CEM cells, a greater relative 

increase in the vincristine-induced caspase 3/7 activation was observed with 1 µM 

NU7441 than in the CCRF-CEM VCR/R cells, whereas in the growth inhibition 

experiments the impact of NU7441 was greater in the resistant cell line.   

KU55933 was found to interfere with the Caspase-Glo assay and produce a 

luminescent signal when no cells were present and so caspase 3/7 activation would need 

to be investigated using a different technique, for example, Western blotting using 

caspase 3 and caspase 7 antibodies. Alternatively, apoptosis could be studied by 

Annexin V staining, PARP cleavage or flow cytometric measurement of the sub-G1 

population.  

Although vinca alkaloids and taxanes have previously been reported to induce 

apoptosis via caspase 3/7-mediated apoptosis, other mechanisms of cell death in 

response to microtubule-targeting agents have been demonstrated that are caspase-

independent, including lysosomal cathepsin B-mediated cell death or mitotic 

catastrophe (Broker et al., 2004; Morse et al., 2005). The mechanisms were not studied 

here but cathepsin B activity could be measured using a commercially available 

fluorometric kit in which the synthetic substrate RR-AFC (amino-4-trifluoromethyl 

coumarin) is cleaved to AFC by cathepsin B, and AFC quantified using a fluorescent 

plate reader (Abcam Cathepsin B Activity Assay Kit).    

The COMET assay results demonstrated that as expected the microtubule-

targeting agents, vincristine and docetaxel, were not causing any DNA damage breaks, 

and therefore the mechanism of cell death may be distinct from a DNA-damage-induced 

mechanism.  

Mitotic catastrophe is a complex process and not easily measured. Mitotic 

catastrophe is defined as abnormal mitosis characterised by micronucleated cells that 

continue with mitosis and generate aneuploidy that leads to cell death, via necrosis or 

apoptosis, or permanent growth arrest (reviewed in Al-Ejeh et al. (2010)). Methods to 

measure mitotic catastrophe involve the morphological evaluation of cells by 
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microscopy which are defined as being normal mitotic, aberrant mitotic or as having 

micronuclei (Morse et al., 2005). Alternatively, time-lapse microscopy can be used, as 

described by Shang et al. (2010), who demonstrated that inactivation of DNA-PK 

caused mitotic catastrophe in response to DNA damage. This latter study highlights the 

role of DNA-PK in preventing mitotic catastrophe and the investigation of mitotic 

catastrophe would be a relevant extension of the studies described here. In this regard, 

cellular morphology was examined by confocal microscopy in the HCT116 cell line 

after treatment with ionising radiation and vincristine as described in Chapter 7.  

Cancers that are resistant to apoptosis due to, for example, therapy-induced 

changes in Bcl-2 or p53 function, may benefit from treatments that promote other 

mechanisms of cell death, such as mitotic catastrophe (Gewirtz, 2000; Al-Ejeh et al., 

2010). Three human breast cancer cell lines with varying levels of Bcl-2 or p53 

expression underwent mitotic catastrophe following docetaxel treatment, and it was 

suggested that targeting the mitotic spindle assembly may be an effective approach to 

killing apoptosis-resistant cells (Morse et al., 2005). If DNA-PK and ATM are found to 

play a role in the mitotic spindle, and that inhibition leads to mitotic catastrophe, the 

therapeutic potential of inhibition of DNA repair proteins could be extended to the 

treatment of apoptosis-resistant cancers, and could be an additional mechanism for the 

sensitisation of cells to microtubule-targeting agents. 

Although the growth inhibition and cytotoxicity data demonstrated the significant 

effects of NU7441 and KU55933 in enhancing the activity of microtubule-targeting 

agents in vitro, sensitisation should be confirmed in an in vivo setting.  

An in vivo study design could involve wild-type and multidrug-resistant cells such 

as the ovarian A2780 and A2780-TX1000 implanted to create xenografts followed by 

treatment with paclitaxel and inhibitors of DNA-PK and ATM. Mice would be treated 

with either inhibitor alone, paclitaxel alone or a combination of DNA-PK or ATM 

inhibitors and paclitaxel. Tumour growth would be recorded and also ex vivo 

pharmacodynamic studies of phosphorylated DNA-PK and phosphorylated ATM 

performed in tumour samples and normal tissue, as well as the evaluation of markers of 

proliferation and apoptosis. Furthermore, the pharmacokinetics and toxicity of 

paclitaxel given in combination with these inhibitors should be investigated because, as 

described in Chapter 4, these inhibitors affect drug efflux via the drug efflux pump 

MDR1 and therefore toxicity may be enhanced in normal MDR1-expressing cells, such 

as the gastrointestinal tract.  
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3.5 Summary  

 

The DNA-PK inhibitor, NU7441 (1 µM), and the ATM inhibitor, KU55933 (10 

µM), were tested in combination with microtubule-targeting agents in a panel of 

sensitive and multidrug-resistant cell lines. KU55933 (10 µM) caused greater 

sensitisation than NU7441 (1 µM) in parental and multidrug-resistant cells. The 

sensitisation effects demonstrated in the multidrug-resistant cell lines by both inhibitors 

was greater than the sensitisation seen in the parental cells. DNA-PK was 

phosphorylated at an autophosphorylation site following vincristine treatment in a 

concentration-dependent manner, and phosphorylation was inhibited by NU7441. The 

microtubule-targeting agents caused an increase in caspase 3/7 activity, and vincristine 

and docetaxel did not cause DNA damage, as measured by the COMET assay. These 

findings highlight possible roles for DNA-PK and ATM in the response of cells to 

microtubule-targeting agents, which will be investigated further in the following 

chapters.  
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Chapter 4: Identification of dual DNA-PK and MDR1 

inhibitors, and ATM kinase and MDR1 inhibitors, for the 

potentiation of cytotoxic drug activity 
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4.1 Introduction 

 

The results in Chapter 3 demonstrated that the small molecule inhibitors NU7441 

and KU55933 caused greater sensitisation to vincristine, docetaxel and paclitaxel in 

three different multidrug-resistant cell lines compared with their parental cell lines. The 

multidrug-resistant cells are resistant through the overexpression of the efflux protein 

MDR1 (Figure 3-1, Figure 3-2) and the microtubule-targeting agents are known to be 

subject to efflux by MDR1. Therefore the studies described in this chapter tested the 

hypothesis that NU7441 and KU55933 may be interfering with drug efflux via MDR1 

in the multidrug-resistant cells. 

MDR1/P-glycoprotein (the product of the ABCB1/MDR1 gene) was the first 

member of the (ATP)-binding cassette (ABC) superfamily of transmembrane 

transporters to be cloned, and is known to play a significant role in the multidrug-

resistance (MDR) phenotype in cancer cells (Chen et al., 1986). MDR1 is a 170 kDa 

protein located in the apical membrane of many cell types which acts as a drug efflux 

transporter in the liver, kidneys, gastrointestinal tract, and multiple blood barriers 

including the blood-brain and the blood-placental barriers (Sikic et al., 1997; Gottesman 

et al., 2002). MDR1 is known to confer resistance to a number of anticancer agents, 

including the vinca alkaloids, taxanes and anthracyclines (Allen et al., 2000).  

Verapamil, a calcium channel blocker used clinically as a coronary vasodilator, 

was amongst the first compounds identified that could reverse MDR and potentiate the 

effects of MDR1 substrates such as vincristine (Tsuruo et al., 1981; Tsuruo et al., 

1983). Verapamil, along with a number of other MDR1 blockers, have proved largely 

unsuccessful in clinical trials due to toxicity or side effects (Szakacs et al., 2006). In the 

current chapter, verapamil was used as a positive control as it is known to interfere with 

drug efflux via MDR1. 

NU7441 is a potent ATP-competitive DNA-PK inhibitor (IC50 = 14 nM) (Leahy et 

al., 2004). NDD0004 (DNA-PK IC50 = 10 nM) is a more potent, selective and soluble 

version of NU7441 (unpublished results). In order to allow investigation into structural 

properties and DNA-PK inhibitory effects that may affect any interaction with MDR1, it 

was possible to obtain three NU7441 derivatives, described in detail in Chapter 1. 

Briefly, NU7742 is an inactive derivative of NU7441 (IC50 > 10 µM) in which the 

morpholine oxygen has been replaced with a methylene group and the atropisomers 

DRN1 (DNA-PK IC50 = 2 nM) and DRN2 (DNA-PK IC50 = 7 µM) have a methyl 

substituent at the 7-position of the chromen-4-one ring and DNA-PK inhibitory activity 
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resides exclusively in the laevorotatory enantiomer DRN1 (Clapham et al., 2012). 

KU55933 is an ATP-competitive, potent inhibitor of ATM kinase (IC50 = 13 nM) 

(Hickson et al., 2004).  

Neither NU7441 nor KU55933 have previously been investigated in relation to 

transporters and drug efflux. However, there have recently been a number of 

publications reporting that targeted anticancer therapies can reverse MDR by inhibiting 

the efflux functions of the ABC family of transporters, including ABCB1 (MDR1). 

Thus the kinase inhibitors imatinib and nilotinib (BCR-Abl inhibitors) (Hegedus et al., 

2009), gefitinib and erlotinib (EGFR inhibitors) (Kitazaki, 2005; Shi et al., 2007), 

lapatinib (Her-2 inhibitor) (Dai et al., 2008), apatinib (VEGFR2 inhibitor) (Mi et al., 

2010), and sorafenib (multi-tyrosine and Raf kinases inhibitor) (Eum et al., 2013) have 

all been shown to be potent inhibitors of ABCB1. 

 

4.2 Aims 

 

Following observations that the DNA-PK inhibitor NU7441 and the ATM 

inhibitor KU55933 caused greater sensitisation to cytotoxic agents in MDR1-

overexpressing versus non-overexpressing cells (Chapter 3), this study aimed to 

investigate whether NU7441 or KU55933 were enhancing activity by interacting with 

MDR1. In order to test this hypothesis, doxorubicin accumulation in combination with 

NU7441, NDD0004 or the positive control verapamil was measured using the MDCKII 

and the MDR1-overexpressing MDCKII-MDR1 cells. The growth-inhibitory and 

activation-inhibitory status of the different compounds was investigated in the CCRF-

CEM and CCRF-CEM VCR/R cells. Intracellular vincristine, NU7441, NU7441 

analogues and KU55933 drug concentrations were measured quantitatively by LC-MS.  
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4.3 Results 

 

4.3.1 NU7441 and KU55933 alone are not substrates for MDR1 

The growth inhibitory activity of NU7441, KU55933 and verapamil alone in 

CCRF-CEM parental cells and the paired multidrug-resistant CCRF-CEM VCR/R cells 

was determined by XTT growth inhibition assay, to determine whether NU7441 and 

KU55933 were substrates for MDR1. If these compounds were MDR1 substrates, it 

would be expected that the multidrug-resistant cells would be resistant to NU7441 and 

KU55933. Thus the compounds would be actively transported out of the cells and 

intracellular drug concentrations would be lower, resulting in reduced growth inhibition. 

However, Figure 4-1 demonstrates that there was no difference in the growth inhibitory 

effects of NU7441 or KU55933 in the parental and multidrug-resistant cells (NU7441 

GI50 4.0 µM and 3.7 µM, respectively) (KU55933 GI50 17.9 µM and 17.0 µM, 

respectively), suggesting that these compounds are not substrates of MDR1. Verapamil 

was included as a positive control as it is known to be a competitive substrate of MDR1; 

however it was not possible to compare the growth inhibitory effects of verapamil as 

there was no effect on either cell line up to 50 µM.  
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Figure 4-1: NU7441 and KU55933 are not substrates of MDR1. CCRF-CEM (square 
points) and CCRF-CEM VCR/R (round points) cells were treated with (A) NU7441, (B) 
KU55933 and (C) verapamil at the indicated concentrations for 72 hours and % growth 
was analysed by XTT assay (Section 2.3). The data are presented as a percentage of 
vehicle control cells. Points represent the mean of ≥3 independent experiments, each in 
triplicate ± standard error. 
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4.3.2 The DNA-PK inhibitors NU7441 and NDD0004 interact with MDR1 to 

increase nuclear doxorubicin accumulation in MDR1-overexpressing MDCKII-

MDR1 cells 

To investigate the interaction of NU7441 with MDR1, a doxorubicin (DOX) 

fluorescence assay was performed. Doxorubicin is a fluorescent cytotoxic MDR1 

substrate and this assay measured doxorubicin fluorescence levels in the nucleus using 

an MDR1-overexpressing cell line paired with its parental counterpart. 

The MDCKII and MDCKII-MDR1 cells were obtained from Alfred Schinkel 

(Netherlands Cancer Institute). These cells are a Madin-Darby canine kidney strain II 

cell line, and the MDCKII-MDR1 subline overexpresses the human MDR1 gene due to 

transfection (Evers et al., 1998). This MDR1-overexpressing cell line is a useful model 

as it means any effects seen, by comparison with the parental cells, be attributed to 

MDR1 alone. The cells were characterised by demonstrating human MDR1 protein 

overexpression (Figure 4-2) and human ABCB1 mRNA expression (Table 4-1) in the 

MDCKII-MDR1 cells.  

 
 

Figure 4-2: Human MDR1 protein is overexpressed in MDCKII-MDR1 cells. 
MDCKII and MDCKII-MDR1 cell lysates were prepared from exponentially-growing 
cells and MDR1 expression was determined by Western blotting using the indicated 
specific antibodies (Section 2.7.4). Data represents findings of 3 independent 
experiments. 

 

The mRNA data in Table 4-1 cannot be displayed as relative to the control cells 

because the primers for the β-actin housekeeping gene only recognise human β-actin 

and not canine. There was no human ABCB1 mRNA detected in the parental MDCKII 

cells up to the end of the 40 cycles of the PCR, whereas it was detectable after 20 cycles 

in the MDCKII-MDR1 cells. 
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Cell line Gene Cycle threshold value 
MDCKII ABCB1 >40 

MDCKII-MDR1 ABCB1 20 

Table 4-1: Cycle threshold value of human ABCB1 in MDCKII and MDCKII-
MDR1 cells. Taqman real-time PCR of MDCKII and MDCKII-MDR1 examining 
human ABCB1 mRNA expression (Section 2.9.5). The cycle threshold value was 
determined by 7500 Fast RT PCR system. 

 

The effect of NU7441 on nuclear doxorubicin accumulation was examined using 

the nuclear doxorubicin fluorescence assay. Nuclei were stained with DAPI (blue) and 

doxorubicin naturally fluoresces red. Verapamil was used as a positive control 

compound as it is known to interact with MDR1 and cause intracellular accumulation of 

MDR1 substrates (including doxorubicin) (Tsuruo et al., 1983).   

NDD0004 (synthesised in the chemistry department of the Newcastle Cancer 

Centre) is a DNA-PK inhibitor based on NU7441 but with a HAT morpholine structure 

and a water-solubilising group which increases potency, selectivity and solubility. 

NDD0004 was included in this experiment as this compound has subsequently been 

used by others in Newcastle Cancer Centre and it was necessary to determine if there 

was any interaction with MDR1, but its use was not continued in this PhD work as 

extensive work had already been carried out with NU7441.    

There was less doxorubicin detectable in the MDCKII-MDR1 cells compared 

with the MDCKII cells, reflecting the greater efflux of doxorubicin by MDR1 (see 

images for cells treated with DOX alone in Figure 4-3 and Figure 4-4). There was a 

concentration-dependent increase in doxorubicin fluorescence in the MDCKII-MDR1 

cells with the addition of the competitive MDR1 substrate, verapamil; a 1.6-fold 

(p=0.01) increase at 10 µM (Figure 4-4). There was also a concentration-dependent 

increase in nuclear doxorubicin accumulation, consistent with inhibition of efflux, 

following the addition of NU7441 and NDD0004 (Figure 4-4). Thus there was a 

significant 1.2-fold (p=0.02) increase in doxorubicin fluorescence at 1 µM NU7441, 

which is the concentration previously shown to be optimal for DNA-PK inhibition with 

no cellular toxicity (Zhao et al., 2006). There was a 1.4-fold (p=0.04) increase in 

doxorubicin fluorescence in the presence of 1 µM NDD0004; however, in contrast to 

the MDCKII-MDR1 cells there was no significant change in doxorubicin fluorescence 

with either verapamil or NU7441 in the MDCKII cells (Figure 4-3), consistent with the 
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effect seen in the MDCKII-MDR1 cells being due to NU7441 interacting with MDR1 

and the blockade of doxorubicin efflux from these cells. 

 

 

Figure 4-3: Verapamil, NU7441 and NDD0004 have no effect on doxorubicin 
fluorescence in MDCKII cells. MDCKII cells were treated with 0.1, 0.5, 1, 5, 10 µM 
verapamil (striped bars), NU7441 (hatched bars) or NDD0004 (spotted bars) for 1 hour 
followed by 10 µM doxorubicin (DOX) for 1 hour. Cells were fixed and stained with 
DAPI and DOX nuclear fluorescence was detected on a BD pathway HT microscope 
(Section 2.10). Representative images show DAPI (blue) and doxorubicin (red) 
fluorescence. Results are mean ± standard error of three independent experiments.   
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Figure 4-4: Verapamil, NU7441 and NDD0004 cause a concentration-dependent 
increase in doxorubicin fluorescence in MDCKII-MDR1 cells. MDCKII-MDR1 
cells were treated with 0.1, 0.5, 1, 5, 10 µM verapamil (striped bars), NU7441 (hatched 
bars) or NDD0004 (spotted bars) for 1 hour followed by 10 µM doxorubicin (DOX) for 
1 hour. Cells were fixed and stained with DAPI and DOX nuclear fluorescence was 
detected on a BD pathway HT microscope (Section 2.10). Representative images show 
DAPI (blue) and doxorubicin (red) fluorescence. Results are mean ± standard error of 
three independent experiments.  Asterisk indicates a statistically significant difference 
(* p<0.05, ** p<0.01).   
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4.3.3 The effect of DNA-PK inhibitory and non-inhibitory compounds on DNA-PK 

activation and cell growth alone and in combination with vincristine or docetaxel in 

CCRF-CEM and CCRF-CEM VCR/R cells  

Following the observation that NU7441 was interacting with MDR1 to increase 

doxorubicin nuclear accumulation, it was necessary to determine if the effect of 

NU7441 was direct or mediated indirectly following DNA-PK inhibition. To do so a 

panel of NU7441 derivatives with different DNA-PK inhibitory properties was used. It 

is known that the morpholine group is necessary for the DNA-PK inhibitory activity of 

NU7441 (DNA-PK IC50 = 14 nM) (Hardcastle et al., 2005), as replacement of the 

morpholine oxygen with a methylene group results in loss of activity as seen with 

NU7742 (DNA-PK IC50 > 10 µM). Two atropisomeric derivatives of NU7441, DRN1 

and DRN2, were used in these studies (Clapham et al., 2012). Introduction of a methyl 

substituent at the 7-position of the chromen-4-one ring restricts rotation between the 

dibenzothiophene and the chromenone rings causing atropisomerism. DRN1 is the 

laevorotatory enantiomer, showing high potency against DNA-PK (IC50 = 2 nM), 

whereas the dextrorotatory enantiomer, DRN2, has markedly reduced inhibitory activity 

(IC50 = 7 µM). The ATM inhibitor, KU55933 is in general terms structurally similar to 

NU7441 and its derivatives.   

 

The DNA-PK inhibitory properties of the NU7441 derivatives in the CCRF-CEM and 

CCRF-CEM VCR/R cells were determined by Western blotting. DNA-PK was 

activated by doxorubicin, a known DNA-PK-activating agent (Shaheen et al., 2011), 

and the drug that was used in the fluorescence microscopy. Vincristine was also used as 

a positive control as results in Chapter 3 demonstrated that vincristine activates DNA-

PK. Vincristine was used in the LC-MS experiments described below. Both CCRF-

CEM and CCRF-CEM VCR/R cell lines have basal DNA-PK activity as demonstrated 

by detection of DNA-PK phosphorylated at serine 2056, a site of DNA-PK 

autophosphorylation. Cells were treated with GI50 doxorubicin (40 nM in CCRF-CEM 

cells, 2 µM in CCRF-CEM VCR/R cells) or vincristine concentrations (0.5 nM in 

CCRF-CEM cells, 2 µM in CCRF-CEM VCR/R cells) both alone and in combination 

with 1 µM NU7441, NU7742, DRN1, DRN2 or verapamil. NU7441 and DRN1 

significantly inhibited DNA-PK activity in both cell lines, whereas NU7742, DRN2 and 

verapamil had no effect on DNA-PK phosphorylation (Figure 4-5). 
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Figure 4-5: Effect of NU7441, NU7742, DRN1 and DRN2 on drug-induced DNA-
PK activation. CCRF-CEM and CCRF-CEM VCR/R cells were treated for 8 hours 
with GI50 concentrations of (A) doxorubicin (DOX) or (B) vincristine (VCR) alone or in 
combination with 1 µM NU7441, NU7742, DRN1, DRN2 or verapamil. Cell lysates 
were prepared and DNA-PK activity and expression, and MDR1 expression, were 
determined by Western blotting using the indicated antibodies (Section 2.7.4). Each blot 
represents findings of 3 independent experiments. (C) and (D) Quantification by 
densitometry of 3 independent Western blots for GI50 VCR, + NU7441 and + NU7742 
and 2 independent experiments for + DRN1, + DRN2 and + verapamil displayed as the 
fold change in pDNA-PK level relative to the level in cells treated with GI50 VCR 
alone. Asterisk indicates a statistically significant difference using the Student’s 
unpaired t-test when compared with the data for GI50 VCR alone (*** p<0.001, **** 
p<0.0001). 
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The growth inhibitory properties of the inhibitors were then examined in 

combination with vincristine or docetaxel in CCRF-CEM and CCRF-CEM VCR/R cells 

shown in Figure 4-6 to Figure 4-9, and the data are summarised in Figure 4-10 and 

presented in a tabular format (Table 4-2).    

In the following graphs, 1 µM NU7441 and 10 µM KU55933 are displayed as 

solid lines with the other inhibitors and/or concentrations appearing as dashed lines 

(Figure 4-6 to Figure 4-9). Fold sensitisation was calculated from the 50 % growth-

inhibitory concentration and the p-value is calculated using an unpaired Student’s t-test 

(Figure 4-10, Table 4-2). 

None of the inhibitors were growth inhibitory when used alone in CCRF-CEM or 

CCRF-CEM VCR/R cells alone. In the CCRF-CEM cells, there was a significant 1.4-

fold (p=0.02) sensitisation in vincristine GI50 with NU7441 (Figure 4-6). 1 µM 

KU55933 was included for comparison with the LC-MS data (Section 4.3.4), and this 

concentration did not sensitise CCRF-CEM cells; however, 10 µM KU55933 did cause 

a 5.2-fold (p=0.0006) sensitisation to vincristine in CCRF-CEM cells. 
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Figure 4-6: CCRF-CEM cells are significantly sensitised to vincristine by 1 μM 
NU7441 and 10 µM KU55933. CCRF-CEM cells were treated with vincristine alone or 
in combination with (A) 1 µM NU7441, NU7742, DRN1, DRN2 or (B) 1 µM or 10 µM 
KU55933 for 72 hours and % growth was analysed by XTT assay (Section 2.3). The 
data are presented as a percentage of vehicle control cells. Points represent the mean of  
≥3 independent experiments, each in triplicate, ± standard error.  
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As previously discussed in Chapter 3, the CCRF-CEM VCR/R cells were 

approximately 3000-fold (p=0.02) resistant to vincristine compared with the parental 

CCRF-CEM cells (Figure 4-7). There was significant sensitisation at the GI50 

concentration to vincristine by NU7441 (7.7-fold, p=0.01), NU7742 (3.3-fold, p=0.02), 

DRN1 (2.6-fold, p=0.04) and 10 µM KU55933 (49-fold, p=0.006), which contrasts with 

data for the parental cell line (Figure 4-6) where only1 μM NU7441 and 10 µM 

KU55933 caused sensitisation. 

