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Abstract 

Constitutive activation of the ATM dependent DNA damage response and repair 

pathways have been reported in pre-malignant and malignant human tissues and may 

undermine the efficacy of genotoxic cancer therapies. Therefore, ATM inhibitors 

may overcome resistance to current cytotoxics and potentiate the effects of 

radiotherapy. A colorectal cancer model was investigated to develop a framework for 

the rational use of ATM inhibitors. 

 

HCT116 p21-/- cells display constitutive activation of the ATM DNA damage 

response but display a defect in the ionising radiation induced S-phase checkpoint, 

termed radioresistant DNA synthesis. This radioresistant phenotype is associated 

with increased basal levels of Cdc25A protein, deficient DNA damage-induced 

degradation of Cdc25A and Chk2 mis-localisation. HCT116 p21-/- and SW620 cells, 

which exhibit basal Chk2 threonine-68 phosphorylation, were unable to abrogate the 

S-phase checkpoint when treated with an ATM inhibitor, suggesting that the ATM–

Chk2 arm is non-functional in these cells: inhibition of ATM did not potentiate the 

efficacy of ionising irradiation.  

 

To assess activation of the pathway a tumour microarray was created using 179 

treatment naïve sporadic colorectal cancers; 152 were of the microsatellite stable 

phenotype. Phosphorylated Chk2 threonine-68 was present in 22 % of microsatellite-

stable colorectal tumours and 33 % of tumours with the microsatellite instability 

phenotype.  
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In a colorectal cancer cell line model constitutive activation of the ATM DDR 

pathway reflected an attenuated ATM-Chk2 axis and inhibition of ATM in these 

circumstances was unable to potentiate the efficacy of ionising irradiation. Basal 

Chk2 threonine-68 phosphorylation may reflect a deregulated ATM DNA damage 

response pathway and/or checkpoint adaption and therefore use of an ATM inhibitor 

in this background may have limited efficacy. 

 

A predictive model is proposed that integrates functionality of the ATM-Chk2 axis, 

p53 mutation status and defects in DNA repair pathways when considering ATM 

inhibitor therapy. Ultimately, molecular phenotyping and functional analysis of 

processes deregulated in cancer will permit individualisation of current treatment 

modalities, improving their efficacy and limiting patient toxicity. 
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Chapter 1. Introduction 

1.1 DNA Damage 

DNA damage occurs continuously in eukaryotic organisms and cells have developed 

sophisticated networks for dealing with this type of genotoxic insult. The purpose of 

such networks is to enable the cell to halt division (cell cycle arrest) and undergo 

DNA repair or programmed cell death (apoptosis) (Zhang et al., 2004). Defects in 

the DNA damage response (DDR), occurring in both recognition or repair pathways, 

will undermine genome integrity and allow the propagation of detrimental mutations. 

DNA damage can be induced by a variety of mechanisms, including physiological 

processes (i.e., reactive oxygen species and replication stress) and exogenous 

compounds such as ultraviolet (UV) radiation and cytotoxic therapies including 

ionising radiation (IR). The type of DNA damage created depends on the insult, but 

may include altered bases, single- and double-strand breaks (DSB), interstrand cross-

links and bulky DNA adducts (Norbury and Hickson, 2001). 

1.2 DNA Damage Response 

DDR pathways are highly conserved and much insight has been gained by studying 

the mechanisms in simple organisms (Sancar et al., 2004). The DDR pathway 

essentially has three components: sensors that recognise DNA damage, transducers 

that relay signals to effectors that execute the desired outcome (Figure 1.1) (Lukas et 

al., 2004b). The general principles of signal transduction are common; however, it is 

clear that more than one response pathway exists and that the response is dictated by 

the type and severity of DNA damage (Kastan and Bartek, 2004). Examples of 
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sensor proteins include replication protein A (RPA), breast cancer (type 1/2) 

susceptibility protein (BRCA1), the Rad family of proteins and the Mre11–Rad50–

Nbs1 (MRN) complex, which are all recruited early to the sites of DNA damage 

(Niida and Nakanishi, 2006). Phosphoinositide 3-kinase-related kinases (PIKK) 

comprise a family of proteins, including DNA-dependent protein kinase (DNA-PK), 

serine/threonine-protein kinase ataxia-telangiectasia mutated (ATM), 

serine/threonine-protein kinase ATM-Rad3 related (ATR); serine/threonine-protein 

kinase SMG1 (hSMG-1) and serine/threonine-protein kinase mammalian target of 

rapamycin (mTOR). These family members have been shown to have important roles 

in DNA damage recognition and repair (Abraham, 2004; Abraham, 2001; 

Lempiainen and Halazonetis, 2009; Russell, 1998; Shiloh, 2003). 