 

 

Figure 4-7: CCRF-CEM VCR/R cells are sensitised to vincristine by DNA-PK and 
ATM inhibitors. CCRF-CEM VCR/R cells were treated with vincristine alone or in 
combination with (A) 1 µM NU7441, NU7742, DRN1, DRN2 or (B) 1 µM or 10 µM 
KU55933 for 72 hours and % growth was analysed by XTT assay (Section 2.3). The 
data are presented as a percentage of vehicle control cells. Points represent the mean of  
≥3 independent experiments, each in triplicate, ± standard error.  
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Growth inhibition was also examined with the inhibitors in combination with a 

second microtubule-targeting agent, docetaxel. None of the DNA-PK or ATM inhibitors 

had a significant effect on the GI50 value for docetaxel of the parental CCRF-CEM cell 

line (Figure 4-8). 

 

 

Figure 4-8: CCRF-CEM cells are not sensitised to docetaxel by DNA-PK and ATM 
inhibitors. CCRF-CEM cells were treated with docetaxel alone or in combination with 
(A) 1 µM NU7441, NU7742, DRN1, DRN2 or (B) 1 µM or 10 µM KU55933 for 72 
hours and % growth was analysed by XTT assay (Section 2.3). The data are presented 
as a percentage of vehicle control cells. Points represent the mean of  ≥3 independent 
experiments, each in triplicate, ± standard error.  
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The CCRF-CEM VCR/R cells were 133-fold (p=0.006) resistant to docetaxel 

compared with the parental CCRF-CEM cell line. Sensitivity to docetaxel was greater in 

combination with NU7441 (8.1-fold, p=0.003), NU7742 (3.1-fold, p=0.01), DRN2 (1.8-

fold, p=0.048) and 10 µM KU55933 (58-fold, p=0.002) (Figure 4-9). 

 

Figure 4-9: CCRF-CEM VCR/R cells are sensitised to docetaxel by DNA-PK and 
ATM inhibitors. CCRF-CEM VCR/R cells were treated with docetaxel alone or in 
combination with (A) 1 µM NU7441, NU7742, DRN1, DRN2 or (B) 1 µM or 10 µM 
KU55933 for 72 hours and % growth was analysed by XTT assay (Section 2.3). The 
data are presented as a percentage of vehicle control cells. Points represent the mean of  
≥3 independent experiments, each in triplicate, ± standard error.  

 

The GI50 concentrations for vincristine or docetaxel alone and in combination 

with DNA-PK and ATM inhibitors in both cell lines with all of the different treatments 

are displayed graphically in Figure 4-10 and values given in Table 4-2. Sensitisation 

effects in the CCRF-CEM VCR/R cells with the inhibitors in combination for both 

vincristine and docetaxel was much greater than in the CCRF-CEM cells, with 1 µM 
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NU7441 and 10 µM KU55933 inducing the greatest sensitisation. There is a noticeable 

difference between the effects of the DNA-PK-inhibitory NU7441 and DNA-PK non-

inhibitory NU7742 compounds, which suggests a role of DNA-PK in the sensitisation 

observed in these cell lines. However, there were no observable differences between the 

DNA-PK inhibitory DRN1 and non-inhibitory DRN2 compounds.  

 

 

Figure 4-10: GI50 concentrations of vincristine or docetaxel alone or in the 
presence of the DNA-PK and ATM inhibitors. (A) and (B) CCRF-CEM and (C) and 
(D) CCRF-CEM VCR/R cells were treated with vincristine or docetaxel alone or in 
combination with 1 µM NU7441, NU7742, DRN1, DRN2, 1 µM or 10 µM KU55933 
for 72 hours and % growth was analysed by XTT assay (Section 2.3). The data are 
presented as the GI50 mean of  ≥3 independent experiments, each in triplicate, ± 
standard error. Asterisk indicates a statistically significant difference using the Student’s 
unpaired t-test when compared with the GI50 for drug alone (* p<0.05, ** p<0.01, *** 
p<0.001).
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 CCRF-CEM cells 
 

Drug [nM] Drug + NU7441 
[nM] (PF50) 

Drug + NU7742 
[nM] (PF50) 

Drug + DRN1 
[nM] (PF50) 

Drug + DRN2 
[nM] (PF50) 

Drug + 1 µM 
KU55933 [nM] 

(PF50) 

Drug + 10 µM 
KU55933 [nM] 

(PF50) 
Vincristine 

GI50 
0.6 ± 0.04 0.4 ± 0.04p=0.02 

(1.4) 
0.7 ± 0.08ns 

(0.9) 
0.7 ± 0.03ns 

(0.9) 0.6 ± 0.04ns (1) 0.5 ± 0.1ns (1.3) 0.1 ± 0.04p=0.0006 
(5.2) 

Docetaxel 
GI50 

1.6 ± 0.3 1.9 ± 0.4ns (0.9) 2.1 ± 0.3ns (0.7) 1.9 ± 0.06ns 
(0.9) 2.3 ± 0.3ns (0.7) 1.9 ± 0.4ns (0.9) 0.9 ± 0.4ns (1.7) 

 CCRF-CEM VCR/R cells 
 Drug [nM] 

(RF50) 
Drug + NU7441 

[nM] (PF50) 
Drug + NU7742 

[nM] (PF50) 
Drug + DRN1 
[nM] (PF50) 

Drug + DRN2 
[nM] (PF50) 

Drug + 1 µM 
KU55933 [nM] 

(PF50) 

Drug + 10 µM 
KU55933 [nM] 

(PF50) 
Vincristine 

GI50 
1900 ± 344p=0.02 

(3060) 
246 ± 28p=0.01 

(7.7) 
572 ± 153p=0.02 

(3.3) 
739 ± 170p=0.04 

(2.6) 
831 ± 188ns 

(2.3) 1200 ± 281ns (1.6) 39 ± 7.2p=0.006 
(49) 

Docetaxel 
GI50 

210 ± 29p=0.006 
(133) 

26 ± 4p=0.003 
(8.1) 

67 ± 11p=0.01 
(3.2) 90 ± 38ns (2.3) 114 ± 17p=0.048 

(1.8) 133 ± 25ns (1.6) 3.6 ± 0.5p=0.002 

(58) 

Table 4-2: GI50 concentrations of vincristine or docetaxel alone or in the presence of the DNA-PK and ATM inhibitors. CCRF-CEM and CCRF-
CEM VCR/R cells were treated with vincristine or docetaxel alone or in combination with 1 µM NU7441, NU7742, DRN1, DRN2, 1 µM or 10 µM 
KU55933 for 72 hours and % growth was analysed by XTT assay (Section 2.3). The data are presented as the GI50 mean of  ≥3 independent 
experiments, each in triplicate, ± standard error. Significant differences between CCRF-CEM and CCRF-CEM VCR/R cells treated with drug alone 
were calculated using an unpaired t-test shown as subscript. Significant differences between cells treated with drug alone and cells treated with drug + 
inhibitor were calculated using an unpaired t-test shown as superscript. ns = non-significant. PF50 = potentiation factor of inhibitor compared with drug 
alone. RF50 = resistance factor to drugs in CCRF-CEM VCR/R cells compared with CCRF-CEM cells. 
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4.3.4 Both DNA-PK inhibitory and non-inhibitory NU7441 derivatives, and 

KU55933, increase intracellular vincristine levels in MDR cells  

Following the observation that NU7441 interacts with MDR1, as shown by the 

doxorubicin efflux fluorescence microscopy data in the MDCKII-MDR1 cells (Figure 

4-4), this effect was further investigated using a more quantitative approach and the 

microtubule-targeting agent, vincristine.  

CCRF-CEM and CCRF-CEM VCR/R cells were treated with GI50 (0.5 nM and 2 

µM, respectively) and 5 x GI50 (2.5 nM and 10 µM, respectively) concentrations of the 

MDR1 substrate vincristine, either alone or in combination with 1 µM NU7441, 

NU7742, DRN1, DRN2, verapamil, 1 µM or 10 µM KU55933. Although the cellular 

concentration data following exposure to GI50 and 5 x GI50 vincristine demonstrated the 

same trends in accumulation in the presence of the inhibitors, the error bars on the 5 x 

GI50 data were larger and cellular toxicity, particularly after 8 hours, was potentially 

responsible for the greater variation. Therefore data generated following exposure to the 

GI50 vincristine concentration were deemed to be more accurate and these data were 

used in statistical analyses, although the 5 x GI50 data are included in Figure 4-12 for 

comparison.  

None of the compounds altered vincristine concentrations in the CCRF-CEM cells 

after 1 or 8 hours treatment at the GI50 concentration (Figure 4-11A) or 5 x GI50 

concentration (Figure 4-12A). In contrast, in the CCRF-CEM VCR/R cells, all of the 

compounds tested increased the intracellular vincristine level when compared with 

vincristine alone at both 1 and 8 hours, and at both vincristine concentrations, consistent 

with an inhibition of vincristine efflux (Figure 4-11B, Figure 4-12B). At the 

concentration tested (1 µM), NU7441 induced the highest vincristine accumulation of 

all the DNA-PK-inhibitory and non-inhibitory compounds at both 1 hour (1.3-fold; 

p=0.01) and 8 hours (2.1-fold; p=0.04), i.e. to a level similar to that induced by 1 µM 

verapamil (Figure 4-11B). NU7742 did not increase intracellular vincristine to the same 

degree as NU7441 (1.5-fold at 8 hours), suggesting that the morpholine group may play 

a role in the interaction between NU7441 and MDR1 or that the DNA-PK inhibitory 

activity of NU7441 may play a role. Both DRN1 and DRN2 increased intracellular 

vincristine levels to the same degree (1.4-fold) after 8 hours, although not to the same 

degree as NU7441, which suggests that DNA-PK activity is not a contributory factor in 

modulating MDR1 function. KU55933 (1 µM) was included in this experiment to allow 

a direct comparison with NU7441 and its derivatives, as well as 10 µM KU55933, the 

concentration used in all other in vitro experiments with this inhibitor. Both 1 and 10 
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µM KU55933 increased intracellular vincristine concentration at 1 and 8 hours; 

however, due to time constraints, it was only possible to carry out two LC-MS 

experiments with 1 µM KU55933 and one experiment with 10 µM KU55933. 
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Figure 4-11: Both DNA-PK inhibitory and non-inhibitory NU7441 derivatives 
increase intracellular vincristine levels in CCRF-CEM VCR/R cells treated with 
GI50 vincristine. (A) CCRF-CEM and (B) CCRF-CEM VCR/R cells were treated for 1 
or 8 hrs with GI50 concentrations of vincristine (VCR) alone or in combination with 1 
µM NU7441, NU7742, DRN1, DRN2, verapamil, 1 or 10 µM KU55933. Intracellular 
vincristine levels were measured using LC–MS (Section 2.11). Bars are mean of  ≥3 
independent experiments ± standard error. Asterisk indicates a statistically significant 
difference in fold change in VCR using the Student’s unpaired t-test when compared 
with 1 hr VCR treatment alone (* p<0.05, ** p<0.01, *** p<0.001). 
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Figure 4-12: Both DNA-PK inhibitory and non-inhibitory NU7441 derivatives 
increase intracellular vincristine levels in CCRF-CEM VCR/R cells after 
treatment with 1 or 5 x GI50 VCR. (A) CCRF-CEM and (B) CCRF-CEM VCR/R cells 
were treated for 1 or 8 hrs with GI50 (black) or 5 x GI50 (grey) concentrations of 
vincristine (VCR) alone or in combination with 1 µM NU7441, NU7742, DRN1, 
DRN2, verapamil, 1 or 10 µM KU55933. Intracellular vincristine levels were measured 
using LC–MS (Section 2.11). Bars are mean of  ≥3 independent experiments ± standard 
error.  
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It was also possible to measure the intracellular levels of the inhibitors NU7441, 

NU7742, verapamil and KU55933 in the same samples of the CCRF-CEM and CCRF-

CEM VCR/R cells using the same LC-MS method. Standard curves were produced for 

each inhibitor to validate their detection using this method. DRN1 and DRN2 were not 

independently detectable using the LC-MS as they are the same molecular weight and 

structure with only the direction of the methyl group differing between the two 

compounds. Therefore, during LC-MS analysis, the two compounds fragment in the 

same way and are not be distinguishable from each other.  

There was no change between 1 and 8 hours in the levels of the compounds in the 

CCRF-CEM cells, apart from a significant 1.2-fold (p=0.04) decrease in intracellular 

verapamil after 8 hours (Figure 4-13A, C and E). In the CCRF-CEM VCR/R cells, the 

intracellular verapamil concentrations were the same after 1 and 8 hours (Figure 4-13F). 

There was however a significant 1.4-fold (p=0.03) increase in intracellular NU7441 

levels at 8 hours, suggesting accumulation (Figure 4-13B). There were no changes 

between 1 and 8 hours in the levels of NU7742 in either cell line. There was also no 

change in KU55933 levels following exposure to 1 µM compound in either cell line and 

it was not possible to carry out statistical analysis on the 10 µM KU55933 treatment due 

to the experiment being carried out only once.  
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Figure 4-13: NU7441, NU7742 and verapamil intracellular levels in the CCRF-
CEM and CCRF-CEM VCR/R cells after 1 and 8 hour treatment. CCRF-CEM and 
CCRF-CEM VCR/R cells were treated for 1 or 8 hrs with GI50 or 5 x GI50 
concentrations of vincristine in combination with 1 µM NU7441, NU7742 or verapamil. 
Intracellular NU7441 (hatched bars), NU7742 (dotted bars) and verapamil (striped bars) 
levels were measured using LC–MS after exposure (Section 2.11). Bars are mean of  ≥3 
independent experiments ± standard error. Asterisk indicates a statistically significant 
difference in the fold change in intracellular NU7441, NU7742 and verapamil using the 
Student’s unpaired t-test when compared with 1 hr NU7441, NU7742 and verapamil 
treatment (* p<0.05). 

 

134 
 



 

Figure 4-14: KU55933 intracellular levels after 1 and 8 hours in either the CCRF-
CEM or CCRF-CEM VCR/R cells. CCRF-CEM and CCRF-CEM VCR/R cells were 
treated for 1 or 8 hrs with GI50 or 5 x GI50 concentrations of vincristine in combination 
with 1 or 10 µM KU55933. Intracellular 1 µM KU55933 (dotted bars) and 10 µM 
KU55933 (gridded bars) levels were measured using LC–MS after exposure (Section 
2.11). 1 µM KU55933 bars are mean of 2 independent experiments ± standard error. 10 
µM KU55933 bars represent 1 experiment.  

 

4.3.5 Cell diameter and volume determination 

Due to the differences in intracellular vincristine accumulation between the 

CCRF-CEM and CCRF-CEM VCR/R cells, experiments were performed to determine 

whether the size of the cells may have had an impact on intracellular drug accumulation.  

Two different passages of both CCRF-CEM and CCRF-CEM VCR/R cells were 

collected and cell diameter and volume was measured using an Imagestream (Amnis, 

Seattle, USA), which is an imaging flow cytometer that takes images of individual cells 

and the Ideas Software calculates the diameter of individual cells in a population of at 

least 4600 cells. The diameter of the CCRF-CEM cells was 13.3-13.5 µm whereas the 

diameter of the CCRF-CEM VCR/R cells was 13.7 µm (Figure 4-15, Table 4-3). This 

difference is statistically significant (p<0.0001); however, the magnitude of this 

difference (maximum 3 %) would not have a major impact on apparent intracellular 

levels.  
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Figure 4-15: Mean cell diameter and cell volume of two different samples of 
CCRF-CEM and CCRF-CEM VCR/R cells. 1.5 ml of two different passages of 
exponentially growing CCRF-CEM and CCRF-CEM VCR/R cells were collected in 
PBS, counted and imaged using the Imagestream flow cytometer and individual cell 
diameter was calculated using masks set by the Ideas Software. The volume was 
calculated using the equation (πd3/6) where d=diameter.  

 

 Experiment 1 Experiment 2 

 CCRF-
CEM cells 

CCRF-CEM 
VCR/R cells 

CCRF-
CEM cells 

CCRF-CEM 
VCR/R cells 

Mean diameter (µm) 13.5 13.7 13.3 13.7 
SD (µm) 2.1 1.6 2 1.6 
Count 4607 6593 4649 6639 

Volume (pl) 1.3 1.3 1.2 1.3 

Table 4-3: Cell diameter measurements and calculated volumes of CCRF-CEM 
and CCRF-CEM VCR/R cells by the Imagestream. 1.5 ml of two different passages 
of exponentially growing CCRF-CEM and CCRF-CEM VCR/R cells were collected in 
PBS, counted and imaged using the Imagestream flow cytometer and individual cell 
diameter was calculated using masks set by the Ideas Software. The volume was 
calculated using the equation (πd3/6) where d=diameter. 
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4.4 Discussion and future work 

 

It is known that many conventional cytotoxic anticancer drugs are transported out 

of the cell by MDR1, and that MDR1 affects both the intracellular accumulation and 

intra-tumour distribution of compounds (Martin et al., 2003). The importance of the 

ABC transporter family has been somewhat overlooked in the development of more 

targeted therapies but a number of recent publications have demonstrated that targeted 

therapies can also interact with this family of transporters (Kitazaki, 2005; Shi et al., 

2007; Dai et al., 2008; Hegedus et al., 2009; Mi et al., 2010; Shi et al., 2011; Eum et 

al., 2013). Understanding the role of drug efflux transporters is therefore key when 

investigating combinations of targeted therapies with drugs that are MDR1 substrates.  

NU7441 and KU55933 are potent inhibitors of DNA-PK and ATM, respectively. 

During investigations into the effect of these inhibitors on the activity of a range of 

chemotherapeutic agents in both parental and multidrug-resistant cells, it was noted that 

NU7441 and KU55933 sensitised multidrug-resistant cells to vincristine, docetaxel and 

paclitaxel, and to a greater degree than in parental cells. The multidrug-resistant cells 

are resistant via overexpression of the efflux transporter MDR1 and have been 

generated by stepwise treatment with increasing concentrations of drug. Therefore, it 

was hypothesised that there were potential interactions between NU7441 and MDR1, 

and KU55933 and MDR1.  

Initially, the doxorubicin fluorescence assay demonstrated that NU7441 increases 

doxorubicin accumulation in a concentration-dependent manner in paired wild-type and 

MDR1-overexpressing MDCKII cells. The kinase inhibitor sorafenib is used to treat 

advanced renal cell carcinoma (Kane et al., 2006) and hepatocellular carcinoma (Lang, 

2008), and MDR1 has been shown to play a major role in the acquired resistance 

phenotype in hepatocellular carcinoma (Meena et al., 2013). Furthermore sorafenib has 

been shown to reverse paclitaxel resistance in MDR cells and cause a concentration-

dependent increase in the uptake and retention of rhodamine 123; suggesting that 

sorafenib inhibits MDR1 (Eum et al., 2013). The data presented here with NU7441 are 

consistent with the findings for sorafenib and suggest that NU7441 inhibits MDR1. 

There are various techniques that have been used to investigate transporter interactions 

with small molecule inhibitors. Intracellular drug levels have previously been measured 

by radiolabelling of drugs, with intracellular accumulation determined by measuring the 

radioactivity (Shi et al., 2007; Dai et al., 2008). Alternatively, intracellular doxorubicin 

transport has been measured by flow cytometric analysis by exploring the inherent 
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fluorescence of the molecule (Mi et al., 2010). Doxorubicin has also been used 

previously in a fluorescence competition assay to investigate competitive MDR1-

mediated efflux, with increased doxorubicin fluorescence demonstrated following pre-

treatment with the anti-tumour antibiotic, actinomycin D (Hill et al., 2013). This 

approach was the basis for the methodology used in this study. 

To investigate whether drug accumulation induced by NU7441 or KU55933 was 

linked to DNA-PK or ATM inhibition, respectively, a range of NU7441 derivatives 

with different DNA-PK inhibitory properties and KU55933 were studied. There was no 

difference in vincristine-induced growth inhibition in the parental CCRF-CEM cells 

when vincristine was used in combination with NU7441 or its derivatives. However, in 

the CCRF-CEM VCR/R cells, NU7441 sensitised cells to a greater degree than 

NU7742, which suggests that DNA-PK inhibition is a contributory factor. Conversely, 

there was no difference in sensitisation induced by the DNA-PK inhibitory compound 

DRN1 and the DNA-PK non-inhibitory compound DRN2. However, this is the first 

study to treat cells with DRN1 and DRN2 in vitro and therefore little is known about 

their pharmacological properties of DRN1 and DRN2, making it difficult to draw any 

conclusions from the findings with these compounds. KU55933 at 10 µM sensitised 

both the sensitive and multidrug-resistant cells to vincristine and docetaxel to a greater 

degree than NU7441 and its derivatives at 1 µM.  

LC-MS is a direct, highly sensitive and quantitative method which can be used to 

measure the intracellular accumulation of compounds. Quantitative determination of 

intracellular concentrations of tyrosine kinase inhibitors have previously been 

successfully measured by LC-MS (Hegedus et al., 2009). All of the compounds 

investigated here increased intracellular vincristine concentration, as shown by LC-MS, 

in the MDR1-overexpressing CCRF-CEM VCR/R cells regardless of their DNA-PK or 

ATM-inhibitory activity.  

Compounds that interact with MDR1 can do so by different mechanisms. 

Verapamil is known to modulate drug resistance by acting as a competitive MDR1 

substrate (Cano-Gauci and Riordan, 1987). It was observed that the levels of verapamil 

decreased over time, which is consistent with a competitive substrate. Interestingly, 

NU7441 has similar growth inhibitory activity alone in the sensitive and resistant cells 

and there was no observed reduction in intracellular levels of NU7441 over time (Figure 

4-1 and Figure 4-13A and B). This result suggests that NU7441 may not act as a 

competitive substrate but rather as an inhibitor of MDR1. However, further 

investigations would be necessary to explore this interesting possibility. The levels of 
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NU7742 did not change between 1 and 8 hours and, although there is not enough data to 

carry out statistical analysis, there is no apparent difference in KU55933 levels in the 

parental and multidrug-resistant cells. Inhibitors can have different mechanisms of 

MDR1 modulation and a more specific method is required to elucidate the mechanisms 

and transport of the inhibitors.  

It would be interesting to confirm the preliminary LC-MS data with KU55933 

(ATM IC50 = 13 nM) and to include the inactive KU55933 derivative, KU58050, which 

has a piperidine instead of a morpholine moiety resulting in a marked decrease in ATM-

inhibitory activity (ATM IC50 = 2.96 µM) (Hickson et al., 2004). Replacement of the 

morpholine group in KU55933 with a piperidine group is the same modification 

introduction in NU7742, which proved to be a useful control compound in the studies 

described here.  

The photoaffinity analogue of prazosin, [125I]-iodoarylazidoprazosin (IAAP) has 

been used widely to investigate ABCB1 and ABCG2 substrate and inhibitor interactions 

in crude membrane preparation from cells or tissues expressing these transporter 

proteins (Sauna and Ambudkar, 2000). If an inhibitor interacts at the prazosin-binding 

site of ABCB1 or ABCG2, [125I]-IAAP photolabelling is inhibited. This assay is often 

carried out in parallel with an ATPase activity assay as drug-stimulated ATPase activity 

is a measure of substrate interaction at the drug-binding sites of transporters (Shi et al., 

2007; Dai et al., 2008; Dohse et al., 2010; Mi et al., 2010; Shi et al., 2011; Sen et al., 

2012). Experiments using this technique to investigate inhibitor interactions with not 

only MDR1/ABCB1 but also other members of the ABC family of transporters, e.g. 

ABCG2/BCRP would be useful. 

Although the clinical relevance of MDR1 expression in solid tumours remains 

controversial, MDR1 has been shown to be relevant to acquired drug resistance in 

haematological cancers (de Grouw et al., 2006). MDR is a biomarker for poor prognosis 

in patients with haematological cancers who can be cross-resistant to standard 

chemotherapeutic agents that are MDR1 substrates. The MDR substrates doxorubicin, 

etoposide and vincristine are used clinically in the treatment of haematological 

malignancies, for example acute myeloid leukaemia (AML) and acute lymphoblastic 

leukaemia (ALL) (Mathe et al., 1974; Freireich et al., 1976; Pizzo et al., 1976) and 

docetaxel is used in the treatment of solid cancers, such as prostate and breast cancer 

(Crown et al., 2004; Hotte and Saad, 2010). NU7441 has been shown to sensitise cells 

to mitoxantrone, doxorubicin (in vitro) and etoposide (in vitro and in vivo) (Zhao et al., 

2006; Willmore et al., 2008), and this study has demonstrated that NU7441 can 
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sensitise CCRF-CEM cells to vincristine. KU55933 has been shown to sensitise cells to 

the topoisomerase II poisons, doxorubicin, etoposide and the topoisomerase I inhibitor 

camptothecin (Hickson et al., 2004), and this study has demonstrated that KU55933 can 

sensitise cells to vincristine and docetaxel. 

In a clinical setting, the contribution of drug efflux transporters in the resistance to 

cancer therapeutics is a hotly debated topic. Nevertheless, MDR1 overexpression has 

been linked with resistance to a number of agents, including the vinca alkaloids and 

taxanes used in this study (Allen et al., 2000). In theory, the idea of a compound that 

can increase intracellular drug concentrations in MDR1-overexpressing drug-resistant 

cancer cells is attractive but many of the compounds designed to interact with MDR1 

have proved largely unsuccessful due to toxicity or adverse side effects, mainly 

involving normal tissue sites that also overexpress drug efflux transporters e.g. 

gastrointestinal tract (Szakacs et al., 2006). A number of clinical trials also reported 

adverse pharmacokinetic interactions with MDR1 inhibitor and cytotoxic drug co-

administration. For example, increased area under the curve, lower maximal tolerated 

doses and reduced drug clearance of paclitaxel and vinblastine were all observed in 

clinical trials and suggest prolonged drug elimination with MDR1 inhibition (Bates et 

al., 2001; Chico et al., 2001; Modok et al., 2006). However, if MDR1 interaction was 

an additional effect of a targeted compound and could increase the intracellular 

concentration of chemotherapeutic agents, as well as enhancing the effect of the DNA-

damaging or microtubule-targeting agents, this could potentially be an interesting 

prospect; especially due to the large sensitisation seen in the multidrug-resistant cells 

compared with the parental cells, suggesting a therapeutic window opportunity.  

From a targeted cancer drug discovery viewpoint, the ideal candidate compound 

has only one target and will not interact with any other signalling pathways or cellular 

processes, thereby ensuring that effects observed are directly and solely related to the 

target. Nevertheless, most of the targeted compounds in development will have off-

target effects, be this due to interactions with other members of the target protein family 

or other signalling pathways. However, a compound such as NU7441 or KU55933 that 

interacts with both a signalling pathway and a drug efflux process is a novel and 

interesting prospect, provided the two effects are sufficiently understood. 

Oral bioavailability and brain penetration can limit the therapeutic efficacy of 

compounds and are controlled by the expression of transporters in the apical membranes 

of cells in the small intestine or blood brain barrier, respectively. Many commonly-used 

chemotherapeutics and novel small-molecule inhibitors have been found to be 
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transported by MDR1 and/or other transporters from the ABC-family. For example, 

vemurafenib is a B-RafV600E inhibitor developed to inhibit the V600E mutant form of B-

Raf present in over 60% of malignant melanomas and, although it has proven promising 

in clinical trials, brain metastases is one of the most common causes of death in 

melanoma patients (Sampson et al., 1998; Davies et al., 2002). Therefore, interactions 

with the ABC-transporters were investigated to try to enhance brain penetration. Using 

in vitro transwell assays to examine transport across an intact membrane, and in vivo 

mouse models with differential expression of transporters (e.g. Abcb1a/1b-/- and   

Abcg2-/- mice), it was demonstrated that oral bioavailability and brain penetration were 

restricted by these transporters, which could be enhanced by the dual ABCB1/ABCG2 

inhibitor, elacridar (Durmus et al., 2012). The role of transporters in oral bioavailability 

and brain penetration has also been demonstrated with the PARP inhibitor rucaparib 

(Durmus et al., 2014).  

It would be interesting to study NU7441 and KU55933 further using some of 

these additional techniques. For example, the transwell assay for examining drug 

transport across an intact membrane in MDCKII cells with differential expressions of 

human transporters could be used to determine interactions with transporters other than 

MDR1 and would confirm whether NU7441 and KU55933 are competitive substrates or 

blockers of these transporters. This assay could also be used to examine the 

enhancement of transport of ABC-transporter substrates, such as vincristine and 

docetaxel, across the membrane. In vivo models with differential expression of 

transporters could confirm the in vitro findings and examine whether NU7441 and 

KU55933 would increase the oral bioavailability and brain penetration of MDR1 

substrate drugs. If NU7441 and KU55933 were given in combination with MDR1 

substrates, the MDR1-blocking effect, alongside the inhibition of DNA repair and 

effects on mitosis, could increase the efficacy of both DNA-damaging and anti-mitotic 

compounds. It would be possible to go on to examine the dual effects of these inhibitors 

using mouse models with different DNA-PK or ATM expression levels alongside 

transporter expression levels.  

 

4.5 Summary 

 

A panel of inhibitors with different structures and inhibitory properties were 

investigated for their effects on doxorubicin, vincristine and docetaxel growth inhibition 
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and/or accumulation in cell line models of multidrug resistance. NU7441 increased 

intranuclear doxorubicin accumulation in MDR1-overexpressing cells in a 

concentration-dependent manner. All of the inhibitors tested caused an increase in 

intracellular vincristine but 1 µM NU7441 and 10 µM KU55933 caused the greatest 

intracellular vincristine accumulation compared with the NU7441 derivatives. Using 

paired MDR1 wild-type and overexpressing CCRF-CEM cells, there was no difference 

in growth inhibition or intracellular accumulation of NU7441 and KU55933 when 

studied alone, indicating these inhibitors may act as inhibitors of MDR1 and not 

competitive substrates.  

In conclusion, this study highlights the role of NU7441 as a dual DNA-PK and 

MDR1 inhibitor, and KU55933 as a dual ATM and MDR1 inhibitor, and this extends 

the therapeutic potential of these compounds when used in combination with MDR 

substrates to sensitise both wild-type and MDR phenotypes. 
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Chapter 5: Investigation into the response of paired 

parental and multidrug-resistant cells to ionising radiation 

alone and in combination with NU7441 or KU55933 

143 
 



5.1 Introduction 

 

The majority of cancer patients are treated with a combination of radiation therapy 

and chemotherapy. Radiation therapy damages DNA both directly (by ionising atoms in 

DNA) or indirectly (hydroxyl radicals from ionised water molecules attack the DNA), 

inducing many forms of DNA damage, including DNA single-strand and double-strand 

breaks (Mahaney et al., 2009). Double-strand breaks in response to ionising radiation 

occur when two single-strand breaks occur within 10-20 base pairs and, therefore, IR-

induced DNA double-strand breaks commonly contain overhanging ends, which must 

be repaired correctly to prevent chromosomal translocations, genomic instability and 

cell death (Povirk, 2006; Mahaney et al., 2009).  

There are two main mammalian DNA double-strand break repair pathways as 

discussed in Chapter 1: homologous recombination (HR) and non-homologous end 

joining (NHEJ). In mammalian cells, NHEJ is the dominant pathway for ionising 

radiation-induced double-strand breaks (Bolderson et al., 2009). NHEJ repairs strand 

breaks by ligating the two broken ends in a sequence-independent manner, and since 

ionising radiation-induced double-strand breaks contain overhanging ends, this can 

result in a loss of DNA at the repair site, resulting in inaccurate repair. Homologous 

recombination can only occur in late S and G2 phases after DNA replication has taken 

place, allowing a sister chromatid to be used as a homologous template for accurate 

repair.  

Targeting repair pathways that are essential for cancer cell survival in response to 

radio- or chemotherapy is an active research area and many small molecule inhibitors of 

essential components of repair pathways are currently being investigated. A number of 

non-specific PIKK inhibitors, such as caffeine and LY294002, have been shown to 

increase sensitivity to radiation and chemotherapeutic agents (Vlahos et al., 1994; 

Sarkaria et al., 1999; Gharbi et al., 2007), highlighting the importance of this family of 

enzymes in the response of cells to ionising radiation.  

The PIKK ATM was identified as an attractive kinase for targeted inhibition after 

it was discovered that patients with ataxia telangiectasia, resulting from an ATM 

mutation, were highly sensitive to radiation (Savitsky et al., 1995). The selective ATM 

kinase inhibitor, KU55933, discovered by drug library screening for compounds based 

on LY294002, has been shown to cause cellular radio-sensitisation and inhibition of 

ionising radiation-induced ATM-dependent phosphorylation events (Hickson et al., 

2004). A more selective ATM inhibitor, KU60019 has been found to be a radio-
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sensitiser for glioma cells in vitro (Golding et al., 2009), and a preliminary in vivo study 

demonstrated delayed tumour progression and increased survival in mice with paediatric 

gliomas treated with KU60019 plus irradiation compared with control irradiated mice 

(Vecchio et al., 2014).  

Targeting the NHEJ pathway has also been shown to be effective in producing 

radiosensitisation. Cells that are deficient in the catalytic subunit of DNA-PK or in Ku 

subunits are more radio- and chemosensitive than proficient cells, indicating a role for 

DNA-PK in responding to DNA double-strand break-inducing treatments (Lees-Miller 

et al., 1995; Ouyang et al., 1997). The selective DNA-PK inhibitor, NU7441, has been 

shown to sensitise cells to ionising radiation but limited solubility has restricted in vivo 

experiments with this inhibitor (Zhao et al., 2006). 

Along with DNA-PK and ATM inhibitors, a number of other small molecule 

inhibitors or peptides that target a range of proteins involved in DNA repair, for 

example Chk1 and Chk2, the Mre11-Rad50-Nbs1 complex, Rad51 and PARP1, have 

been shown to be radiosensitisers (reviewed in (Bolderson et al., 2009)).  

 

5.2 Aims 

 

The aim of this study was to investigate the radiosensitivity of paired sensitive 

and multidrug-resistant cell lines and the effect of DNA-PK and ATM inhibition on 

sensitivity. Three paired cell lines: CCRF-CEM and CCRF-CEM VCR/R cells, A2780 

and A2780-TX1000 cells and SKOV3 and SKOV3-TR cells, were treated with 

increasing doses of ionising radiation and the growth inhibition was determined by XTT 

assay. The cytotoxicity in CCRF-CEM and CCRF-CEM VCR/R cells was then be 

investigated by methylcellulose clonogenic assay, and the cytotoxicity in A2780 and 

A2780-TX1000 cells was investigated by clonogenic survival assay, to determine if the 

observed growth-inhibitory effects were due to cytotoxicity.   
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5.3 Results 

5.3.1 Increased resistance to ionising radiation in multidrug-resistant cell lines              

Previously, in Chapter 3, three paired sensitive and microtubule-targeting agent-

resistant cell lines were characterised and their multidrug-resistant phenotype was 

attributed to an overexpression of the drug efflux transporter, MDR1. Sensitisation to 

different microtubule-targeting agents by the DNA-PK inhibitor, NU7441 and the ATM 

inhibitor, KU55933 was greater in multidrug-resistant cells and studies described in 

Chapter 4 demonstrated that this effect was largely due to NU7441 and KU55933 

interfering with drug efflux via MDR1. During this work, ionising radiation was used as 

a control cytotoxic treatment and the radiation response was expected to be independent 

of MDR1 status. Accordingly, it was hypothesised that the sensitive and multidrug-

resistant cells would display the same sensitivity to ionising radiation and the same level 

of radiosensitisation with NU7441 and KU55933. 

Interestingly, the hypothesised pattern of sensitivity was not observed in the 

paired sensitive and resistant cell lines. The CCRF-CEM and CCRF-CEM VCR/R cell 

line pair was primarily investigated for their sensitivity to ionising radiation and 

sensitisation caused by NU7441 and KU55933. Unexpectedly, CCRF-CEM cells were 

found to be 6.4-fold (p=0.005) more sensitive to ionising radiation than the multidrug-

resistant CCRF-CEM VCR/R cells (Figure 5-1). There was no significant sensitisation 

with either NU7441 or KU55933 in either cell line.  
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Figure 5-1: CCRF-CEM cells are more sensitive to ionising radiation than the 
CCRF-CEM VCR/R cells. CCRF-CEM and CCRF-CEM VCR/R cells were treated 
with ionising radiation (IR) (0-20 Gy) alone or in combination with 1 µM NU7441 or 
10 µM KU55933 for 72 hours and % growth was analysed by XTT assay (Section 2.3). 
(A) Data are presented as a percentage of vehicle control cells. Points represent the 
mean of  ≥3 independent experiments, each in triplicate, ± standard error. (B) GI50 data 
are presented as the GI50 means ± standard error. Asterisk indicates a statistically 
significant difference using the Student’s unpaired t-test when compared with the GI50 
for IR alone (** p<0.01). 

 

Following these interesting observations in the CCRF-CEM and CCRF-CEM 

VCR/R cell line pair, the radiosensitivity of another paired cell line, A2780 and A2780-

TX1000 cells, was investigated to see if multidrug-resistant cells were radio-resistant in 

a solid ovarian cancer model, or if radiation resistance in multidrug-resistant cells is 

cell-line dependent.    

The A2780 cells were more sensitive to ionising radiation than the A2780-

TX1000 cells. It was not possible to obtain GI50 concentrations for the A2780-TX1000 
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cells because they were so radioresistant. In contrast to CCRF-CEM cells, A2780 cells 

were significantly sensitised 3.2-fold by NU7441 at the GI50 dose of ionising radiation, 

but otherwise NU7441 or KU55933 did not cause radiosensitisation.  

 

 

Figure 5-2: A2780 cells are significantly more sensitive to ionising radiation than 
the A2780-TX1000 cells. A2780 and A2780-TX1000 cells were treated with ionising 
radiation (IR) alone (0-10 Gy) or in combination with 1 µM NU7441 or 10 µM 
KU55933 for 72 hours and % growth was analysed by XTT assay (Section 2.3). (A) 
Data are presented as a percentage of vehicle control cells. Points represent the mean of  
≥3 independent experiments, each in triplicate, ± standard error. (B) GI50 data are 
presented as the GI50 means ± standard error. Asterisk indicates a statistically significant 
difference using the Student’s unpaired t-test when compared with the GI50 for IR alone 
(* p<0.05). 
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The final cell line pair to be investigated was the SKOV3 and SKOV3-TR cells. 

Both of these cell lines were radio-resistant relative to the A2780 and CCRF-CEM cell 

line pairs. SKOV3-TR cells were in fact so radio-resistant that GI50 values for ionising 

radiation were > 20 Gy in this cell line for ionising radiation alone or in combination  

with 1 µM NU7441 or 10 µM KU55933. NU7441 and KU55933 appeared to have 

greater sensitisation effects in the parental SKOV3 cells compared with SKOV3-TR 

cells, with NU7441 significantly sensitising the SKOV3 cells 3-fold (p=0.003) to 

ionising radiation at the GI50 dose.  

 

 

Figure 5-3: SKOV3 cells are significantly more sensitive to ionising radiation than 
the SKOV3-TR cells. SKOV3 and SKOV3-TR cells were treated with ionising 
radiation (IR) (0-20 Gy) alone or in combination with 1 µM NU7441 or 10 µM 
KU55933 for 72 hours and % growth was analysed by XTT assay (Section 2.3). (A) 
Data are presented as a percentage of vehicle control cells. Points represent the mean of 
≥3 independent experiments, each in triplicate, ± standard error. (B) GI50 data are 
presented as the GI50 means ± standard error. Asterisk indicates a statistically significant 
difference using the Student’s unpaired t-test when compared with the GI50 for IR alone 
(** p<0.01). 
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The results in Figure 5-1 to Figure 5-3 demonstrated that cells made resistant to 

microtubule-targeting agents, and displaying classical drug resistance through MDR1 

overexpression, were more resistant to ionising radiation as measured by an XTT 

growth inhibition assay. Additionally, in these three cell lines, there is no consistent 

sensitisation to ionising radiation by DNA-PK or ATM inhibition.  

Experiments were then performed to investigate the cytotoxic effects of ionising 

radiation on two of the paired sensitive and resistant cell lines. In CCRF-CEM and 

CCRF-CEM VCR/R cells, investigated using the methylcellulose cell survival assay, a 

similar pattern was observed as in the growth inhibition experiments. The CCRF-CEM 

cells were 2.7-fold (p=0.002) more sensitive to ionising radiation than the multidrug-

resistant CCRF-CEM VCR/R cells (Figure 5-4). NU7441 sensitised A2780 cells and 

KU55933 sensitised both  A2780 and A2780-TX1000 cells to ionising radiation. 
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Figure 5-4: CCRF-CEM cells are more sensitive to ionising radiation than CCRF-
CEM VCR/R cells, as demonstrated by cytotoxicity assay. CCRF-CEM and CCRF-
CEM VCR/R cells were treated with ionising radiation (IR) alone or in combination 
with 1 µM NU7441 for 24 hours. % Survival was analysed by methylcellulose assay 
(Section 2.5). (A) Data are presented as a percentage of vehicle or inhibitor control 
colony formation. Points represent the mean of  ≥3 independent experiments, each in 
triplicate, ± standard error. (B) LC90 data are presented as the LC90 means ± standard 
error. Asterisk indicates a statistically significant difference using the Student’s 
unpaired t-test when compared with the LC90 for IR alone (** p<0.01). 
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The A2780 and A2780-TX1000 cell line were then examined for their responses 

to ionising radiation alone or in combination with NU7441 or KU55933. Interestingly, 

in this cell line pair, a different pattern of radiosensitivity to that seen in the growth 

inhibition experiments was observed. There was no significant difference in the ionising 

radiation LC90 dose between the parental A2780 and the A2780-TX1000 cells (Figure 

5-5), in contrast to the growth inhibition data where A2780 cells were 5.7-fold more 

sensitive. In the A2780 cells, NU7441 (1 µM) caused a 2.1-fold (p=0.006) sensitisation 

at the ionising radiation LC90 dose, and KU55933 (10 µM) caused a 3.1-fold (p=0.002) 

sensitisation. KU55933 (10 µM) significantly sensitised the A2780-TX1000 cells 2.2-

fold (p=0.004) at the LC90 dose, whereas NU7441 (1 µM) did not significantly increase 

ionising radiation sensitivity.  
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Figure 5-5: Both A2780 and A2780-TX1000 cells are sensitised to ionising 
radiation by NU7441 and KU55933. A2780 and A2780-TX1000 cells were treated 
with ionising radiation (IR) alone or in combination with 1 µM NU7441 or 10 µM 
KU55933 for 24 hours. % Survival was analysed by clonogenic assay (Section 2.4). (A) 
Data are presented as a percentage of vehicle or inhibitor control colony formation. 
Points represent the mean of  ≥3 independent experiments, each in triplicate, ± standard 
error. (B) LC90 data are presented as the LC90 means ± standard error. Asterisk indicates 
a statistically significant difference using the Student’s unpaired t-test when compared 
with the LC90 for IR alone (** p<0.01).
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CCRF-CEM cells  CCRF-CEM VCR/R cells 

IR  IR + NU7441  IR + KU55933 

 

IR  IR + NU7441  IR + KU55933 
IR GI50 1.4 ± 0.06 1.3 ± 0.3ns 2.0 ± 0.3ns 8.9 ± 1.3p=0.005 6.5 ± 2.0ns 8.7 ± 0.7ns 

IR LC90 1.5 ± 0.3 1.1 ± 0.1ns - 4.0 ± 0.2p=0.002 3.7 ± 1.3ns - 

 
A2780 cells  A2780-TX1000 cells 

IR  IR + NU7441  IR + KU55933 

 

IR  IR + NU7441  IR + KU55933 
IR GI50 2.2 ± 0.5 0.7 ± 0.1p=0.04 3.1 ± 2.2ns >10 >10 >10 

IR LC90 2.4 ± 0.2 1.2 ± 0.1p=0.006 0.8 ± 0.1p=0.002 2.7 ± 0.2ns 2.0 ± 0.4ns 1.2 ± 0.1p=0.004 

 
SKOV3 cells  SKOV3-TR cells 

IR  IR + NU7441  IR + KU55933 
 

IR  IR + NU7441  IR + KU55933 
IR GI50 11 ± 1.1 3.7 ± 0.2p=0.003 7.5 ± 2.3ns >20 >20 >20 

Table 5-1: GI50 and LC90 concentrations for ionising radiation alone or in the presence of the NU7441 or KU55933 in three paired sensitive 
and multidrug-resistant cell lines. GI50 data from cells treated with ionising radiation (IR) alone or in combination with 1 µM NU7441 or 10 µM 
KU55933 for 72 hours with growth analysed by XTT assay (Section 2.3). LC90 data from cells treated with ionising radiation (IR) alone or in 
combination with 1 µM NU7441 or 10 µM KU55933 for 24 hours with survival analysed by clonogenic assay (Sections 2.4 and 2.5). The data are 
presented as the GI50 or LC90 mean (Gy) of  ≥3 independent experiments, each in triplicate, ± standard error. Significant differences between parental 
and multidrug-resistant cells treated with IR alone were calculated using an unpaired t-test and are shown as a subscript. Significant differences 
between cells treated with IR alone and cells treated with IR + inhibitor were calculated using an unpaired t-test and are shown as a superscript. ns = 
not-significant. 

  

154 
 



5.4 Discussion and future work 

 

Ionising radiation was used as a control in the studies described in this thesis, as a 

physical, as opposed to a chemical, DNA damaging agent. The response to ionising 

radiation is known to involve DNA repair proteins, including ATM and DNA-PK, but it 

was assumed that this would be independent of multidrug-resistance through efflux 

transporter overexpression. Therefore radiation treatment was used alongside cytotoxic 

drug treatment in the experiments in Chapter 3.  

However, unexpectedly, the multidrug-resistant cells from three different paired 

cell lines; CCRF-CEM and CCRF-CEM VCR/R cells, A2780 and A2780-TX1000 cells 

and SKOV3 and SKOV3-TR cells all demonstrated not only chemo-resistance, as seen 

in Chapter 3, but also radio-resistance in growth inhibition assays (summary in Table 

5-1).  

The findings in this chapter are consistent with a study demonstrating that 

vincristine-resistant SKOV3 cells were resistant to radiation relative to parental SKOV3 

cells, an effect that was attributed to higher levels of autophagy in the vincristine-

resistant cells; a pro-survival and self-protective mechanism in these cells (Liang et al., 

2012). It would therefore be interesting to investigate the ionising radiation-induced 

apoptosis levels using a caspase 3/7 assay or flow cytometry, and to examine the 

expression of pro-survival proteins and NF-κB. Furthermore, autophagy measured using 

an MDC assay (which evaluates incorporation of monodansylcadaverine into vacuoles 

by fluorescent microscopy (Munafo and Colombo, 2001)) could be studied in the 

parental and multidrug-resistant cells before and after ionising radiation.  

The findings in this chapter are however in contrast to a study by Lee et al. 

(2013), which demonstrated reduced DNA-PK-mediated repair and reduced survival in 

vincristine-resistant KB cells, derived from parental KB cells by exposure to stepwise 

increments of vincristine, in response to ionising radiation compared with the parental 

KB cells. Therefore it is possible that the effects of MDR1 on radio-sensitivity are cell-

line dependent and further studies using additional parental and multidrug-resistant cell 

lines should be undertaken to substantiate these conflicting findings.  

A number of papers reported the effect of ionising radiation on the expression of 

MDR1 and other transporters (reviewed in Rendic and Guengerich (2012)). In general, 

ionising radiation (delivered in various forms) causes an increase in the mRNA and 

protein expression of a number of transporters, including MDR1, MRP1 (multidrug 
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resistance-associated protein 1, ABCC1) and LRP (lung resistance-related protein), and 

increases in transporter expression have been associated with resistance to 

chemotherapeutic agents in a number of human cancer models (Osmak et al., 1994; 

Harvie et al., 1997; Bottke et al., 2008; Korystov et al., 2008; Tsang et al., 2009). Some 

of these findings were tissue-specific, as in the study by Bottke et al. (2008) who 

demonstrated that three breast cancer cell lines displayed increased mRNA and protein 

levels for MDR1, MRP1 and LRP following irradiation, whereas there was no mRNA 

increase but a large increase in functional protein in colon cancer cell lines associated 

with resistance to chemotherapeutic agents. These findings suggest that radiation 

treatment may lead to a highly resistant phenotype which could affect the response of 

tumours to concurrent or subsequent chemotherapeutic agents that are MDR1 

substrates. However, there are also data to suggest that low doses of fractionated 

irradiation can have the opposite effect of decreasing MDR1 expression and increasing 

drug sensitivity (Sanchez et al., 1998; Ryu et al., 2004; Shareef et al., 2008). Together 

these data suggest that the expression and activity of the transporters in response to 

radiation is complex, and that the radiation regimen may determine expression changes 

and subsequent tumour chemo-sensitivity.  

Most of the above studies have investigated the effects of ionising radiation on the 

expression and activity of drug transporters in parental cell lines. Clinically, radiation 

can be administered before, during and after chemotherapy, depending on the regimen 

required for each cancer type. Therefore the findings in this chapter are clinically 

relevant as it is possible that a cancer could become chemo-resistant via overexpression 

of transporters such as MDR1 before the radiation is administered.  

Fractionated irradiation is widely used clinically as it has been demonstrated that 

the delivery of small fractionated doses of ionising radiation causes less damage to 

normal tissue, whilst having the same effect on tumour growth control, as a single large 

dose of radiation (Dahlberg et al., 1999). One study in particular investigated the effect 

of fractionated irradiation in sensitive and multidrug-resistant cells and on MDR1 and 

DNA-PK expression and activity. Ryu et al. (2004) used CCRF-CEM and MDR1-

overexpressing CCRF-CEM MDR cells, along with a number of CCRF-CEM IR cells, 

which they derived following different doses of fractionated irradiation. The authors 

found that CCRF-CEM MDR cells exhibited lower Ku DNA binding and DNA-PK 

activity, and reduced MDR1 expression, along with drug sensitivity comparable to that 

seen in the parental CCRF-CEM cells, following fractionated irradiation. In contrast, 

the CCRF-CEM parental cells demonstrated radioresistance, increased Ku70/80 levels 
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and DNA-PKcs levels and activity in response to ionising radiation in a dose-dependent 

manner (Ryu et al., 2004). This result suggests that the effect of ionising radiation on 

DNA-PK activity may be different in parental and multidrug-resistant cells, and hence 

DNA-PK activity should be investigated in all of the paired cell lines used in this thesis. 

The results presented by Ryu et al. (2004) are in contrast to the data generated in 

Chapter 3 (in relation to the CCRF-CEM and CCRF-CEM VCR/R cell line used in this 

thesis) where the CCRF-CEM VCR/R cells had higher DNA-PK activity. Therefore the 

MDR cells used by Ryu et al. (2004) (CCRF-CEM MDR) clearly have a very different 

phenotype to those used here (CCRF-CEM VCR/R).  

Inhibition of DNA-PK and ATM using NU7441 and KU55933 has been 

consistently shown to cause radiosensitisation in a number of different studies (Hickson 

et al., 2004; Cowell et al., 2005; Zhao et al., 2006; White et al., 2008; Shaheen et al., 

2011; Ciszewski et al., 2014; Tichy et al., 2014). Therefore, the effect of these 

inhibitors on the radiation response in the three paired parental and multidrug-resistant 

cell lines was investigated.  

The interesting finding in this chapter was the lack of sensitisation of cells to 

ionising radiation using the ATM inhibitor, KU55933, in the growth inhibition assays; 

although KU55933 did significantly sensitise A2780 and A2780-TX1000 cells in the 

clonogenic survival assay. This suggested that ATM inhibition effects are revealed in 

cytotoxicity and cell survival, but not growth inhibition assays. NU7441 significantly 

sensitised SKOV3 and A2780 cells to ionising radiation in the growth inhibition assays 

and sensitised the A2780 cells in the clonogenic survival assay. However, NU7441 did 

not sensitise any of the multidrug-resistant cell lines to ionising radiation in either the 

growth inhibition or clonogenic survival assays. Hence DNA-PK may not play such a 

significant role in the response of multidrug-resistant cells to ionising radiation as it 

does in parental cells. This finding is similar to the conclusions drawn by Ryu et al. 

(2004) in relation to the observed changes in DNA-PK activity following fractionated 

irradiation discussed above.  

The effect of ionising radiation on DNA-PK autophosphorylation at serine 2056 

in the CCRF-CEM and CCRF-CEM VCR/R cells and the effects of NU7441 were 

examined in Chapter 3. There was a similar level of DNA-PK autophosphorylation in 

response to ionising radiation in both the parental and multidrug-resistant cell lines, and 

the same inhibition profile with NU7441 in both cell lines. Therefore it is known that 

DNA-PK can be autophosphorylated in both cell lines following ionising radiation and 

that autophosphorylation can be inhibited to the same degree. Therefore the differences 
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in sensitisation in the parental and multidrug-resistant cell lines caused by NU7441 are 

not due to a difference in the effect of NU7441 on DNA-PK autophosphorylation. It 

would be interesting to investigate the DNA-PK catalytic activity in both the parental 

and multidrug-resistant cells, along with the Ku70/80 binding activity.  

Studies of MDR1 expression and DNA-PK activity and expression in patients 

following ionising radiation would be useful to determine if there is a relationship 

between radiation and transporters or DNA repair enzyme function in clinical material. 

Such studies could lead to the use of MDR expression and/or DNA-PK activity as 

predictive biomarkers for ionising radiation sensitivity and lead to the use of these 

measurements in personalised medicine.  

 

5.5 Summary  

 

Three pairs of parental and multidrug-resistant cells were investigated for their 

response to ionising radiation. A2780-TX1000, CCRF-CEM VCR/R cells and SKOV3-

TR multidrug-resistant cell lines were all found to be more resistant to ionising radiation 

than their parental cell lines in growth inhibition assays. The DNA-PK inhibitor 

NU7441 caused radiosensitisation in the A2780 and SKOV3 cell lines but had no effect 

on radiation sensitivity in any of the multidrug-resistant cell lines. The ATM inhibitor 

KU55933 sensitised the A2780 and A2780-TX1000 cells when determined by 

clonogenic survival assay but not by growth inhibition assay, and had no effect on any 

of the other cell lines. In conclusion, the multidrug-resistant cell lines that overexpress 

MDR1 used in this thesis display both chemo- and radioresistance and further 

investigation is needed to elucidate the mechanism behind the unexpected 

radioresistance observed. 
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Chapter 6: Investigation of the role of DNA-PK and ATM as a 

determinant of ionising radiation and vincristine response using paired 

DNA-PK proficient and deficient cell lines 
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6.1 Introduction 

 

Comparing the effects of a lack of functional protein versus chemical inhibition is 

an important area of research in the discovery and development of targeted agents. 

Specifically, the cellular impact of an inhibited as opposed to an absent protein may be 

different, particularly when the target protein has dual catalytic and structural functions. 

However, finding a model of proficient and deficient cell lines that are truly isogenic is 

extremely difficult.  

There are four reported incidences of spontaneous germline mutations in the 

DNA-PK gene in mammalian species; two in mice (Bosma et al., 1983; Jhappan et al., 

1997), one in a horse (McGuire and Poppie, 1973) and one in a dog (Meek et al., 2001), 

which have resulted in viable animals. However, there are only two cases of reported 

human germline PRKDC mutations. The first patient identified had a homozygous 

missense mutation that did not affect DNA-PKcs expression or kinase activity. The 

patient had severe combined immunodeficiency (SCID), and impaired NHEJ and 

Artemis activation, but was otherwise developmentally normal (van der Burg et al., 

2009). However, the second SCID patient to be identified with mutated PRKDC, 

resulting in substantially reduced DNA-PKcs protein levels, undetectable DNA-PK 

activity and impaired NHEJ, displayed neurological abnormalities resulting from 

neuronal atrophy postnatally, indicating a role for DNA-PKcs during neuronal 

development (Woodbine et al., 2013). However, it is surprising that more DNA-PKcs 

germline mutations have not been reported.      

The first animal model with defective DNA double-strand break repair attributed 

to a defect in the catalytic subunit of DNA-PK was the SCID mouse, which is viable but 

radiation hypersensitive and defective in V(D)J recombination (Bosma et al., 1983; 

Kirchgessner et al., 1995). However, the SCID mouse is not null for DNA-PKcs but 

rather has a single base mutation that allows the formation of an unstable, but almost 

full-length (excluding the last 83 amino acids), DNA-PKcs protein which may have 

residual function (Blunt et al., 1996; Danska et al., 1996; Araki et al., 1997). Therefore 

a better isogenic model for investigating the function of DNA-PK and the effects of 

DNA-PK inhibition was required. 

The M059J and M059K cell lines were derived from different areas of the same 

human malignant glioblastoma tumour and were found to have altered radiation 

sensitivity profiles resulting from different levels of DNA-PK activity, subsequently 

attributed to defects in human chromosome 8 where DNA-PK is located (Allalunis-
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Turner et al., 1993; Lees-Miller et al., 1995). The M059J cell line, in contrast to mouse 

SCID cells, are deficient in DNA-PKcs protein expression through a nonsense 

frameshift mutation and are highly radiosensitive, whereas the M059K cells are 

relatively radioresistant and display DNA-PK activity. However, tumours often display 

genomic instability and rarely have only one gene mutation, and it was found that the 

M059J and M059K cells also have different expression profiles of ATM (Chan et al., 

1998; Gately et al., 1998); therefore the M059J and M059K cells are not an isogenic 

matched pair of cells with only a mutation in DNA-PK. An isogenic M059J-matched 

cell line, the M059J-Fus1 cell line, was created by chromosome transfer by fusing 

M059J cells with a SCID cell line containing 1 copy of human chromosome 8, 

SCID/hu8 cells (Hoppe et al., 2000). The M059J-Fus1 cells are thus complemented 

with an extra copy of chromosome 8 and are relatively radioresistant and have 

functional DNA-PK activity. The M059J and M059J-Fus1 cells were used initially in 

this study as an isogenic cell line pair, with the M059J-Fus1 cells grown under 

antibiotic selection. The M059J cells have previously been shown to be more 

radiosensitive and doxorubicin-sensitive than the M059J-Fus1 cells, and only the 

M059J-Fus1 cells were chemo- and radio-sensitised by the selective DNA-PK inhibitor, 

NU7441 (Tavecchio et al., 2012). 

A more modern and accurate technique for gene targeted knock-out involves the 

use of recombinant adeno-associated virus vectors (rAAV) which act by initiating 

homologous recombination to accurately deliver and incorporate the vector at the 

correct site on the DNA (Kohli et al., 2004). The cells used in this chapter were 

purchased from Horizon Discovery Group plc and the original cell line is the human 

adenocarcinoma HCT116 cell line (DNA-PK +/+). The targeting vectors contained 

~900-bp-long left and right homology arms for the DNA-PKcs exon 81 to 83, 

constructed by PCR from HCT116 genomic DNA, which were flanked by a Neo 

resistance selection cassette which itself was flanked by LoxP sites. Correct targeting of 

exons 81-83 at the 3’ end of the locus results in catalytically inactive DNA-PKcs (as 

these exons are in the catalytic domain) (Ruis et al., 2008). This technique first 

produces a heterozygous knockout cell line (DNA-PK +/-) as it can only target one 

allele at a time; however, the heterozygous cell line allows analysis of haploinsufficient 

gene function. A second round of gene targeting, where cells will either have random 

targeting, retargeting (correct targeting but of the already inactivated gene) or correct 

targeting of the remaining functional allele, produced the HCT116 -/- cells (Ruis et al., 

2008). These cells were found to display slow growth and radiation sensitivity, with 
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shortened telomeres and genetic instability. Another cell line was also produced from 

the DNA-PK -/- cells that had DNA-PK reintroduced using cDNA, and are referred to 

in this Chapter as DNA-PK RE (re-expressing) cells. 

 

6.2 Aims 

 

Following the observations that DNA-PK and ATM appear to play a role in the 

response of cells to microtubule-targeting agents, and that NU7441 and KU55933 are 

acting as dual DNA-PK and MDR1 or ATM and MDR1 inhibitors, respectively, the 

roles of DNA-PK and ATM were further investigated by using paired DNA-PK 

deficient and proficient cell lines. The use of paired cell lines allows the distinctions to 

be made between DNA-PK-, ATM- and MDR1-mediated effects that complement 

results obtained using inhibitors. Growth inhibition of the M059J (DNA-PK deficient) 

and M059J-Fus1 (DNA-PK proficient) cells was examined with the microtubule-

targeting agent, docetaxel alone and in the presence of NU7441 to investigate any 

differences in sensitivity based on DNA-PK status. The HCT116 parental, DNA-PK +/-, 

DNA-PK -/- and DNA-PK RE cells were characterised and their responses to ionising 

radiation and microtubule-targeting agents was investigated in the presence and absence 

of NU7441 and KU55933. Activity and expression of DNA-PK in response to IR and 

vincristine was also established. Clonogenic assays were undertaken to investigate the 

effects of ionising radiation, vincristine or a combination of both in succession on 

survival of HCT116 cells with different DNA-PK activity profiles. 

 

6.3 Results 

 

6.3.1 DNA-PK-deficient M059J cells were more sensitive to docetaxel than DNA-PK 

proficient M059J-Fus1 cells 

Following the findings of Chapter 3 that cells could be sensitised to microtubule-

targeting agents by the DNA-PK and ATM inhibitors, sensitisation to these agents was 

investigated in isogenic cell lines with different DNA-PK expression profiles.  

Total DNA-PK expression was investigated in the M059J and M059J-Fus1 cells. 

The M059J-Fus1 cells were maintained under antibiotic selection using G418 disulfate 

to ensure retention of the transferred chromosome 8 which carries a G418 resistance 
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gene. Figure 6-1 demonstrates that total DNA-PKcs was readily detectable in the 

M059J-Fus1 cells and that these are therefore DNA-PK proficient, but was not 

detectable in the M059J cells which are therefore DNA-PK deficient.  

 

 

Figure 6-1: DNA-PK is expressed in M059J-Fus1 cells but not in M059J cells. 
M059J and M059J-Fus1 cell lysates were prepared from exponentially-growing cells 
and total DNA-PKcs and actin expression was determined by Western blotting using the 
indicated specific antibodies (Section 2.7.4).Data are representative of 3 independent 
experiments. 

 

 

The growth inhibition of M059J and M059J-Fus1 cells in response to the 

microtubule-targeting agent, docetaxel, alone or in combination with the DNA-PK 

inhibitor, NU7441, was investigated to highlight any differences in the response of cells 

caused by chemical inhibition versus lack of expression. The M059J DNA-PK deficient 

cells were 2.2-fold (p=0.04) more sensitive to docetaxel than the M059J-Fus1 cells 

(Figure 6-2A). The specificity of NU7441 was demonstrated by lack of sensitisation in 

the M059J cells to docetaxel (Figure 6-2B) in comparison to 2.3-fold (p=0.03) 

sensitisation in the M059J-Fus1 cells (Figure 6-2C). The sensitisation caused by 

NU7441 in the M059J-Fus1 cells reduced the GI50 concentration to the same level as in 

the DNA-PK deficient M059J cells (0.8 µM). 
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Figure 6-2: DNA-PK proficient cells are less sensitive to docetaxel than DNA-PK deficient cells. M059J (A and B) and M059J-Fus1 (A and C) 
cells were treated with docetaxel alone or in combination with 1 µM NU7441 for 72 hours and growth was analysed by XTT assay (Section 2.3). Data 
are presented as a percentage of vehicle control cells. Points represent the mean of  ≥3 independent experiments, each in triplicate, ± standard error. (D) 
GI50 data are presented as the GI50 means ± standard error. Asterisk indicates a statistically significant difference using the Student’s unpaired t-test 
when compared with the GI50 for docetaxel alone (* p<0.05). 
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M059J cells M059J-Fus1 cells 

Drug [nM] Drug + NU7441 
[nM] Drug [nM] Drug + NU7441 

[nM] 
Docetaxel 

GI50 
0.79 ± 0.17 0.70 ± 0.25ns 1.74 ± 0.27p=0.04 0.76 ± 0.15p=0.03 

Table 6-1: GI50 concentrations for docetaxel alone or in the presence of the 
NU7441 in M059J and M059J-Fus1 cells. Cells were treated with docetaxel alone or 
in combination with 1 µM NU7441 for 72 hours and % growth was analysed by XTT 
assay (Section 2.3). The data are presented as the GI50 mean (nM) of  ≥3 independent 
experiments, each in triplicate, ± standard error. Significant differences between M059J 
and M059J-Fus1 cells treated with drug alone were calculated using an unpaired t-test 
and are shown as a subscript. Significant differences between cells treated with drug 
alone and cells treated with drug + inhibitor were calculated using an unpaired t-test and 
are shown as a superscript. ns = non-significant. 

 

 

The effect of DNA-PK expression on cytotoxicity in response to docetaxel was 

then investigated in the M059J and M059J-Fus1 cells using a clonogenic assay. Figure 

6-3 indicates that the M059J cells were more sensitive to docetaxel than the M059J 

cells, consistent with the growth inhibition results shown in Figure 6-2.  

However, the cloning efficiency calculated for both the M059J and M059J-Fus1 

cells was low (≤ 8 %). It was also noted that the M059J cells had approximately half the 

growth rate of the M059J-Fus1 cells and therefore the colonies in the M059J cells were 

smaller and more difficult to count.  

The low plating efficiency and different growth rates complicate interpretation of 

these data and therefore the HCT116 panel of cell lines (described in Section 6.1) were 

investigated.  
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Figure 6-3: M059J cells are more sensitive to docetaxel than M059J-Fus1 cells. 
M059J and M059J-Fus1 cells were treated with docetaxel alone or in combination with 
1 µM NU7441 for 24 hours. % Survival was analysed by clonogenic assay (Section 
2.4). Data are presented as a percentage of vehicle control cells. Points represent the 
mean of 2 independent experiments, each in triplicate, ± standard error. 

 

 

6.3.2 Characterisation of the HCT116 cell line panel 

HCT116 parental, DNA-PK +/-, DNA-PK -/- and DNA-PK RE cells were 

obtained from Horizon Discovery plc and all were shown to have a similar growth rate.  

To characterise the DNA-PK expression, mRNA and protein levels were 

measured in the 4 cell lines. mRNA levels of ABCB1 (MDR1), XRCC6 (Ku70) and 

XRCC5 (Ku80) were also investigated by PCR.  The PRKDC Taqman gene expression 

assay used in these PCR experiments spanned exons 27-28. The targeting vectors in the 

HCT116 DNA-PK +/-, DNA-PK -/-, and DNA-PK RE cells targeted exons 81-83, 

preventing endogenous protein expression. Therefore the PRKDC mRNA expression 
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level based on exons 27-28 was found to be similar for all cell lines (Figure 6-4), and a 

gene expression assay targeting exons 81-83 would be needed to demonstrate 

differences in PRKDC mRNA expression levels. The mRNA levels of the other DNA-

PK subunits, XRCC6 and XRCC5 were the same, as was the expression of ABCB1 

which was measured to ensure any differences in drug response in these cell lines were 

independent of MDR1 (Figure 6-4).  

 

 

Figure 6-4: Characterisation of HCT116 cell line panel showing similar levels of 
ABCB1, PRKDC, XRCC6 and XRCC5 mRNA. Cell pellets were prepared from 
exponentially-growing cells and ABCB1, PRKDC, XRCC6, XRCC5 and β-actin mRNA 
levels determined by real-time quantitative PCR using the indicated gene expression 
assays (Section 2.9.5). The cycle threshold (CT) value was determined using a 7500 
Fast RT PCR system and data are presented as 1/ΔCT relative to β-actin. Results are 
mean of one independent experiment carried out in duplicate.  

 

 

DNA-PK protein expression and activity was determined in the HCT116 cell line 

panel by Western blotting. In HCT116 DNA-PK +/- cells, DNA-PK expression level 

was approximately half of that seen in the parental HCT116 DNA-PK +/+ cells (Figure 

6-5). The total DNA-PK expression level in the HCT116 DNA-PK RE cells was similar 

to the HCT116 DNA-PK +/- cells, indicating that reintroduction of DNA-PK did not 

achieve the same level of DNA-PK expression as the parental cells. No DNA-PK 

expression was seen in the HCT116 DNA-PK -/- cells, as expected. DNA-PK was 

activated at its autophosphorylation site (serine 2056) in the HCT116 DNA-PK +/+, 

DNA-PK +/- and DNA-PK RE cells in response to ionising radiation (Figure 6-5); 
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however, the high basal expression of phosphorylated DNA-PK in DNA-PK +/- cells 

shown in Figure 6-5 was not a consistent finding. 

 

 

Figure 6-5: DNA-PK activation and expression profiles of the HCT116 cell line 
panel prior to or following 10 Gy IR. HCT116 DNA-PK +/+, DNA-PK +/-, DNA-PK 
-/- and DNA-PK RE cells were irradiated with 10 Gy IR and cell lysates were collected 
after 30 minutes. DNA-PK activity and expression, and actin expression, were 
determined by Western blotting using the indicated specific antibodies (Section 2.7.4). 
Data are representative of 3 independent experiments. 

 

 

6.3.3 HCT116 DNA-PK -/- cells were more sensitive to ionising radiation than 

DNA-PK proficient cells 

Following characterisation, growth inhibition and cytotoxicity was investigated in 

the HCT116 DNA-PK +/+, DNA-PK +/-, DNA-PK -/- and DNA-PK RE cells in 

response to ionising radiation.  

In a growth inhibition assay, the HCT116 DNA-PK -/- cells were 3.2-fold more 

sensitive to ionising radiation than the parental HCT116 DNA-PK +/+ cells, indicating 

that DNA-PK expression is important in the response of these cells to ionising radiation 

(Figure 6-6). There was no difference in the response of the HCT116 DNA-PK +/- cells 

compared to the parental cells, indicating that a single DNA-PK allele is sufficient to 

maintain DNA-PK activity. The HCT116 DNA-PK RE cells were marginally (1.6-fold) 

more sensitive to ionising radiation than the HCT116 DNA-PK  +/+ cells and 2-fold 

less sensitive than the HCT116 DNA-PK -/- cells, indicating that DNA-PK function 

present in the HCT116 DNA-PK RE cells is not as high as in the parental cells but 

greater than in the HCT116 DNA-PK -/- cells. However, these differences were not 

statistically significant at the GI50 concentration. 

NU7441 and KU55933 were used in combination with ionising radiation in the 

HCT116 cell lines to explore the effects of chemical inhibiton of DNA-PK or ATM. 
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The parental HCT116 DNA-PK +/+ cells were sensitised 2.3-fold (p=0.02) to ionising 

radiation by 1 µM NU7441 and 2.4-fold (p=0.02) by 10 µM KU55933 (Figure 6-7A) 

(Table 6-2). A similar pattern of sensitisation was observed in the HCT116 DNA-PK 

+/- cells and the HCT116 DNA-PK RE cells but was not significant at the GI50 

concentration due to experimental variation.  There was no effect of 1 µM NU7441 in 

the HCT116 DNA-PK -/- cells and there was a 2.2-fold sensitisation with 10 µM 

KU55933, but again this was not significant at the GI50 concentration.  

 

 

Figure 6-6: DNA-PK -/- cells are more sensitive to IR than DNA-PK proficient 
cells. HCT116 parental, DNA-PK +/-, DNA-PK -/- and DNA-PK RE cells were treated 
with IR alone or in combination with 1 µM NU7441 or 10 µM KU55933 for 72 hours 
and % growth was analysed by XTT assay (Section 2.3). (A) IR alone data are 
presented as a percentage of vehicle control cells. Points represent the mean of  ≥3 
independent experiments, each in triplicate, ± standard error. (B) IR plus inhibitors GI50 
data are presented as the GI50 means ± standard error. Asterisk indicates a statistically 
significant difference using the Student’s unpaired t-test when compared with the GI50 
for IR alone (* p<0.05). 
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Figure 6-7: HCT116 cell lines are sensitised to IR by NU7441 and KU55933. HCT116 parental, DNA-PK +/-, DNA-PK -/- and DNA-PK RE cells 
were treated with IR alone or in combination with 1 µM NU7441 or 10 µM KU55933 for 72 hours and % growth was analysed by XTT assay (Section 
2.3). Data are presented as a percentage of vehicle control cells. Points represent the mean of  ≥3 independent experiments, each in triplicate ± standard 
error.  
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The HCT116 cell line panel was then treated with ionising radiation and 

cytotoxicity determined using a clonogenic assay. There was no difference in 

cytotoxicity to ionising radiation in the parental HCT116 DNA-PK +/+, DNA-PK +/- 

and DNA-PK RE cells but the HCT116 DNA-PK -/- cells were 3.4-fold more sensitive 

at the LC90 concentration (Figure 6-8).  

 

 

Figure 6-8: HCT116 DNA-PK -/- cells are significantly more sensitive to IR than 
the HCT116 parental cell line. HCT116 parental, DNA-PK +/-, DNA-PK -/- and 
DNA-PK RE cells were treated with IR and incubated for 24 hours. % survival was 
analysed by clonogenic assay (Section 2.4). Data are presented as a percentage of 
control cells. Points represent the mean of 3 independent experiments, each in triplicate, 
± standard error.  
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Cell line 
Ionising Radiation (IR) [Gy] 

GI50 IR GI50 IR + 
NU7441 

GI50 IR + 
KU55933 LC90 IR 

DNA-PK 
+/+ 3.28 ± 0.38 1.41 ± 0.30p=0.02 1.38 ± 0.33p=0.02 2.99 ± 0.26 

DNA-PK 
+/- 2.74 ± 1.28ns 0.89 ± 0.08ns 0.89 ± 0.28ns 2.54 ± 0.32ns 

DNA-PK 
-/- 1.03 ± 0.45p=0.02 0.72 ± 0.25ns 0.47 ± 0.14ns 0.87 ± 0.07p=0.001 

DNA-PK 
RE 2.08 ± 0.87ns 1.19 ± 0.58ns 0.74 ± 0.23ns 2.29 ± 0.38ns 

Table 6-2: DNA-PK proficient HCT116 cell lines are sensitised to IR by NU7441 
and KU55933. GI50 data: HCT116 parental, DNA-PK +/-, DNA-PK -/- and DNA-PK 
RE cells were treated with IR alone or in combination with 1 µM NU7441 or 10 µM 
KU55933 for 72 hours and % growth was analysed by XTT assay (Section 2.3). LC90 
data: HCT116 parental, DNA-PK +/-, DNA-PK -/- and DNA-PK RE cells were treated 
with IR and incubated for 24 hours. % survival was analysed by clonogenic assay 
(Section 2.4). The data are presented as the GI50 mean or LC90 mean (Gy) of  ≥3 
independent experiments, each in triplicate, ± standard error. Significant differences 
between cell lines treated with IR alone were calculated using an unpaired t-test and are 
shown as subscripts. Significant differences between cells treated with IR alone and 
cells treated with IR + inhibitor were calculated using an unpaired t-test and are shown 
as superscripts. ns = non-significant. 

 

This data demonstrates that the HCT116 cell line panel respond as expected to 

ionising radiation with respect to the DNA-PK expression status. 

 

 

6.3.4 HCT116 DNA-PK -/- cells and DNA-PK RE cells were more sensitive to 

vincristine than parental cells 

Following the ionising radiation growth inhibition and cytotoxicity studies in the 

HCT116 cell line panel, the cells were examined to measure their response to 

vincristine. There was no difference in growth inhibition in response to vincristine 

between the parental HCT116 DNA-PK +/+ and HCT116 DNA-PK +/- cells, again 

demonstrating no haploinsufficiency effect in the HCT116 DNA-PK +/- cells (Figure 

6-9A). Although the HCT116 DNA-PK -/- cells were 1.5-fold more sensitive at the GI50 

concentration, and the HCT116 DNA-PK RE cells were 3.9-fold more sensitive, 

sensitisation was not significant at the GI50 level. NU7441 (1 µM) had no significant 

effect on any of the cell lines’ vincristine GI50 concentrations (Figure 6-10) (Table 6-3). 

KU55933 sensitised the DNA-PK +/+ cells 6.1-fold (p=0.046), the DNA-PK +/- cells 
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5.5-fold (p=0.02) and the DNA-PK -/- cells 16.2-fold (p=0.02), demonstrating that 

ATM may play a greater role in the response of these cells to vincristine than DNA-PK, 

especially in the absence of DNA-PK. 

 

 

Figure 6-9: KU55933 sensitises HCT116 DNA-PK +/+, DNA-PK +/- and DNA-PK -
/- cells to vincristine. HCT116 parental, DNA-PK +/-, DNA-PK -/- and DNA-PK RE 
cells were treated with vincristine alone or in combination with 1 µM NU7441 or 10 
µM KU55933 for 72 hours and % growth was analysed by XTT assay (Section 2.3). (A) 
Vincristine alone data are presented as a percentage of vehicle control cells. Points 
represent the mean of  ≥3 independent experiments, each in triplicate, ± standard error. 
(B) Vincristine plus inhibitors GI50 data are presented as the GI50 means ± standard 
error. Asterisk indicates a statistically significant difference using the Student’s 
unpaired t-test when compared with the GI50 for drug alone (* p<0.05). 
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Figure 6-10: The effect of NU7441 and KU55933 on the response of DNA-PK proficient and deficient HCT116 cell lines to vincristine. HCT116 
parental, DNA-PK +/-, DNA-PK -/- and DNA-PK RE cells were treated with vincristine alone or in combination with 1 µM NU7441 or 10 µM 
KU55933 for 72 hours and % growth was analysed by XTT assay (Section 2.3). Data are presented as a percentage of vehicle control cells. Points 
represent the mean of  ≥3 independent experiments, each in triplicate, ± standard error.  
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The cytotoxic effect of vincristine in the HCT116 cell lines was then investigated 

using a clonogenic assay. There was no significant difference in vincristine response at 

the LC90 concentration in any of the cell lines (Figure 6-11). However, at concentrations 

of vincristine higher than 10 nM, the HCT116 DNA-PK -/- cells, along with the 

HCT116 DNA-PK RE cells, were more sensitive than the HCT116 DNA-PK +/+ and 

HCT116 DNA-PK +/- cells. At 100 nM vincristine, survival was 0.002 % in the 

HCT116 DNA-PK -/- and HCT116 DNA-PK RE cells whereas there was still 1 % 

survival in the HCT116 DNA-PK +/+ and HCT116 DNA-PK +/- cells, a 500-fold 

difference in survival.      

 

 

Figure 6-11: HCT116 DNA-PK -/- cells are more sensitive to vincristine than the 
HCT116 parental cell line at higher vincristine concentrations. HCT116 parental, 
DNA-PK +/-, DNA-PK -/- and DNA-PK RE cells were treated with vincristine and 
incubated for 24 hours. % survival was analysed by clonogenic assay (Section 2.4). 
Data are presented as a percentage of control cells. Points represent the mean of 3 
independent experiments, each in triplicate, ± standard error.  
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Cell line 
Vincristine (VCR) [nM] 

GI50 VCR GI50 VCR + 
NU7441 

GI50 VCR + 
KU55933 LC90 VCR 

DNA-PK 
+/+ 3.53 ± 0.95 2.53 ± 0.93ns 0.58 ± 0.41p=0.046 10.6 ± 3.41 

DNA-PK 
+/- 3.07 ± 0.44ns 1.66 ± 0.38ns 0.56 ± 0.49p=0.018 16.4 ± 4.60ns 

DNA-PK 
-/- 2.43 ± 0.60ns 1.58 ± 0.37ns 0.15 ± 0.07p=0.02 7.57 ± 2.58ns 

DNA-PK 
RE 0.90 ± 0.52ns 0.62 ± 0.29ns 0.15 ± 0.10ns 5.33 ± 3.07ns 

Table 6-3: HCT116 cell lines are sensitised to vincristine by KU55933. GI50 data: 
HCT116 parental, DNA-PK +/-, DNA-PK -/- and DNA-PK RE cells were treated with 
vincristine alone or in combination with 1 µM NU7441 or 10 µM KU55933 for 72 
hours and % growth was analysed by XTT assay (Section 2.3). LC90 data: HCT116 
parental, DNA-PK +/-, DNA-PK -/- and DNA-PK RE cells were treated with vincristine 
and incubated for 24 hours. % survival was analysed by clonogenic assay (Section 2.4). 
The data are presented as the GI50 mean or LC90 mean (nM) of  ≥3 independent 
experiments, each in triplicate, ± standard error. Significant differences between cell 
lines treated with vincristine alone were calculated using an unpaired t-test and are 
shown as subscripts. Significant differences between cells treated with vincristine alone 
and cells treated with vincristine + inhibitor were calculated using an unpaired t-test and 
are shown as superscripts. ns = non-significant. 

 

 

6.3.5 HCT116 DNA-PK -/- cells and HCT116 DNA-PK RE cells were more sensitive 

to docetaxel than HCT116 DNA-PK +/+ and HCT116 DNA-PK +/- cells      

The HCT116 cell line panel was also tested for the growth-inhibitory response to 

a mechanistically-distinct microtubule-targeting agent, docetaxel.  

The HCT116 DNA-PK -/- cells and the HCT116 DNA-PK RE cells were more 

sensitive to docetaxel than the parental and DNA-PK +/- cells; however, the effect was 

only significant at the docetaxel GI50 level in the DNA-PK RE cells (2.4-fold, p=0.03) 

(Figure 6-12B) (Table 6-4).  

NU7441 did not significantly sensitise any of the cell lines to docetaxel (Figure 

6-13). However, KU55933 significantly sensitised the HCT116 parental DNA-PK +/+ 

cells to docetaxel (1.9-fold, p=0.04) (Figure 6-13) (Table 6-4).  
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Figure 6-12: DNA-PK -/- cells are more sensitive to docetaxel than DNA-PK 
proficient cells. HCT116 parental, DNA-PK +/-, DNA-PK -/- and DNA-PK RE cells 
were treated with docetaxel alone or in combination with 1 µM NU7441 or 10 µM 
KU55933 for 72 hours and % growth was analysed by XTT assay (Section 2.3). (A) 
Docetaxel alone data are presented as a percentage of vehicle control cells. Points 
represent the mean of  ≥3 independent experiments, each in triplicate, ± standard error. 
(B) Docetaxel plus inhibitors GI50 data are presented as the GI50 means ± standard error. 
Asterisk indicates a statistically significant difference using the Student’s unpaired t-test 
when compared with the GI50 for drug alone (* p<0.05). 
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Figure 6-13: The effect of NU7441 and KU55933 on the response of DNA-PK proficient and deficient HCT116 cell lines to docetaxel. HCT116 
parental, DNA-PK +/-, DNA-PK -/- and DNA-PK RE cells were treated with docetaxel alone or in combination with 1 µM NU7441 or 10 µM 
KU55933 for 72 hours and % growth was analysed by XTT assay (Section 2.3). Data are presented as a percentage of vehicle control cells. Points 
represent the mean of  ≥3 independent experiments, each in triplicate, ± standard error.  
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Cell line 
Docetaxel (DOC) [nM] 

GI50 DOC GI50 DOC + 
NU7441 

GI50 DOC + 
KU55933 

DNA-PK 
+/+ 0.95 ± 0.02 0.81 ± 0.06ns 0.49 ± 0.16p=0.043 

DNA-PK 
+/- 1.26 ± 0.43ns 1.11 ± 0.06ns 0.36 ± 0.20ns 

DNA-PK 
-/- 0.61 ± 0.15ns 0.34 ± 0.06ns 0.25 ± 0.14ns 

DNA-PK 
RE 0.39 ± 0.16p=0.03

 0.58 ± 0.11ns 0.28 ± 0.15ns 

Table 6-4: DNA-PK RE cells are more sensitive to docetaxel than parental cells but 
only the parental cells were sensitised to docetaxel by KU55933. HCT116 parental, 
DNA-PK +/-, DNA-PK -/- and DNA-PK RE cells were treated with docetaxel alone or 
in combination with 1 µM NU7441 or 10 µM KU55933 for 72 hours and % growth was 
analysed by XTT assay (Section 2.3). The data are presented as the GI50 mean (nM) of  
≥3 independent experiments, each in triplicate, ± standard error. Significant differences 
between cell lines treated with docetaxel alone were calculated using an unpaired t-test 
and are shown as subscripts. Significant differences between cells treated with docetaxel 
alone and cells treated with docetaxel + inhibitor were calculated using an unpaired t-
test and are shown as superscripts. ns = non-significant. 

 

 

The growth inhibitory data with vincristine and docetaxel demonstrates that the 

lack of DNA-PK in the HCT116 DNA-PK -/- cells sensitises cells to these agents. ATM 

inhibition sensitised cells to both vincristine and docetaxel, suggesting a role for both 

DNA-PK and ATM in the response of cells to these agents.  

 

 

6.3.6 DNA-PK activation was observed in a concentration-dependent manner in 

response to vincristine in all of the DNA-PK-expressing HCT116 cells 

The activation of DNA-PK in response to vincristine in the HCT116 cell lines was 

investigated by Western blotting. DNA-PK activation was observed in the HCT116 

DNA-PK +/+, DNA-PK +/- and DNA-PK RE cells following treatment with 10 nM 

vincristine in a concentration-dependent manner (Figure 6-14). The greatest level of 

activation was seen in the parental DNA-PK +/+ cells which have the highest DNA-PK 

protein expression level (Figure 6-5). DNA-PK activation was very weak in the 

HCT116 DNA-PK RE cells but these cells also had lower total DNA-PKcs expression. 

There was no expression or activity in the DNA-PK -/- cells, as expected.   
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Figure 6-14: Vincristine activates DNA-PK in a concentration-dependent manner 
in all DNA-PK-expressing cells. HCT116 parental, DNA-PK +/-, DNA-PK -/- and 
DNA-PK RE cells were treated with vincristine (0-10 µM) and incubated for 24 hours. 
Cell lysates were prepared and DNA-PK activity and expression, and actin expression, 
were determined by Western blotting using the indicated specific antibodies (Section 
2.7.4). Data are representative of 3 independent experiments. 

 

 

6.3.7 The effects of vincristine, ionising radiation and a combination of both in the 

HCT116 cell lines to investigate the differences in response using chemical inhibition 

or absence of DNA-PK expression 

The previous results in this chapter are consistent with a role for DNA-PK and 

ATM in the response of cells to both DNA-damaging ionising radiation and non-DNA-

damaging microtubule-targeting agent treatment. Therefore, an investigation into 

whether the combination of vincristine treatment and ionising radiation would have an 

additive cytotoxic effect on cells, whether this would be dependent on DNA-PK 

expression status, and whether DNA-PK or ATM inhibition would increase 

combination cytotoxicity, was performed.  

The 2 nM concentration of vincristine and 1 Gy dose of ionising radiation were 

chosen as being equally cytotoxic in the parental HCT116 cell line but to only reduce 

survival by around 30 % so any further impact on survival with the combination 

treatment could be accurately determined. Cells were incubated with 2 nM vincristine 

for 48 hours, or with 1 Gy ionising radiation and incubated for 24 hours, or were treated 

with 2 nM vincristine for 24 hours followed by 1 Gy ionising radiation and then 

incubation for a further 24 hours, in the presence of vincristine throughout. The 

inhibitors, NU7441 (1 µM) and KU55933 (10 µM), were applied for 48 hours with each 

treatment before the cells were plated out for the clonogenic assay in drug-free medium. 

HCT116 DNA-PK +/+ cells were treated in combination with 1 µM NU7441 or 10 µM 

KU55933 for 48 hours before treatment, which was also added to the medium after the 
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cells were plated out. However, results generated with cells in inhibitor-containing 

medium throughout compared to data generated using cells that only had 48 hour 

inhibitor incubation, followed by cloning in drug-free medium, were not significantly 

different and so the continual exposure data are not included in Figure 6-15. 

The treatments all significantly reduced the survival of all of the cell lines 

compared to the respective untreated controls, confirming that the treatments alone at 

the concentrations/doses used were active. Vincristine alone or ionising radiation alone 

reduced the survival of the parental HCT116 cells to 72 %, and the combination of 

vincristine for 24 hours followed by ionising radiation and further 24 hour incubation 

reduced survival to 42 %.   

There were no differences in plating efficiency between the different cell lines or 

the parental HCT116 DNA-PK +/+ cells treated with NU7441 or KU55933 alone. 

Figure 6-15 displays the results for all of the cell lines, each normalised to their 

respective untreated control. There was no significant difference in response of the 

HCT116 DNA-PK +/- cells to any of the treatments compared to the HCT116 DNA-PK 

+/+ cells, indicating that one copy of PRKDC is enough to maintain the response seen in 

the parental cells.  

The HCT116 DNA-PK -/- cells were 1.6-fold (p=0.02) more sensitive to 

vincristine and 5-fold (p<0.0001) more sensitive to ionising radiation than the parental 

cells at the concentrations tested; in keeping with the sensitisation observed earlier in 

this chapter (Figure 6-8). However, interestingly, the DNA-PK -/- cells were 13.6-fold 

(p<0.0001) more sensitive to the vincristine-ionising radiation combination than the 

parental cells, which reduced the cell survival to 3 % suggesting a role for DNA-PK in 

the response of cells to this combination treatment. 

The same treatments were also tested in HCT116 DNA-PK +/+ cells in 

combination with NU7441 to compare the response of HCT116 cells following 

chemical DNA-PK inhibition to effects observed in the HCT116 DNA-PK -/- cells. 

NU7441 caused a 3.6-fold (p<0.0001) reduction in survival in response to vincristine 

and a 2.5-fold (p<0.0001) reduction in survival in response to ionising radiation. 

However, there was a 5.3-fold (p<0.0001) survival reduction in the combination-treated 

cells with NU7441 compared with DNA-PK +/+ cells, which is considerably less than 

the 13.6-fold sensitisation observed in the DNA-PK -/- cells. These results demonstrate 

differences in the response of cells to these agents dependent on the method of DNA-

PK manipulation. 
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The effects of ATM inhibition on the DNA-PK +/+ cells were also investigated. 

KU55933 (10 µM) caused a 14-fold (p<0.0001) reduction in survival in response to 

vincristine (Figure 6-15), which is consistent with the greater sensitisation observed 

with 10 µM KU55933 compared with 1 µM NU7441 (Figure 6-10). There was a 1.4-

fold (p=0.03) reduction in ionising radiation survival (Figure 6-15), which is similar to 

the sensitisation caused by NU7441 and consistent with the data shown in Figure 6-7; 

namely that 1 µM NU7441 and 10 µM KU55933 have the same sensitisation effects for 

ionising radiation in the HCT116 DNA-PK +/+ cells in XTT growth inhibition assays. 

In the vincristine-IR combination-treated HCT116 DNA-PK +/+ cells with KU55933, 

there was an 18.7-fold (p<0.0001) reduction in cell survival compared with the parental 

cells (Figure 6-15), and this result indicates that chemical inhibition of ATM is highly 

effective at sensitising cells to a combination of these agents.  

The HCT116 DNA-PK RE cells were 6.8-fold (p<0.0001) more sensitive to 

vincristine cytotoxicity than the HCT116 DNA-PK -/- cells, which is again consistent 

with the findings in the growth inhibition assays, i.e. that the HCT116 DNA-PK RE 

cells were highly sensitive to microtubule-targeting agents. HCT116 DNA-PK RE cell 

survival following 1 Gy IR was decreased 1.5-fold (p=0.008), indicating that the DNA-

PK that has been re-expressed in the HCT116 DNA-PK RE cells reduces sensitivity to 

ionising radiation compared to the HCT116 DNA-PK -/- cells. There was a 2.7-fold 

(p=0.005) survival reduction with vincristine and ionising radiation combination-

treatment in HCT116 DNA-PK RE cells compared with the HCT116 DNA-PK +/+ 

cells, but the combination of vincristine and ionising radiation in the HCT116 DNA-PK 

RE cells did not cause a further reduction in the cell survival beyond that observed with 

vincristine alone. The results in the HCT116 DNA-PK RE cell line demonstrate 

differences in the response of cells to microtubule-targeting agents if the DNA-PK is 

reintroduced on a cDNA construct compared with endogenous DNA-PK expression.  
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Figure 6-15: The effect of vincristine and ionising radiation alone and in combination in HCT116 cell lines. HCT116 parental, DNA-PK +/-, 
DNA-PK -/- and DNA-PK RE cells were treated with 2 nM vincristine (48h), 1 Gy IR or vincristine (24h) then IR and vincristine for a further 24h. % 
survival was analysed by clonogenic assay (Section 2.4). Data are presented as a percentage of control cells. Bars represent the mean of  ≥3 
independent experiments, each in triplicate, ± standard error. Asterisk indicates a statistically significant difference between that treatment compared 
with the same treatment in the DNA-PK +/+ cells using the Student’s unpaired t-test (* p<0.05, ** p<0.01, ****p<0.0001).  
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6.4 Discussion and future work 

The studies described in Chapter 3 demonstrated that cells could be sensitised to 

microtubule-targeting agents by the DNA-PK inhibitor NU7441, and the ATM inhibitor 

KU55933. However, Chapter 4 demonstrated that these selective inhibitors were also 

affecting drug efflux via MDR1. Therefore the work in this chapter aimed to investigate 

the role of DNA-PK and ATM in the response to microtubule-targeting agents using 

isogenic cell lines with different DNA-PK expression profiles. The use of the isogenic 

cell lines removes any non-specific effect of the inhibitors and also allows a comparison 

of the effects of lack of DNA-PK protein vs chemical inhibition of the protein. The 

effect of the ATM inhibitor in the absence of DNA-PK protein was also investigated.  

The M059J and M059J-Fus1 cells were investigated initially. The M059J cells are 

DNA-PK deficient and the M059J-Fus1 cells are complemented with a copy of human 

chromosome 8 containing the DNA-PK locus, and are therefore DNA-PK proficient 

(Hoppe et al., 2000). The DNA-PK deficient M059J cells were shown to be 

significantly more sensitive to docetaxel than the DNA-PK proficient M059J-Fus1 cells, 

and only the DNA-PK proficient cells could be sensitised to docetaxel by the DNA-PK 

inhibitor, NU7441. The sensitisation caused by NU7441 in the DNA-PK proficient cells 

reduced cell growth to the same level as observed in the DNA-PK deficient cells, 

indicating a role for DNA-PK in the response of these cells to docetaxel.  

Hoppe et al. (2000) reported that the M059J and M059J-Fus1 cells display the 

same growth rate; however, here it was noted that the M059J cells grew at half the rate 

of the M059J-Fus1 cells, which complicated the interpretation of the growth inhibition 

results as the M059J-Fus1 cells doubled approximately four times over the 96-hour 

assay whereas the M059J cells only doubled approximately twice. Also, in the 

clonogenic assay, the differences in growth rate will have resulted in fewer M059J cells 

dividing in the presence of drug before the cells were plated out, and then had less time 

to divide and form colonies large enough for detection and counting. The timing of the 

experiments could be adjusted to take into account the differences in doubling time; 

however, Tavecchio et al. (2012) noted that the plating efficiency in the clonogenic 

assay was very low for both of the M059J (3.4±0.7 %) and the M059J-Fus1 (4.4±2.1 %) 

cells. A low level of plating efficiency was also observed here with the plating 

efficiency of both cell lines being approximately 5 %. If only 5 % of the cells in a 

population are surviving in the absence of any treatment, the clonogenic assay data are 

by definition limited to a small and potentially non-representative population, which 
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may be more resistant to treatment than those untreated cells that were unable to survive 

and form colonies.   

Due to the introduction of a whole human chromosome 8 into the M059J-Fus1 

cells, numerous other genes, and hence proteins, as well as DNA-PK will potentially be 

overexpressed in these cells. The M059J cells have been shown to have reduced ATM 

function due to a truncating ATM mutation (Tsuchida et al., 2002) and have a TP53 

mutation (Anderson and Allalunis-Turner, 2000). Furthermore, numerous proteins 

involved in DNA biology reside on chromosome 8, including Nbs1. Nbs1 is one of the 

components of the MRN complex which stabilises ATM (reviewed in (Lee and Paull, 

2007)) and could therefore enhance ATM function in the M059J-Fus1 cells, resulting in 

some of the resistance to docetaxel demonstrated in these experiments. Due to the 

presence of other genes on chromosome 8, it is difficult to state with confidence that the 

resistance effects seen in the M059J-Fus1 cells were solely due to DNA-PK, and 

therefore a better model of isogenic DNA-PK proficient and deficient cell lines was 

used.  

The HCT116 DNA-PK cell line panel with parental DNA-PK +/+, heterozygous 

DNA-PK +/-, homozygous DNA-PK -/- and DNA-PK -/- cells with DNA-PK 

reintroduced on cDNA (DNA-PK RE cells) were obtained from Horizon Discovery 

Group plc.  

The original study that describes the creation of the cell lines reported that the 

DNA-PKcs null cells have growth retardation as well as genetic instability, shortened 

telomeres and enhanced IR sensitivity (Ruis et al., 2008). The growth retardation is 

reported to be extremely severe with the HCT116 DNA-PK +/- cells having reduced 

growth compared with the parental HCT116 DNA-PK +/+ cells and the HCT116 DNA-

PK -/- cells barely growing after 9 days with doubling times for the HCT116 DNA-PK 

+/+, DNA-PK +/- and DNA-PK-/- cells being 23, 24 and 40 hours, respectively. Also 

the plating efficiency of the cells was determined and were found to be very different, 

being 59 %, 35 % and 2.3 % in the HCT116 DNA-PK +/+, DNA-PK +/- and DNA-PK-

/- cells, respectively. From these data it was concluded that the HCT116 DNA-PK +/- 

cells were haploinsufficient and that HCT116 DNA-PK -/- cells were highly growth and 

survival defective. These growth deficiencies related to DNA-PK expression would be 

in keeping with the observations in this thesis relating to the M059J cells; however, 

growth of the HCT116 cell line panel used in this thesis was highly consistent. The 

growth rate of all of the cell lines was the same, tested after 96 hours and after 9 days 

(as done in Ruis et al. (2008)), and the plating efficiency of all the cell lines tested in the 
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clonogenic assays were found to be approximately 50 %. Therefore, it is likely that the 

genotype of the DNA-PK +/- and DNA-PK -/- cells must have been modified during the 

time between the creation of the cell lines using the technique in Ruis et al. (2008), and 

the acquisition of the commercially-available cell lines from Horizon Discovery Group 

plc to account for the lack of growth retardation and poor survival seen in the DNA-PK 

+/- and DNA-PK -/- cells used in this study.  

Although DNA-PK activity and expression were investigated at the protein level 

by Western blotting, it would be useful to obtain PCR primers that target exons 81-83 to 

demonstrate the specificity of the targeted DNA-PK-interfering vectors in these cells. 

The measurement of DNA-PK protein expression demonstrated that the HCT116 DNA-

PK +/- cells express approximately half the amount of total DNA-PKcs protein than that 

of the parental HCT116 DNA-PK +/+ cells and that the HCT116 DNA-PK -/- cells did 

not express detectable DNA-PKcs protein, as expected. The HCT116 DNA-PK RE cells 

were called “DNA-PK -/-, cDNA overexpressing cells” when obtained from Horizon 

Discovery Group plc, and these cells were shown to express a similar level of total 

DNA-PKcs protein as the HCT116 DNA-PK +/- cells, indicating the DNA-PK cDNA 

introduction did not restore the total protein levels to that of the parental cells, and 

therefore these cells are described as DNA-PK re-expression (DNA-PK RE) cells in this 

thesis. 

The importance of non-homologous end-joining in response of cells to DNA 

damage caused by ionising radiation has been extensively studied (discussed in Chapter 

1 and reviewed in Mahaney et al. (2009); Wang and Lees-Miller (2013)), and cells 

deficient in DNA-PKcs have previously been shown to be highly radiosensitive. 

Therefore, the response of the HCT116 cell line panel to ionising radiation was 

examined to determine the impact of DNA-PK activity. The HCT116 DNA-PK -/- cells 

were more than 3-fold more sensitive to ionising radiation (in both the growth inhibition 

and clonogenic survival assays) than the HCT116 DNA-PK +/+ cells, and the HCT116 

DNA-PK +/+ cells were sensitised more than 2-fold by the DNA-PK inhibitor, 

NU7441. This finding confirms the importance of DNA-PK in the response of cells to 

ionising radiation.  

ATM and homologous recombination are also involved in the repair of DSBs 

caused by ionising radiation, although this type of repair can only happen after DNA 

replication and before mitosis when there is a complementary sister strand to use as a 

template for repair. Inhibition of KU55933 had a very similar sensitisation effect to 

NU7441 in the HCT116 DNA-PK +/+, DNA-PK +/- and DNA-PK RE cells, suggesting 
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that when one double-strand break pathway is inhibited, although repair is hindered and 

cells are sensitised, the other pathway functions in a redundant fashion and that neither 

pathway is dominant in DNA repair in cells that have at least one functional DNA-PK 

allele. However, in HCT116 DNA-PK -/- cells, the inhibition of ATM led to further 

sensitisation, indicating that a lack of a functional double-strand break repair pathway is 

highly detrimental to cells that lack non-homologous end-joining function.  

The HCT116 cell line panel was investigated to determine sensitivity to the 

microtubule-targeting agents, vincristine and docetaxel. Although the effects were not 

as marked as in response to ionising radiation, the HCT116 DNA-PK -/- cells were 

more sensitive to both vincristine and docetaxel than the parental HCT116 DNA-PK 

+/+ cells. The role of Ku70 and Ku80 in the response of cells to microtubule-targeting 

agents has been investigated previously and Ku70 -/- and Ku80 -/- cells were found to 

be more sensitive to both vincristine and paclitaxel (Kim et al., 1999). Additionally, Ku 

protein levels were decreased after treatment with these agents in Ku-proficient cells, 

which was prevented by a specific caspase-3 inhibitor, suggesting proteolytic cleavage 

during drug-induced apoptosis (Kim et al., 1999). Results presented in Chapter 3 

demonstrated that there is an increase in caspase 3/7-dependent apoptosis in response to 

vincristine. The findings in this Chapter, and previous works (Kim et al., 1999), indicate 

a role for DNA-PK, which is composed of DNA-PKcs, Ku70 and Ku80 subunits, in the 

response of cells to these agents. There are HCT116 cell lines available from Horizon 

Discovery Group plc that are Ku70 +/-, Ku80 +/- or DNA-PK -/-; Ku70 +/- which 

would be interesting to study for their response to microtubule-targeting agents.  

An interesting observation was that the HCT116 DNA-PK RE cells were hyper-

sensitive to both vincristine and docetaxel. This result suggests that the reintroduction of 

DNA-PKcs into the HCT116 DNA-PK -/- cells using a cDNA construct, although 

restoring protein expression and some resistance to ionising radiation, changes the 

response of the cells to microtubule-targeting agents. Despite having a similar amount 

of total DNA-PKcs protein as the HCT116 DNA-PK +/- cells, the HCT116 DNA-PK 

RE cells have very low levels of DNA-PK activation in response to either ionising 

radiation or vincristine, which suggests that the protein that is expressed is not being 

activated fully. Reduced sensitivity to vincristine or docetaxel was expected (compared 

to the level of the HCT116 DNA-PK -/- cells), based on the response to ionising 

radiation. However, the response of the HCT116 DNA-PK RE cells was the same or 

greater than the HCT116 DNA-PK -/- cells, an observation that has been reported in the 

literature previously.  
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Although not significant due to intra-experiment variation, NU7441 reduced the 

vincristine GI50 concentration in HCT116 DNA-PK +/+ cells to the same value as the 

GI50 in the HCT116 DNA-PK -/- cells. NU7441 did not cause any sensitisation of any 

of the HCT116 cells to docetaxel, indicating a potential difference in response between 

chemical inhibition of DNA-PK and the absence of DNA-PK protein. Thus DNA-PK 

protein may play a structural rather than a catalytic role in this scenario.  

Similar to the patterns of NU7441- and KU55933-induced sensitisation seen in 

the parental and multidrug-resistant cells used in Chapter 3, the sensitisation of HCT116 

cells to vincristine and docetaxel by 10 µM KU55933 was greater than that caused by 1 

µM NU7441. KU55933 sensitised all of the HCT116 cell lines to both vincristine and 

docetaxel, with greater sensitisation seen in combination with vincristine than with 

docetaxel. KU55933 sensitisation in the HCT116 DNA-PK +/+ cells to vincristine was 

6.1-fold whereas it was 16.2-fold in the HCT116 DNA-PK -/- cells, suggesting that lack 

of both DNA-PK and ATM function causes additional sensitisation compared to the 

absence or inhibition of just one of these proteins, and that both may have a role in the 

response of cells to these agents (although ATM appears to have a greater role). These 

results demonstrate the potential of an ATM inhibitor to be given in combination with 

microtubule-targeting agents clinically.  

Although no MDR1 protein could be detected in any of the HCT116 cell lines by 

Western blot, these HCT116 cell lines should be investigated for sensitisation to 

microtubule-targeting agents by the known MDR1 blocker verapamil, to determine any 

MDR1-mediated sensitisation caused by NU7441 and KU55933. 

To extend the studies described here, experiments could be performed using ATM 

proficient and deficient cells, with microtubule-targeting agents alone or in combination 

with NU7441. Such studies would allow a comparison of the effects of ATM absence 

with inhibition by KU55933, in relation to both sensitisation and the effect of inhibition 

with NU7441. Inactivating mutations in ATM occur in a number of cancers and it 

would be interesting to study cell lines with one or both copies of ATM being non-

functional, and to investigate the sensitivity of these cells to microtubule-targeting 

agents. Such a study might indicate a possible clinical opportunity for the treatment of 

ATM-mutant or non-functional patients with microtubule-targeting agents, and whether 

DNA-PK inhibition in these patients would be a potentially synthetically lethal 

combination.  

It would also be interesting to examine other DNA repair proteins that are 

downstream of ATM, e.g. Chk2, and whether sensitisation is generated by inhibitors of 
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these proteins e.g. the Chk1 and Chk2 inhibitor, AZD7762 (Mitchell et al., 2010). The 

primary publication that identified the role of DNA-PK in spindle disruption and mitotic 

catastrophe also demonstrated reduced Chk2 phosphorylation (Shang et al., 2010), and 

therefore a dual Chk1/2 inhibitor may also sensitise cells to microtubule-targeting 

agents. Lastly, other DNA repair proteins such as Chk1 and ATR should also be 

examined for a potential role in the response of microtubule-targeting agent-treated 

cells.  

In the DNA-PK +/+ parental HCT116 cells, the combination of ionising radiation 

and vincristine was significantly more cytotoxic than a low dose of either agent alone 

(42 % survival with the combination compared with 72 % for each agent alone), and 

this pattern of cytotoxicity was also seen in the HCT116 DNA-PK +/- cells, 

demonstrating no haploinsufficiency effect. The findings in this thesis are in contrast 

with a study in medulloblastoma which demonstrated no additional effect on cell death 

with the combination of vincristine and ionising radiation compared with ionising 

radiation alone, although the schedule of treatments were different (Kumar et al., 2007).  

Interestingly, the HCT116 DNA-PK -/- cells, which were more sensitive to ionising 

radiation and vincristine alone (2- and 5-fold, respectively), were 14-fold more sensitive 

to the combination of ionising radiation and vincristine than the HCT116 DNA-PK +/+ 

cells, demonstrating additional cytotoxicity with the combination compared with the 

two agents alone. The HCT116 DNA-PK +/+ cells were sensitised to the combination 

treatment by NU7441 but not to the same degree as seen in the HCT116 DNA-PK -/- 

cells, again indicating a possible difference in cell response between cells lacking DNA-

PK and those with inhibited DNA-PK. HCT116 DNA-PK +/+ cells treated with 

KU55933 were highly sensitive to vincristine alone and were further sensitised in the 

combination treatment group.  

In clonogenic cytotoxicity studies, prolonged inhibition of DNA-PK or ATM by 

adding NU7441 or KU55933 to the growth medium for the two week period required 

for colony formation, compared to the inhibitors only being present for 48 hours during 

the drug or ionising radiation treatments, resulted in no difference in cytotoxicity. This 

result suggests that DNA-PK and ATM only need to be inhibited during and/or 

immediately after the drug or radiation treatments, and that the impact of inhibition is 

maintained thereafter. NU7441 and KU55933 are known to be stable compounds 

(Celine Cano, personal communication) and so compound instability during prolonged 

inhibition is not anticipated, however, stability could be confirmed by LC-MS analysis 
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of NU7441 or KU55933 in the medium at the end of the two week colony forming 

assay. 

Taxanes interfere with the mitotic spindle and cause cells to arrest in the G2/M 

phase of the cell cycle (Jordan et al., 1996), which is also the phase in which cells are 

most sensitive to ionising radiation (Terasima and Tolmach, 1963), suggesting that 

microtubule-targeting agents and ionising radiation could interact positively and the 

enhanced cytotoxicity of vincristine and ionising radiation combination, particularly 

when DNA-PK was absent or inhibited (Figure 6-15) was of interest in this context. It 

would be useful to investigate the cell cycle distribution of the cells used in the 

combination experiment before they are plated out for the clonogenic assay to determine 

whether a G2/M block is observed. Increased radiosensitivity for combinations of 

paclitaxel or docetaxel with ionising radiation has been shown in a number of studies; 

an effect that is independent of p53 status (Liebmann et al., 1994; Milas et al., 1994; 

Koukourakis et al., 1999; Niero et al., 1999; Zhang et al., 2007a). Some of these 

authors have highlighted that paclitaxel treatment before ionising radiation is key to the 

response observed, and that paclitaxel should be administered at least 24 hours before 

ionising radiation (Milas et al., 1994; Niero et al., 1999); consistent with the schedule 

used in this study.   

Currently, there are a large number of clinical trials underway that are 

investigating the effects of vincristine in chemotherapy regimens in combination with 

radiotherapy in adult and childhood cancers, e.g. rhabdomyosarcoma (NCT00075582), 

high-risk CNS embryonal tumors (NCT00003203), primary CNS lymphoma 

(NCT01399372), Wilm’s tumour (NCT00352534) and brain stem glioma 

(NCT00003935) (Clinicaltrials.gov, 2014). There are also a large number of trials with 

radiation in combination with paclitaxel in cancers such as bladder cancer 

(NCT00238420), uterine cancer (NCT01367301), head and neck squamous cell 

carcinoma (NCT00736619), cervical cancer (NCT01295502) and oesophageal cancer 

(NCT01196390) (Clinicaltrials.gov, 2014). 

It would be interesting to investigate the effects of pre-treatment with NU7441 or 

KU55933 on chemo- and radio-sensitisation in an in vivo model. DNA-PK inhibition in 

cancer cells that are defective in HR repair should allow tumour selective cell killing, 

and this hypothesis could be investigated in a mouse model. If similar results to the 

vincristine results obtained in this study were seen with a taxane, it would be interesting 

to develop a mouse xenograft using the HCT116 cells from Horizon Discovery plc, then 

treat with a DNA-PK inhibitor or an ATM inhibitor for approximately an hour before 
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treatment with a non-toxic dose of a taxane, leave for 24 hours and then treat with a 

non-toxic dose of ionising radiation. In the same study, the potentiation of these doses 

of drug and ionising radiation alone, with NU7441 or KU55933 alone, should be 

investigated.  

The study here demonstrates that vincristine and ionising radiation can be 

combined with a DNA-PK or ATM inhibitor to produce enhanced cytotoxicity. The in 

vitro experiment carried out in this Chapter should also be undertaken with paclitaxel 

and docetaxel, as the clinical use of radiation and taxanes would be greater than that of 

vincristine with radiation. Furthermore, the effects of a combination of microtubule-

targeting agents and radiation should be examined in further in vitro and in vivo models.  

 

6.5 Summary 

 

The M059J and M059J-Fus1 cell line pair was used to demonstrate that the 

absence or inhibition of DNA-PK sensitised cells to docetaxel. HCT116 DNA-PK +/+, 

DNA-PK +/-, DNA-PK -/- and DNA-PK RE cells were characterised by mRNA and 

protein expression, and their response to ionising radiation, vincristine and docetaxel 

was investigated, alone or in combination with 1 µM NU7441 and 10 µM KU55933. 

There was no difference in the sensitivity of the HCT116 DNA-PK +/- cells to ionising 

radiation or the microtubule-targeting agents compared with the HCT116 DNA-PK +/+ 

cells. HCT116 DNA-PK -/- cells were more sensitive to ionising radiation, vincristine 

and docetaxel, demonstrating a role for DNA-PK in the response of cells to all of these 

agents. NU7441 (1 µM) sensitised DNA-PK +/+ cells to ionising radiation but did not 

have an effect on growth inhibition in response to vincristine or docetaxel. However, 

NU7441 (1 µM) did significantly sensitise HCT116 DNA-PK +/+ cells to vincristine in 

a cytotoxicity assay. KU55933 (10 µM) caused significant sensitisation in the HCT116 

DNA-PK +/+, DNA-PK +/- and DNA-PK -/- cells to ionising radiation, vincristine and 

docetaxel, demonstrating a role for ATM in the response to these agents. The 

combination of vincristine and ionising radiation was significantly more active in the 

absence of DNA-PK or following inhibition of DNA-PK. Overall, these findings extend 

the clinical potential of targeted inhibition of DNA-PK and ATM to ionising radiation, 

microtubule-targeting agents and combinations of both of these treatments. 
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Chapter 7: The effect of ionising radiation, microtubule-targeting 

agents and DNA-PK deletion or inhibition on mitosis, and the 

subcellular localisation and activity of DNA-PK  
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7.2 Introduction 

 

High fidelity mitosis and the spindle checkpoint are important factors in 

maintaining genomic stability. During the majority of the cell cycle, the microtubules 

function to traffic proteins around the cell, and are involved in maintaining cell shape 

and polarity. However, during mitosis microtubules are organised to form the mitotic 

spindle to accurately segregate sister chromatids (Risinger et al., 2009). The centrosome 

functions as a microtubule organising centre, and the centrosome duplicates in S phase 

to form the mitotic spindle poles and to direct the microtubules to ensure the correct 

assembly of the spindle (Hinchcliffe and Sluder, 2001). Centrosome amplification 

causes the formation of multipolar spindles, and can occur following defective cell 

division and multinucleation or following the failure of the G2/M checkpoint to halt the 

progression of a cell containing DNA damage (Borel et al., 2002; Ko et al., 2006).   

DNA repair proteins have not been conventionally associated with mitotic 

regulation, but recently a number of publications have shown that various DNA repair 

proteins localise to mitotic structures during mitosis in the absence of DNA damage, 

and these include DNA-PKcs, ATM, ATR, p53, TopBP1, BRCA1, Chk1 and Chk2 

(Hsu and White, 1998; Tsvetkov et al., 2003; Reini et al., 2004; Tritarelli et al., 2004; 

Zhang et al., 2007b; Lee et al., 2011). 

 Double-strand break repair during mitosis is atypical and incomplete; suggesting 

that the timely passage through mitosis takes precedence over a complete DNA damage 

response. However, this does not mean that there is a total absence of a DNA damage 

response during mitosis. Giunta et al. (2010) demonstrated that DNA-PK and ATM 

were activated, γH2AX was phosphorylated and MDC1 and MRN were recruited to 

sites of DNA damage (ionising radiation-induced foci in this case), but there was no 

recruitment of the ubiquitin ligases RNF8 or RNF168, BRCA1 or 53BP1, all of which 

are required to complete double-strand break repair. It was hypothesised that this 

incomplete repair may effectively “mark” the sites of damage to allow identification in 

the following cell cycle, and that the sequestration of DNA damage proteins to mitotic 

structures may aid the cell in progressing through mitosis rather than activating a full 

DNA damage cascade (Giunta et al., 2010; Giunta and Jackson, 2011).   

Phosphorylated DNA-PKcs was initially identified as being localised to the 

centrosomes, kinetochores and the midbody following ionising radiation (Shang et al., 

2010), and was found to be important in the maintenance of mitotic spindle function and 

centrosome stability following ionising radiation. Shang et al. (2010) also demonstrated 
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that inactivation of DNA-PKcs by siRNA caused multinucleated cells, aberrant spindles 

and mitotic catastrophe, along with reduced Chk2 phosphorylation, following DNA 

damage. DNA-PK was subsequently shown to be a critical regulator of mitosis and 

T2609 phosphorylation of DNA-PK was closely associated with spindle structures and 

microtubule dynamics during progression through mitosis (Lee et al., 2011). In the 

DNA damage response, DNA-PKcs undergoes autophosphorylation at serine 2056, and 

ATM and ATR have been shown to be required for phosphorylation of DNA-PK at 

threonine 2609 (Yajima et al., 2006; Chen et al., 2007), the other main site of DNA-

PKcs phosphorylation. However, depletion of ATM or ATR by siRNA, or inhibition of 

ATM using KU55933, did not affect mitotic DNA-PKcs phosphorylation at T2609, 

suggesting that both S2056 and T2609 DNA-PKcs autophosphorylation occurs in 

mitosis (Lee et al., 2011). Regulation of mitotic spindle dynamics and chromosome 

segregation was recently specifically attributed to DNA-PKcs activating the Chk2-

BRCA1 signalling pathway during mitosis (Shang et al., 2014).  

Polo-like kinase 1 (PLK1) is a key regulator of cell division and is differentially 

localised to various subcellular structures during mitotic progression in a dynamic 

fashion. PLK1 associates with the centrosomes during prophase, the kinetochores in 

prometaphase and metaphase, the central mitotic spindle during anaphase and the 

midbody during cytokinesis, after which it is rapidly degraded during mitotic exit 

(Lindon and Pines, 2004; Petronczki et al., 2008; Takaki et al., 2008). Therefore PLK1 

is an extremely useful protein to monitor by fluorescence microscopy, as its location 

allows the determination of the mitotic stage of a cell as well as visualisation of the 

location of mitotic structures. Phosphorylated DNA-PK (T2609) colocalises with PLK1 

throughout mitosis at the centrosomes (prophase to anaphase), kinetochores 

(prometaphase and metaphase) and midbody (cytokinesis), and the two proteins were 

shown to be functionally associated and involved in chromosomal segregation and the 

control of cytokinesis (Huang et al., 2014). Absence or inhibition of DNA-PKcs caused 

an increase in PLK1 protein stability, and a reduction of PLK1 localisation at the 

midbody; roles that could account for the increase in cytokinesis failure observed in 

DNA-PKcs-deficient cells.  

Many of the papers discussed above that have investigated mitotic cells have 

achieved cell cycle synchronisation through chemical approaches such as thymidine and 

nocodazole blocks. The thymidine block procedure synchronises cells in S phase 

whereas nocodazole is a microtubule inhibitor and causes cell cycle arrest in mitosis 

(Bostock et al., 1971; Zieve et al., 1980). However, the use of chemicals or 
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biochemicals to synchronise cells can be compromised by the cytotoxic effects of 

treatment, and there is some debate over the efficacy and reliability of the chemical 

inhibitors in causing genuine synchronisation (Cooper et al., 2006; Cooper et al., 2008). 

In the studies described in this chapter, cells were not synchronised allowing the 

comparison of the subcellular localisation of proteins in a mixed cell cycle population 

using microscopic evaluation of individual cells.  

 

7.3 Aims 

 

Recent studies have demonstrated that DNA-PK has roles beyond DNA repair, 

including localisation to and regulation of mitotic structures. Experiments described in 

the previous chapters in this thesis demonstrated that DNA-PK can play a role in the 

response of cells to microtubule-targeting agents. Therefore, the aims of the studies 

described in this chapter were to investigate the subcellular localisation of DNA-PKcs 

and its activation in untreated, ionising radiation-treated and vincristine-treated cells by 

analysing the location and occurrence of phosphorylated forms of DNA-PK, and 

changes to mitotic spindle structure and mitotic progression, in DNA-proficient cells 

treated with NU7441 or in DNA-deficient cells, compared with parental cells, by using 

confocal microscopy. 
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7.4 Results 

 

7.4.1 Confocal microscopy to visualise mitotic events in DNA-PK +/+ cells 

The previous chapters in this thesis have focussed on the effect of the absence or 

inhibition of DNA-PK on cellular responses to microtubule-targeting agents by studying 

growth inhibition and cytotoxicity, apoptosis and DNA-PK activity and expression. 

Following the publications, discussed in Section 7.2 (demonstrating that DNA-PK plays 

a regulatory role in mitosis), investigations were undertaken to study DNA-PK 

expression and activity during mitosis, and the localisation of DNA-PK in the parental 

HCT116 DNA-PK +/+ cells and the HCT116 DNA-PK -/- cells. 

Initially, it was necessary to optimise techniques for the fixation, permeabilisation 

and immunostaining of cells prior to microscopy. Three different techniques were 

evaluated and modified to achieve a balance between sufficient permeabilisation to 

allow the antibodies to enter the cells, and toxicity resulting in a loss of cells from the 

coverslips. Fixation and permeabilisation with 100 % methanol was found to maintain 

cells on the coverslips; however, antibody staining was not detected at the correct 

subcellular locations, demonstrating the need for greater permeabilisation. The 

technique described by Shang et al. (2010) was attempted which uses a harsher 

permeabilisation reagent (0.5 % (v/v) Triton X-100 in PBS), and this technique resulted 

in good staining but very few cells remaining on the coverslips, even with the 

introduction of poly L-lysine-coated coverslips. Therefore the fixation step from Shang 

et al. (2010) was combined with another permeabilisation technique (KCM-T buffer 

(0.1 % (v/v) Triton X-100 in KCM buffer), Ian Cowell, personal communication), 

resulting in the optimal technique. Locating cells on the coverslips that were in different 

stages of mitosis also required optimisation, because cells undergoing mitosis become 

rounded and are less adherent than cells in interphase, and therefore are the first cells to 

be lost if the technique is too severe. The optimised technique allowed the easy 

detection of mitotic cells and a representative microscopy image is shown in Figure 7-1.  

Each microscopy image shown throughout this chapter is taken from at least 3 

fields of view for each treatment group with at least 10 cells per field, and on average 

35-40 cells, from two independent experiments.   
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Figure 7-1: Representative view of HCT116 cells. HCT116 DNA-PK +/+ cells were 
seeded onto poly L-lysine-coated coverslips and left to establish for 48 hours. DAPI 
DNA staining (blue) was analysed by confocal microscopy (Section 2.12). Cell images 
are representative of  ≥ 3 fields captured, in 2 independent experiments. 
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Figure 7-2 shows untreated HCT116 DNA-PK +/+ cells in different stages of 

mitosis. The cells were stained with antibodies against α-tubulin and γ-tubulin to 

visualise the mitotic structures. The γ-tubulin staining pattern observed was not as 

expected. γ-Tubulin localises at the centrosomes and so centrosome staining would be 

expected with microtubules (stained for α-tubulin) protruding from the centrosome. 

However, the γ-tubulin staining was in fact relatively diffuse throughout the cell, 

excluding the chromosomes. The DNA was stained with DAPI and merged images 

generated. Figure 7-2A displays a cell in metaphase with the chromosomes arranged 

along the metaphase plate with the microtubules radiating out from the centrosomes and 

connecting to the chromosomes. The lower cell in Figure 7-2B demonstrates early 

anaphase, Figure 7-2C demonstrates late anaphase/early telophase and the upper cell in 

Figure 7-2B and the cell in Figure 7-2D are in late telophase before cytokinesis.  

 

 

Figure 7-2: HCT116 cells in different stages of mitosis. (A-D) HCT116 DNA-PK +/+ 
cells were seeded onto poly L-lysine-coated coverslips and left to establish for 48 hours. 
Immunodetection of α-tubulin (green) and γ-tubulin (red), using the indicated 
antibodies, and DAPI DNA staining (blue) were analysed by confocal microscopy 
(Section 2.12). Mitotic cell images are representative of  ≥ 3 fields captured, in 2 
independent experiments.   
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7.4.2 The deletion or inhibition of DNA-PK increased the incidence of aberrant 

mitotic events, including multipolar spindles and lagging chromosomes  

Cells undergoing “abnormal” mitosis (defined as cells with lagging chromosomes 

not correctly aligned on the mitotic spindle, cells containing multiple centrosomes or 

cells with disregular polarity resulting in the incorrect separation of chromosomes) were 

not identified in the untreated DNA-PK +/+ cells (8 fields captured with 30-40 cells per 

field).  

The mitotic structures in DNA-PK +/+ cells treated with NU7441, and in 

untreated DNA-PK -/- cells, were then examined. Although the majority of the mitotic 

cells detected were undergoing normal mitosis, there were a number of cells in both 

DNA-PK +/+ cells treated with NU7441 and in DNA-PK -/- cells that were undergoing 

incorrect mitosis, estimated at around 10-30 % of mitotic cells examined. The most 

common aberrations observed are illustrated in Figure 7-3. The cell in Figure 7-3A and 

the left cell in Figure 7-3C are multipolar; there are three centrosomes from which 

microtubules are extending and therefore these cells will not complete accurate mitosis. 

The α-tubulin staining in the left cell in Figure 7-3B shows this cell has irregular 

polarity and misalignment of the chromosomes. 
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Figure 7-3: The deletion or inhibition of DNA-PK increases the incidence of 
multipolar spindles. (A) HCT116 DNA-PK +/+ cells or (B-C) DNA-PK -/- cells were 
seeded onto poly L-lysine-coated coverslips and left to establish for 24 hours before 
treatment with 1 µM NU7441 where indicated, and then incubated for a further 24 
hours. Immunodetection of α-tubulin (green) and γ-tubulin (red), using the indicated 
antibodies, and DAPI DNA staining (blue) were analysed by confocal microscopy 
(Section 2.12). Mitotic cell images are representative of  ≥ 3 fields captured for each 
treatment group, in 2 independent experiments. Red arrowheads indicate α-tubulin 
abnormalities.  

 

 

7.4.3 A greater number of mitotic abnormalities were observed following vincristine 

treatment in cells with inhibited or deleted DNA-PK  

The DNA-PK +/+ cells and the DNA-PK -/- cells were then treated with 2 nM 

vincristine alone or in combination with 1 µM NU7441 for 24 hours. This vincristine 

concentration was chosen because it is below the vincristine GI50 for both the DNA-PK 

+/+ and DNA-/- cells (Section 6.3.4), and therefore the cells would still adhere to the 

coverslips but there would be an effect on tubulin formation. In the DNA-PK +/+ cells, 

vincristine treatment caused the majority of the cells undergoing mitosis to arrest in 

what appears to be prometaphase (Figure 7-4A), with the chromosomes condensed and 

microtubules visible and extending, prior to chromosomal organisation on the mitotic 

spindle, with the remaining mitotic cells in metaphase. However, in cells treated with 

NU7441 in combination with vincristine, or in DNA-PK -/- cells treated with vincristine 
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alone, many of the mitotic cells appeared to have progressed further through mitosis to 

metaphase, and a large number of mitotic abnormalities were observed (see red 

arrowheads) (seen in approximately 30-50 % of mitotic cells), such as chromosomal 

misalignments and cells with either only one, or more than two, centrosomes (Figure 

7-4B-D). 

 

 

Figure 7-4: Vincristine treatment in combination with either deletion or inhibition 
of DNA-PK increases the incidence of incorrect mitotic spindle formation and 
chromosome misalignment. (A-C) HCT116 DNA-PK +/+ cells or (D) DNA-PK -/- 
cells were seeded onto poly L-lysine-coated coverslips and left to establish for 24 hours 
before treatment with 2 nM vincristine alone or in combination with 1 µM NU7441 
where indicated, and then incubated for a further 24 hours. Immunodetection of α-
tubulin (green) and γ-tubulin (red), using the indicated antibodies, and DAPI DNA 
staining (blue) were analysed by confocal microscopy (Section 2.12). Mitotic cell 
images are representative of  ≥ 3 fields captured for each treatment group, in 2 
independent experiments. Red arrowheads indicate DNA or α-tubulin abnormalities. 
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One of the aberrant mitotic events following ionising radiation reported to occur 

in DNA-PK deficient cells is the formation of multinucleated cells (Shang et al., 2010). 

There were no multinucleated cells observed among the DNA-PK +/+ cells but 

multinucleated cells were observed in untreated DNA-PK -/- cells (red arrows, Figure 

7-5B), and vincristine-treated DNA-PK -/- cells (Figure 7-5C and D). These cells 

appeared to have multiple nuclei of normal size. 

 

 

Figure 7-5: Untreated or vincristine-treated DNA-PK deficient cells display 
multinucleated cells. (A) HCT116 DNA-PK +/+ cells or (B-D) DNA-PK -/- cells were 
seeded onto poly L-lysine-coated coverslips and left to establish for 24 hours before 
treatment with 2 nM vincristine where indicated, and then incubated for a further 24 
hours. Immunodetection of α-tubulin (green) and γ-tubulin (red), using the indicated 
antibodies, and DAPI DNA staining (blue) were analysed by confocal microscopy 
(Section 2.12). Mitotic cell images are representative of  ≥ 3 fields captured for each 
treatment group, in 2 independent experiments. Red arrowheads indicate DNA 
abnormalities. 
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7.4.4 Total DNA-PK expression was lower in mitotic cells compared with non-

mitotic cells, and was significantly reduced in mitotic cells following vincristine 

treatment 

Total DNA-PKcs protein expression and phosphorylated DNA-PK (S2056) 

localisation were examined in the DNA-PK +/+ cells. DNA-PK phosphorylation at 

serine 2056 was seen in response to ionising radiation and vincristine treatment (Figure 

7-6C and D). There was no difference in phosphorylated DNA-PK (S2056) foci in 

mitotic and non-mitotic cells. There was less total DNA-PKcs expression in mitotic 

cells both before treatment and after ionising radiation treatment, and the remaining 

expression was extra-chromosomal (red arrowheads, Figure 7-6A-C). Total DNA-PKcs 

levels in mitotic cells following vincristine treatment were very low compared with 

levels in untreated or ionising radiation-treated cells (red arrowheads, Figure 7-6D), 

whereas the total DNA-PKcs level in non-mitotic cells was not changed by vincristine 

treatment.  
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Figure 7-6: Vincristine treatment causes a reduction in total DNA-PK expression 
in mitotic cells. (A-D) HCT116 DNA-PK +/+ cells were seeded onto poly L-lysine-
coated coverslips and left to establish for 24 hours before treatment with 2 nM 
vincristine or 2 Gy ionising radiation (IR), where indicated, and then incubated for a 
further 24 hours. Immunodetection of phosphorylated DNA-PK at serine 2056 (pDNA-
PK (S2056)) (green) and total DNA-PK (tDNA-PK) (red), using the indicated 
antibodies, and DAPI DNA staining (blue) were analysed by confocal microscopy 
(Section 2.12). Mitotic cell images are representative of  ≥ 3 fields captured for each 
treatment group, in 2 independent experiments. Red arrowheads indicate cells with 
lower total DNA-PK levels. 
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7.4.5 Phosphorylated DNA-PK (T2609) localises with chromosomes and PLK1 

during mitosis 

Phosphorylated DNA-PK (T2609) has previously been shown to co-localise with 

PLK1 at the centrosomes, kinetochores and midbody during normal mitotic progression 

and during mitosis following ionising radiation (Shang et al., 2010; Huang et al., 2014). 

Therefore the localisation of phosphorylated DNA-PK (T2609) and PLK1 were 

investigated in untreated, ionising radiation-treated and vincristine-treated DNA-PK +/+ 

cells and DNA-PK -/- cells.  

In untreated DNA-PK +/+ cells, phosphorylated DNA-PK (T2609) was found to 

localise with the condensed chromosomes in prometaphase (Figure 7-7A), metaphase 

(Figure 7-7D) and early anaphase (Figure 7-7C). DNA-PK appears to surround the 

chromosomes in these early stages of mitosis, but is not detectable in cells in late 

anaphase/telophase or during cytokinesis. Phosphorylated DNA-PK (T2609) was found 

to co-localise with PLK1 at the centrosomes (Figure 7-7B) and midbody (Figure 7-7F). 

However, phosphorylated DNA-PK (T2609) co-localisation with PLK1 was not 

detected in cells in late anaphase/telophase (lower cell in Figure 7-7D and Figure 7-7E). 
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Figure 7-7: Phosphorylated DNA-PK co-localises with PLK1 at the centrosomes 
and the midbody during mitosis. (A-F) HCT116 DNA-PK +/+ cells were seeded onto 
poly L-lysine-coated coverslips and left to establish for 48 hours. Immunodetection of 
phosphorylated DNA-PK at threonine 2609 (pDNA-PK (T2609)) (green) and PLK1 
(red), using the indicated antibodies, and DAPI DNA staining (blue) were analysed by 
confocal microscopy (Section 2.12). Mitotic cell images are representative of  ≥ 3 fields 
captured for each treatment group, in 2 independent experiments. Red arrows indicate 
pDNA-PK T2609 and PLK1 co-localisation. 
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Figure 7-8 shows DNA-PK +/+ cells following treatment with ionising radiation. 

Phosphorylated DNA-PK (T2609) foci were seen across the nuclei of irradiated cells 

not undergoing mitosis (Figure 7-8A). Phosphorylated DNA-PK (T2609) was found to 

localise with the chromosomes, even when the chromosomes were lagging and not 

correctly aligned on the mitotic spindle, and phosphorylated DNA-PK (T2609) is seen 

both on and around these chromosomes (red arrows, Figure 7-8B and C). Figure 7-8D 

demonstrates no phosphorylated DNA-PK (T2609) in the DNA-PK -/- cells, as 

expected. 

 

 

Figure 7-8: Ionising radiation causes chromosome misalignment and 
phosphorylated DNA-PK localises to the chromosomes during mitosis following 
ionising radiation treatment. (A-C) HCT116 DNA-PK +/+ cells and (D) DNA-PK -/- 
cells were seeded onto poly L-lysine-coated coverslips and left to establish for 24 hours 
before treatment with 2 Gy ionising radiation (IR), and then incubated for a further 24 
hours. Immunodetection of phosphorylated DNA-PK at threonine 2609 (pDNA-PK 
(T2609)) (green) and PLK1 (red), using the indicated antibodies, and DAPI DNA 
staining (blue) were analysed by confocal microscopy (Section 2.12). Mitotic cell 
images are representative of  ≥ 3 fields captured for each treatment group, in 2 
independent experiments. Red arrowheads indicate DNA abnormalities and red arrows 
indicate pDNA-PK T2609 and PLK1 co-localisation. 
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Figure 7-9 shows that increases in centrosome number were observed in DNA-PK 

+/+ cells following vincristine treatment, and phosphorylated DNA-PK (T2609) was 

seen to localise with PLK1 at these centrosomes (red arrows, Figure 7-9A and B). An 

example of an untreated DNA-PK +/+ cell with two centrosomes and co-localisation of 

PLK1 and phosphorylated DNA-PK (T2609) is shown in Figure 7-7B. It was possible 

to observe cells undergoing cell death (red arrowheads, Figure 7-9A and C), as detected 

by DAPI staining of nuclear breakdown, and phosphorylated DNA-PK (T2609) staining 

was seen in DNA-PK +/+ cells (red arrowhead, Figure 7-9A).  

 

 

Figure 7-9: Vincristine treatment causes increases in centrosome number. (A and 
B) HCT116 DNA-PK +/+ cells and (C and D) DNA-PK -/- cells were seeded onto poly 
L-lysine-coated coverslips and left to establish for 24 hours before treatment with 2 nM 
vincristine and then incubated for a further 24 hours. Immunodetection of 
phosphorylated DNA-PK at threonine 2609 (pDNA-PK (T2609)) (green) and PLK1 
(red), using the indicated antibodies, and DAPI DNA staining (blue) were analysed by 
confocal microscopy (Section 2.12). Mitotic cell images are representative of  ≥ 3 fields 
captured for each treatment group, in 2 independent experiments. Red arrowheads 
indicate DNA abnormalities and red arrows indicate pDNA-PK T2609 and PLK1 co-
localisation. 
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7.5 Discussion and future work 

 

A number of publications have suggested a role for DNA-PKcs in chromosome 

segregation, and mitotic spindle stability and organisation (Shang et al., 2010; Lee et 

al., 2011; Huang et al., 2014; Shang et al., 2014). Following the observations in 

previous chapters that DNA-PK plays a role in the response of cells to microtubule-

targeting agents, the effect of DNA-PK expression on mitosis and mitotic structures, 

and the activation and localisation of DNA-PKcs during mitosis, was investigated in the 

HCT116 DNA-PK +/+ and DNA-PK -/- cells by confocal microscopy. 

The techniques for cell preparation, fixation and staining were optimised to allow 

visualisation of mitotic cells within a mixed cell population, thereby avoiding the use of 

chemical synchronisation. The optimised conditions and the use of the Zeiss LSM 700 

confocal system allowed the visualisation of subcellular structures and protein 

localisation. Due to time constraints it was not possible to perform quantification of the 

results of the microscopy. More experiments would be necessary to allow quantification 

of the percentage of mitotic cells displaying aberrant mitotic events, such as 

multinucleated cells, multipolar spindles and cells displaying polyploidy, as previously 

performed in Shang et al. (2010). However, representative imaging of normal and 

aberrant mitotic events was undertaken.   

Mitotic cells in untreated HCT116 DNA-PK +/+ cell cultures were normal and 

cells were observed in all stages of mitosis (Figure 7-1). However, the absence (in 

DNA-PK -/- cells) or inhibition (using NU7441) of DNA-PK caused an increase in the 

incidence of multipolar and multinucleated cells (Figure 7-3, Figure 7-5). This finding 

has also been reported by Lee et al. (2011) who demonstrated abnormal spindle 

formation and chromosome misalignment in NU7441- or DNA-PK siRNA-treated cells. 

There was an increase in the number of chromosome misalignments in ionising 

radiation-treated DNA-PK +/+ cells treated with NU7441 and in DNA-PK -/- cells 

(Figure 7-8) but there was no increase in multipolar or multinucleated cells. This result 

is in contrast to the data of Shang et al. (2010) who found increases in multipolar 

spindles, polyploidy and multinucleated cells. However, Shang et al. (2010) used a 

higher dose of irradiation (4 Gy) than used in this study (2 Gy), and the ionising 

radiation effects with the deletion or inhibition of DNA-PK should be investigated at a 

range of ionising radiation doses and at a range of time points post-irradiation.  

Vincristine treatment of DNA-PK +/+ cells caused many of the mitotic cells to 

display condensed chromosomes and radiating microtubules (but no spindle 
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organisation) or chromosomes organised at the mitotic spindle, suggesting that these 

cells are arrested in prometaphase or metaphase. This result was expected as 

microtubule-targeting agents are known to arrest cells at metaphase in mitosis by 

triggering the mitotic spindle checkpoint, which ensures correct attachment of 

microtubules to the mitotic spindle. Mechanistically, vincristine alters the dynamics of 

the tubulin assembly and disassembly at the ends of the microtubules (Jordan et al., 

1991).  

The results presented in Figure 7-4 suggest that DNA-PKcs activity may be 

necessary for correct chromosome organisation at the mitotic spindle, as lagging 

chromosomes and cells that have progressed past the mitotic checkpoint (and are 

dividing incorrectly) were observed in vincristine-treated DNA-PK +/+ cells co-treated 

with NU7441, and in vincristine-treated DNA-PK -/- cells (Figure 7-4B-D). It was 

estimated that between 10-30 % of untreated mitotic cells displayed aberrant mitotic 

events in the absence or inhibition of DNA-PK, and this percentage increased to around 

30-50 % when these cells were treated with vincristine. DNA-PKcs has been shown to 

regulate Chk2 T68 phosphorylation during mitosis and DNA-PKcs organises 

microtubule attachment and spindle assembly through the Chk2/BRCA1 pathway 

(Shang et al., 2014). The Chk2/BRCA1 pathway impacts on microtubule dynamics and 

chromosome segregation, and therefore it would be interesting to study Chk2 and its 

activation in response to microtubule-targeting agents. Also, it would be of interest to 

investigate whether similar aberrant mitotic events are observed in Chk2- and/or 

BRCA1-deficient cells, as Chk2 has previously been shown to colocalise with PLK1 at 

the centrosomes and midbody (Tsvetkov et al., 2003).  

The mitotic phase of the cell cycle should also be investigated in more detail to 

confirm differences observed in the presence and absence of DNA-PK function after 

vincristine treatment. It is difficult to define the individual phases of mitosis because 

anaphase in particular occurs relatively quickly; however, Matsui et al. (2012) recently 

developed a synchronisation technique to isolate cells in metaphase, anaphase and 

telophase. This technique could be used to generate positive control samples for each 

mitotic cell phase. Western blotting could also be carried out on mitotic cells collected 

by mitotic shake-off following vincristine treatment of DNA-PK +/+ cells co-treated 

with NU7441, or DNA-PK -/- cells, to examine the expression of cyclin B1 (which is 

necessary for mitotic progression and is degraded before mitotic exit (Lindqvist et al., 

2007)) and of phosphorylated histone H3 (S10), phosphorylation of which begins in 

early prophase but ceases in anaphase and telophase (Li et al., 2005). Therefore, if 
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vincristine treatment in the absence of DNA-PK or following inhibition of DNA-PK has 

caused cells to progress past the metaphase block in the HCT116 +/+ cells, a decrease in 

phosphorylated histone H3 should be observed.  

DNA-PKcs has previously been shown to co-localise with PLK1 at centrosomes, 

kinetochores and the midbody during mitosis, and this co-localisation is involved in 

correct chromosome segregation and cytokinesis (Shang et al., 2010; Huang et al., 

2014). Therefore, the localisation of phosphorylated DNA-PKcs (T2609) and PLK1 was 

investigated in untreated, ionising radiation- and vincristine-treated DNA-PK +/+ and 

DNA-PK -/- cells. Phosphorylated DNA-PK (T2609) co-localised with centrosomes and 

the midbody during mitosis (Figure 7-7B and F) but, in contrast to previous findings 

(Lee et al., 2011), DNA-PK phosphorylation (T2609) was not associated with PLK1 in 

anaphase cells (Figure 7-7D and E). DNA-PK phosphorylation (T2609) was apparent 

surrounding the condensed chromosomes in prometaphase, but not localised with PLK1 

in untreated, ionising radiation- or vincristine-treated cells, even when there were 

lagging chromosomes and chromosome misalignment. Previous studies have reported 

that phosphorylated DNA-PK (T2609) co-localises with PLK1 at the kinetochores 

during prometaphase (Lee et al., 2011). The findings presented in this chapter suggest 

that in HCT116 cells, phosphorylated DNA-PKcs (T2609) localises to the 

chromosomes, in addition to the kinetochores, and may play a role before anaphase.   

 DNA-PKcs has been shown to be phosphorylated on serine 2056, threonine 2609 

and threonine 2647 during mitosis. Furthermore, these phosphorylation events during 

mitosis are dependent on the kinase activity of DNA-PK (Shang et al., 2010; Lee et al., 

2011). Recently, two further DNA-PKcs sites that are phosphorylated during mitosis 

have been identified. Firstly, DNA-PKcs is phosphorylated on threonine 3950, which is 

also DNA-PK-dependent and results in phosphorylated DNA-PK (T3950) localising to 

centrosomes and the midbody. Secondly, there is phosphorylation of DNA-PK at serine 

3205, which is PLK1-dependent and results in a diffuse staining pattern in metaphase 

cells but localisation at the midbody in cytokinesis (Douglas et al., 2014). DNA-PK 

phosphorylation during mitosis was also shown to be regulated by protein phosphatase 

6 (PP6) (Douglas et al., 2014). It would be interesting to investigate these two 

additional phosphorylation sites in untreated and vincristine-treated HCT116 DNA-PK 

+/+ cells. 

The phosphorylation of H2AX at serine 139 (γH2AX) is an early event in DNA 

double-strand break repair and this phosphorylation event can be performed by ATM, 

DNA-PK and ATR (Burma et al., 2001; Wang et al., 2005; An et al., 2010). Recently, 
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γH2AX phosphorylation has been detected in mitotic cells that have not been exposed 

to DNA damaging agents (McManus and Hendzel, 2005) and γH2AX phosphorylation 

at serine 139 is DNA-PKcs-dependent and mediated by Chk2 (Tu et al., 2013). 

Therefore γH2AX phosphorylation would be another interesting DNA-damage-

associated protein phosphorylation event to investigate in untreated and vincristine-

treated cells, and this protein is also likely to have novel roles in mitosis.  

Total DNA-PK expression was investigated along with phosphorylated DNA-PK 

(S2056) levels in mitotic cells. As with threonine 2609 phosphorylation, serine 2056 

DNA-PK phosphorylation was observed in response to both ionising radiation and 

vincristine in non-mitotic cells, in the form of foci. However, there was no difference in 

serine 2056 phosphorylation in mitotic cells compared with non-mitotic cells. Both 

serine 2056 and threonine 2609 phosphorylated DNA-PKcs has previously been shown 

to be localised to the centrosomes and kinetochores in HCT116 cells (Lee et al., 2011). 

Figure 7-6 demonstrates that the total DNA-PKcs levels were reduced in mitotic 

HCT116 cells compared to surrounding non-mitotic cells. This reduced level is also 

observed after ionising radiation treatment and is reduced further by vincristine 

treatment, to a point where total DNA-PKcs expression is barely detectable in 

vincristine-treated mitotic cells (Figure 7-6D). This result suggests that total DNA-PK is 

degraded in response to vincristine treatment, although interestingly DNA-PKcs that is 

phosphorylated at serine 2056 and threonine 2609 is detectable. Loss of total DNA-PK 

following vincristine treatment in CCRF-CEM cells was demonstrated by Western 

blotting in Chapter 3 and was associated with an increase in phosphorylated DNA-PKcs 

(S2056) levels. These microscopy results are consistent with the Western blotting data, 

and further investigation into how DNA-PK is being degraded, and at what stage total 

DNA-PK levels are re-established, is warranted.  

The results presented in this Chapter suggest that inhibition of DNA-PK in 

conjunction with vincristine treatment causes mitotic spindle and centrosome 

disruption, resulting in mitotic catastrophe. This could explain the lack of an increase in 

caspase 3/7-mediated apoptosis with combinations of microtubule-targeting agents and 

NU7441, despite the increase in sensitivity observed in growth inhibition assays 

(Chapter 3). Lastly, these microscopy experiments should be extended to investigate 

ATM phosphorylation as ATM has also been shown to localise to mitotic structures 

during mitosis (Zhang et al., 2007b).   
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Figure 7-10: Model demonstrating the localisation of DNA-PK during mitosis and 
the effect of DNA-PK deficiency on cellular and mitotic structures 
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7.6 Summary 

 

These microscopy data, along with previous studies, confirm that DNA-PK plays 

a role in mitosis and mitotic regulation, and that lack or inhibition of DNA-PKcs causes 

an increase in aberrant mitotic events including chromosome misalignment, increases in 

centrosome number and multipolar spindle formation. Phosphorylated DNA-PK 

(T2609) co-localises with PLK1 at the centrosomes and midbody during mitosis, and 

localises with chromosomes during prometaphase. These microscopy data also support 

extending the therapeutic potential of DNA-PK inhibition beyond use in combination 

with DNA-damaging agents, to combinations with microtubule-targeting agents, due to 

the role that DNA-PK plays in mitosis and mitotic spindle regulation. 
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The enzymes DNA-PK and ATM have been extensively studied for their roles in 

the NHEJ and HR DNA repair pathways, respectively. However, as is the case with 

many of the protein kinases that have been investigated for their role in cancer and 

treatment response that were initially identified as having specific functions in a 

signalling pathway, these proteins have additional roles. As reviewed in Chapter 1, 

DNA-PK has recently been shown to have functions beyond its classical role in NHEJ, 

with roles in genomic stability, HR, cell cycle checkpoint maintenance, inflammation 

and innate immunity, metabolic gene regulation, hypoxia and spindle dynamics (Figure 

1-4). The roles of ATM beyond HR extend to replication stress, hypoxia, redox 

signalling and regulation, neuronal function, insulin signalling and secretion, NFκB 

activation and mitotic spindle assembly and mitosis (Figure 1-6).  

Microtubule-targeting agents are widely-used to treat a range of solid and 

haematological cancers. These agents act upon cells undergoing mitosis to inhibit 

mitotic spindle function and also upon cells in interphase by interfering with 

intracellular protein trafficking (Figure 1-8). 

A previous Newcastle University Master’s degree project demonstrated that the 

ALL cell line, CCRF-CEM, could be sensitised not only to DNA damaging agents by 

the DNA-PK and ATM selective inhibitors NU7441 and KU55933, respectively, but 

also to the microtubule-targeting agent vincristine (NJ Tan, unpublished results). This 

project also demonstrated that the vincristine-resistant CCRF-CEM VCR/R cell line, 

which was created by stepwise exposure to increasing concentrations of vincristine and 

which overexpressed the drug efflux transporter MDR1, could be sensitised to DNA-

damaging and microtubule-targeting drugs to a much greater degree by NU7441 and 

KU55933 than parental CCRF-CEM cells.  

Therefore, based on published findings that DNA-PK and ATM may play a role in 

mitotic spindle formation, and the initial findings that cells can be sensitised to MTAs 

by small molecule inhibitors of DNA-PK and ATM, it was hypothesised that DNA-PK 

and ATM may play a role in the response of cells to MTAs. The aims of this project 

were therefore to investigate the sensitisation of cells to MTAs using NU7441 and 

KU55933, in relation to DNA-PK and ATM activation and expression, and to compare 

the results of chemical inhibition of DNA-PK and ATM with the lack of DNA-PK by 

using DNA-PK proficient and deficient cell lines. Another set of aims was to determine 

if the sensitisation observed with NU7441 and KU55933 in MDR1-overexpressing cell 

lines was due to these agents interacting with drug efflux via MDR1, and also to 

investigate the localisation and activation of DNA-PK in mitotic cells, the effect of 
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MTAs on DNA-PK localisation and activation, and the effects of a lack of DNA-PK on 

spindle assembly and mitosis. 

 Growth inhibition data in Chapter 3 demonstrated that 1 µM NU7441 sensitised 

the parental CCRF-CEM cells to vincristine, whereas three other parental cell lines 

(A2780, SKOV3 or KK47 cells) were not sensitised to either vincristine or 

docetaxel/paclitaxel. KU55933 (10 µM) sensitised CCRF-CEM cells to vincristine and 

A2780 cells to paclitaxel, but had no effect with the other MTAs in these cell lines or 

with either MTA in the other parental cell lines. These results suggest that sensitisation 

to MTAs using NU7441 or KU55933 is cell line- and MTA-specific, and that 

sensitisation is quite modest with1 µM NU7441 (1.5-fold) but larger with 10 µM 

KU55933 (6- to 20-fold). In four multidrug-resistant MDR1-overexpressing cell lines, 1 

µM NU7441 and 10 µM KU55933 caused sensitisation to both vincristine and taxanes 

to a greater degree (3.4- to 17-fold for NU7441, 11- to 48-fold for KU55933) than 

demonstrated in the parental cell lines. This observation led to the hypothesis that the 

DNA-PK and ATM inhibitors were affecting vincristine and taxane efflux via MDR1.  

Chapter 4 therefore investigated whether NU7441 and KU55933 had any effect 

on drug accumulation via MDR1. The DNA-PK inhibitors NU7441 and NDD0004 were 

shown, using fluorescence microscopy, to cause doxorubicin accumulation in MDR1-

overexpressing MDCKII-MDR1 cells. A more quantitative LC-MS assay demonstrated 

that regardless of DNA-PK-inhibitory activity, a panel of NU7441-based derivatives 

and KU55933 caused an increase in intracellular vincristine levels in MDR1-

overexpressing CCRF-CEM VCR/R cells. There was no effect on intracellular 

vincristine in CCRF-CEM cells, and no MDR1 expression was detected by Western blot 

in these cells, indicating low endogenous expression of MDR1. Therefore, the effects of 

NU7441 and KU55933 in the parental cell lines are unlikely to be due to the MDR1-

inhibitory action of the compounds. The optimal concentrations for DNA-PK and ATM 

inhibition were 1 µM NU7441 and 10 µM KU55933, respectively. Both 1 µM NU7441 

and 10 µM KU55933 produced a very similar increase in intracellular vincristine 

concentration, indicating that although there is a 10-fold difference in the absolute 

molar concentration of these two inhibitors, 10 µM KU55933 did not result in a greater 

drug accumulation, and therefore the greater effects seen with 10 µM of KU55933 in 

the multidrug-resistant cell lines compared with 1 µM of NU7441 were not a result of 

greater drug accumulation.  

Despite the lack of sensitisation with the DNA-PK inhibitor in the parental cell 

lines tested, activation of DNA-PK at an autophosphorylation site in response to 
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vincristine treatment was demonstrated in both the CCRF-CEM and CCRF-CEM 

VCR/R cells, and in the HCT116 DNA-PK +/+, DNA-PK +/- and DNA-PK RE cells. 

However, this autophosphorylation was not a result of DNA damage, because cytotoxic 

concentrations of vincristine and docetaxel did not cause DNA damage as demonstrated 

by the COMET assay. Also, the ATM inhibitor caused sensitisation to MTAs, 

suggesting that ATM is also activated in response to these agents. However, 

autophosphorylation of ATM at serine 1981 was not demonstrated in response to 

vincristine treatment, which would be expected if vincristine was causing DNA double-

strand breaks.  

There was a concentration-dependent increase in caspase 3/7-mediated apoptosis 

in response to the MTAs, but NU7441 did not consistently cause a significant further 

increase in apoptosis in either parental or multidrug-resistant cells. The intracellular 

concentration of the MTAs increased with the combination of NU7441 in the 

multidrug-resistant cell lines, and an increase in caspase 3/7-mediated apoptosis would 

be expected if this was the main mechanism of cell death. It was not possible to measure 

caspase 3/7-mediated apoptosis in combination with KU55933 as this compound 

interacted with the Caspase-Glo assay. Therefore, further investigation into the 

mechanisms of cell death need to be studied.  

The HCT116 cell line panel with differing DNA-PK expression levels was 

obtained to allow investigation of the effects of DNA-PK absence as opposed to 

inhibition. In line with previous observations that DNA-PK is involved in cellular 

responses to ionising radiation, and that NU7441-treated or DNA-PK-deficient cells 

were more radio-resistant than DNA-PK-proficient cells (Tavecchio et al., 2012), 

Chapter 6 demonstrated that HCT116 DNA-PK +/+ cells were sensitised to ionising 

radiation by 1 µM NU7441, and the HCT116 DNA-PK -/- cells were more sensitive to 

ionising radiation than DNA-PK +/+ cells. There was no difference in ionising radiation 

sensitivity between parental DNA-PK +/+ cells and DNA-PK +/- cells, indicating that 

there was no haploinsufficiency effect.  

However, DNA-PK absence or inhibition in the panel of HCT116 cell lines had 

no significant effect on sensitisation to vincristine or docetaxel, except that the HCT116 

DNA-PK -/- cells were more sensitive in the clonogenic assay at higher vincristine 

concentrations. KU55933 (10 µM) caused sensitisation to vincristine in the HCT116 

DNA-PK +/+, DNA-PK +/- cells and DNA-PK -/- cells, and sensitisation to docetaxel 

in the HCT116 DNA-PK +/+ cells. These data complement the findings described in 
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Chapter 3 and suggest that inhibition of ATM using 10 µM KU55933 causes more 

effective sensitisation to MTAs than inhibition of DNA-PK using 1 µM NU7441.   

Loss of DNA-PK expression is not a common event in cancer, whereas loss or 

mutation of ATM occurs more frequently (reviewed briefly in Chapter 1 and 

extensively in Cremona and Behrens (2014)). Therefore, sensitisation with NU7441 to 

DNA-damaging drugs or MTAs could be more marked in the setting of loss of ATM 

function, as it would be predicted that loss of both DNA repair pathways would result in 

synthetic lethality in response to DNA double strand breaks. Although increased 

sensitivity to MTAs was observed in the DNA-PK -/- cells treated with KU55933, this 

result needs to be investigated further in clonogenic survival assays. Whilst it is 

tempting to speculate that dual inhibition of DNA-PK and ATM would produce 

synthetic lethality, there is a concern that toxicity to normal healthy cells would also 

increase. A clinical trial using a similar approach has recently completed (although with 

no results as yet) which investigated the effect of the PARP inhibitor olaparib in 

combination with paclitaxel versus paclitaxel alone in gastric cancer patients 

(NCT01063517, Clinicaltrials.gov (2014)). Progression-free survival was recorded for 

the whole population but stratified for patients who were HR-deficient (defined by loss 

of ATM protein). Modification inhibition of the base-excision repair pathway in the 

setting of HR-deficiency could increase sensitivity in these patients as low ATM 

expression or ATM deficiency is known to confer sensitivity to PARP inhibition 

(Williamson et al., 2010; Gilardini Montani et al., 2013). 

Interestingly, although the combination of vincristine and ionising radiation was 

more cytotoxic to HCT116 DNA-PK +/+ cells and DNA-PK +/- cells than either 

treatment alone, the vincristine-ionising radiation combination was 14-fold more toxic 

to HCT116 DNA-PK -/- cells compared with the parental DNA-PK +/+ cells. This 

combination study should be extended to investigating the effect of ionising radiation in 

combination with a taxane. Also, the effect of DNA-PK or ATM inhibition in 

combination with dual MTA and ionising radiation treatment should be investigated in 

an in vivo model, and there are a large number of clinical trials currently that are already 

investigating the combination of ionising radiation with MTAs. On the basis of the data 

presented here, the MTA would need to be administered 24 hours prior to ionising 

radiation treatment. Furthermore, combination of a DNA-PK or ATM inhibitor with an 

MTA and ionising radiation should be fully characterised in preclinical models and 

should include toxicity studies.  
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The Genomics of Drug Sensitivity in Cancer Project is a collaboration between 

the Cancer Genome Project at the Wellcome Trust Sanger Institute (UK) and the Center 

for Molecular Therapeutics, Massachusetts General Hospital Cancer Center (USA), and 

is a freely accessible service with drug sensitivity data on 140 compounds and genomic 

datasets for 70 commonly mutated genes in a panel of over 600 cell lines. Neither 

DNA-PK nor ATM has been studied in the gene profiling; however, NU7441 and 

KU55933 have been tested against the panel of cell lines, as well as docetaxel, 

paclitaxel and vinblastine (but not vincristine). Multivariate ANOVA is used to 

investigate genomic determinants of sensitivity to a specific drug, and effects with a p-

value of p<0.01 are significantly associated with drug sensitivity (effect <1) or 

resistance (effect >1). FLT3 (a cytokine receptor frequently mutated in acute myeloid 

leukaemia) mutation was the only predictor for sensitivity to NU7441 treatment alone 

(effect 0.17, p=0.001), and FLT3 mutation was also a predictor of sensitivity to 

KU55933 alone (effect 0.25, p=0.0001) and paclitaxel (effect 0.15, p=0.0004). This 

result suggests that combinations of these compounds should be studied further to 

determine whether FLT3 expression or mutation determines response to NU7441 or 

KU55933, alone or in combination with an MTA (Yang et al., 2013; Genomics of Drug 

Sensitivity in Cancer, 2014). The CCRF-CEM, SKOV3 and HCT116 cell lines all have 

FLT3 mutations (COSMIC, 2014) and the CCRF-CEM cells are relatively sensitive to 

NU7441 and KU55933 treatments alone (low Z-scores) compared with all of the other 

cell lines in the panel. Mutation of EZH2, a histone-lysine N-methyltransferase where 

mutations can lead to increases in histone methylation and silencing tumour suppressor 

genes, predicted sensitivity to vinblastine (effect 0.33, p=0.007) and KU55933 (effect 

0.33, p=0.002), indicating another gene mutation which could be exploited to enhance 

sensitivity to a combination of these agents, and which is also mutated in the CCRF-

CEM cells.  

An interesting finding in this thesis was that three multidrug-resistant cell lines, 

all generated by exposure to increasing concentrations of an MTA resulting in 

overexpression of MDR1, demonstrated not only chemo-resistance but also radio-

resistance. A number of previous studies, as discussed in Chapter 5, have reported that 

ionising radiation can cause an increase in MDR1 (and a number of other transporters) 

mRNA and protein expression, which has been associated with resistance to 

chemotherapeutic agents. The data presented in Chapter 5 needs to be validated in 

additional MDR1-overexpressing cell lines and these studies should be extended to an 

in vivo model of MDR1-overexpressing resistant cancer. These data raise the possibility 
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that chemotherapy treatment that generates a chemo-resistant tumour could also 

influence the subsequent response to radiotherapy. It is therefore important for these 

findings to be confirmed, as the order and timing of chemo- and radiotherapy may be 

very important in determining outcome.  

DNA-PKcs content and activity has previously been shown to correlate with 

radiosensitivity in lung, oesophageal and early breast cancer (Sirzen et al., 1999; 

Noguchi et al., 2002; Soderlund Leifler et al., 2010), but not nasopharyngeal cancer 

(Lee et al., 2005b). However, Beskow et al. (2006) found no difference in DNA-PKcs, 

Ku70 or Ku80 expression in cervical cancer patient biopsies before and following 

radiation, whereas Shintani et al. (2003) and Beskow et al. (2009) found that DNA-

PKcs and Ku proteins were upregulated after radiation treatment. The results presented 

in Chapter 5 demonstrated that NU7441 did not sensitise any of the multidrug-resistant 

cell lines to ionising radiation.  

The CCRF-CEM VCR/R cells were shown to have more total DNA-PK and ATM 

expression, and therefore resistant cells may upregulate DNA double-strand break repair 

enzymes to enable fast and complete repair of DNA damage. However, whether 

increased DNA-PK or ATM protein expression and activity confers sensitivity or 

resistance to small molecule inhibition in resistant cell lines is still to be proven; 

resistant cell lines could be more sensitive to treatment with small molecule inhibitors 

due to an increased dependency on these proteins, or conversely could be more resistant 

to inhibition due to the fact that there is more protein present in the cells. It is difficult to 

separate the effects of NU7441 and KU55933 on DNA-PK or ATM and MDR1 in 

determining the effect of MTAs on the multidrug-resistant cell lines; however, the lack 

of sensitisation to ionising radiation using NU7441 and KU55933 in the multidrug-

resistant cell lines suggests that DNA-PK and ATM do not play as large a role in the 

response of resistant cells to ionising radiation as they do in parental cells. Investigation 

of other DNA repair proteins such as ATR may reveal repair mechanisms responsible 

for the radio-resistance observed in these multidrug-resistant cell lines. The studies in 

Chapter 5 demonstrate that DNA-PK plays a role in the response of non-MDR1 

expressing cells to ionising radiation and that these cells can be sensitised using a DNA-

PK inhibitor, NU7441, but that ionising radiation sensitisation is lost in multidrug-

resistant cells. This contrasts with the enhancement in sensitisation with MTAs in 

multidrug-resistant cells which is most likely due to the dual DNA-PK and MDR1 

inhibition properties of NU7441.  
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To investigate further the expression of DNA-PK and ATM in parental and 

multidrug-resistant cells, the development of a resistant cell line would be useful as this 

would allow cells at different stages of resistance to be collected and changes in DNA-

PK and ATM expression and activity monitored as resistance evolved. Initial studies 

undertaken previously, generated a super-resistant version of the CCRF-CEM VCR/R 

cell line which had further increases in DNA-PK and ATM expression and activity (NJ 

Tan, unpublished results). Access to a panel of isogenic cell lines with increasing MTA 

resistance would allow investigation of DNA-PK and ATM inhibitor effects, using 

NU7441 and KU55933, in parallel with MDR1 modulation and provide further insights 

into the role of DNA-PK and ATM in the development of resistance to MTAs.   

 To provide more mechanistic evidence for the involvement of DNA-PK in 

mitosis, DNA-PK localisation and activation was examined in mitotic cells in Chapter 

7, and the effect of the absence of DNA-PK on spindle assembly studied. In line with 

previous studies, DNA-PK phosphorylated on T2609 co-localised with the mitotic 

protein PLK1 at mitotic structures such as the chromosomes in prometaphase and 

metaphase, the centrosomes and the midbody. The novel findings were that lack of 

DNA-PK, or inhibition using NU7441, resulted in an increase in aberrant mitotic events 

including chromosome misalignments, multipolar spindles and an increase in 

centrosome numbers in untreated, ionising radiation-treated or MTA-treated cells. An 

additional finding was that total DNA-PK expression was reduced in mitotic cells 

following vincristine treatment. As discussed in Chapter 1, many proteins, including 

DNA repair proteins, associate with or traffic along the microtubules, and DNA-PK 

may be trafficked along the microtubules before the commencement of mitosis; a 

process that could be disrupted by vincristine treatment leading to decreased DNA-PK 

expression in mitotic cells. The reduced total DNA-PK expression observed needs to be 

further investigated because cells in prometaphase and metaphase were found to have 

no detectable total DNA-PK expression whereas others had phosphorylated DNA-PK 

(T2609). Therefore, it is difficult to understand the time course of DNA-PK activation 

and reduced expression; for example, whether the protein is activated and then degraded 

or if there is reduced total protein before activation. The role of DNA-PK in mitosis in 

cells treated with vincristine is an important area for clarification if a DNA-PK inhibitor 

was to be used in combination with vincristine, and these studies should also be 

extended to investigate the role of ATM. 

Phosphorylated DNA-PK foci formation has been incorporated as a biomarker for 

the integrity of DNA repair pathways in pancreatic cancer, along with Rad51 foci, and 
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was found to be related to tumour response to radiotherapy, chemotherapy and overall 

survival in a recently completed clinical trial (NCT00900003, Clinicaltrials.gov (2014)). 

It will be interesting to see the results of this study in full because it suggests that 

phosphorylated DNA-PK foci could therefore be measured in patients with a wide 

variety of cancers or treatments if this initial trial finds a data correlation between DNA-

PK phosphorylation and outcome. It would be of interest to investigate the DNA-PK 

and ATM activity and expression by immunohistochemistry of phosphorylated DNA-

PK (Ser2056) and phosphorylated ATM (Thr2609) in xenograft models that have had 

no treatment or ionising radiation or MTA treatment.     

Due to the large range of functions and processes, such as hypoxia, genomic 

stability, inflammation, immune response and oxidative stress in which DNA-PK and 

ATM have been implicated, along with their roles in DNA repair, this work needs to be 

extended beyond in vitro cell line work. In vivo studieswill aid in understanding the 

effects of inhibition of these proteins. The development of more soluble compounds 

suitable for in vivo investigation would facilitate such studies. The complexity and 

heterogeneity of a tumour in situ cannot be modelled using a cell line growing in two 

dimensions in vitro. The effects of DNA-PK and ATM inhibition stretch far beyond 

DNA double-strand break repair to other tumour growth and signalling pathways, the 

comprehensive study of which requires three dimensional whole tumour models.  

In summary, this thesis has extended our understanding of the roles of DNA-PK 

and ATM by demonstrating the involvement of these proteins in the cellular response to 

MTAs. In turn, this understanding extends the therapeutic potential of targeting DNA-

PK and ATM. This thesis has provided insights into the pharmacology of NU7441 and 

KU55933; two well-established compounds used widely for in vitro work, and 

demonstrated that these two compounds interact with the drug efflux transporter, 

MDR1, to increase intracellular drug concentrations. 
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