ATM is primarily involved in the recognition and processing of DNA DSB (see 

below), whereas ATR has a more pertinent role in the detection of UV-induced DNA 

damage and stalled replication forks that occur during DNA replication (Heffernan et 

al., 2002). However, this relationship is not definitive; in reality, both kinases have 

considerable overlap in activating DNA damage signalling and in their downstream 

substrates (Jazayeri et al., 2006). A large-scale proteomic analysis has indicated that 

over 700 proteins are phosphorylated in an ATM- and ATR-dependent manner in 

response to ionising radiation (IR) (Matsuoka et al., 2007). In separate publications, 

Bennetzen (2010) and Bensimon (2010) extended this panel of substrates using a 

mass spectrometry-based proteomics approach; they identified many thousands of 

protein phosphorylation events occurring in response to IR and radiomimetic 

treatments. ATM and ATR were originally considered to be direct sensors of DNA 

damage yet recent data has suggested that they are in fact activated by 
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intermediaries: the MRN trimeric complex and RPA–ATRIP (ATR-interacting 

protein)–ATR that bind to sites of double- and single-strand DNA breaks, 

respectively (Zou and Elledge, 2003). Jazayeri et al.(2006) have since confirmed that 

IR (which induces DSB) efficiently induces checkpoint kinase 1 (Chk1) serine-317 

phosphorylation and requires functional ATM, ATR and Nbs1. Specifically, ATM 

and Mre11–Nbs1 cooperate in RPA focus formation, thus facilitating ATRIP–ATR 

recruitment and subsequent Chk1 phosphorylation . In general, transducer molecules 

are kinases such as ATM, ATR, Chk1 and checkpoint kinase 2 (Chk2) that amplify 

the initial signal and activate effector molecules. Effector proteins include p53, 

which controls G1/S-phase cell cycle arrest, and phosphatases involved in G2 arrest. 

hSMG-1 is the newest member of the PI3K family to be discovered and appears to 

have dual roles in DNA damage sensing and quality control of mRNA prior to 

protein translation (Abraham, 2004). DNA-PK has a defined role in both DNA repair 

and apoptotic mechanisms but has yet to be implicated in DNA damage recognition 

cascades (Burma and Chen, 2004). The outcome of the DDR is the activation of cell 

cycle checkpoints, to allow adequate time for DNA repair processes or the induction 

of apoptosis, if the DNA repair processes are inefficient (Shiloh, 2006). 

1.3 DNA Damage Responses to Double Strand Breaks 

1.3.1 DNA damage sensing 

DSB comprise one of the most detrimental types of DNA damage; they occur 

frequently as a result of exogenous insults such as ionising radiation or cytotoxic 

agents and endogenously via reactive oxygen species and mechanical stress on 

chromosomes (Carney et al., 1998; Dasika et al., 1999). DSB have an essential 

physiological role in V(D)J recombination during the development of the immune 
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system. They also occur during DNA synthesis when replication forks arrest and 

collapse (Kuzminov, 2001a; Kuzminov, 2001b) and as a therapeutic consequence of 

cytotoxic chemotherapy that creates interstrand cross-links or other structural 

modifications to DNA (Sancar et al., 2004). Many proteins, including the MRN 

complex, histone 2A (H2A), tumor suppressor p53-binding protein 1 (53BP1), 

BRCA1 and mediator of DNA damage checkpoint protein 1 (MDC1) (Bekker-Jensen 

et al., 2006; DiTullio et al., 2002; Schultz et al., 2000), are rapidly recruited to the 

sites of DNA DSB  (or chromatin alterations), forming complexes termed foci (Lisby 

and Rothstein, 2005). Their precise roles and positions within the damage-sensing 

cascade remain under investigation. Emerging data has suggested that access to 

condensed chromatin is tightly regulated and additional mechanisms exist to allow 

the DDR to access damage chromatin in a highly organised manner E3 ubiquitin-

protein ligase RNF8nuclease complex (Kitagawa et al., 2004). The MRN complex 

has been shown to aid the recruitment and activation of ATM at sites of DNA 

damage (Carson et al., 2003; D'Amours and Jackson, 2002; Falck et al., 2005; Lee 

and Paull, 2005; Uziel et al., 2003). Current data suggest that the Mre11–Rad50 

dimer translocates to the sites of DNA damage and association with Nbs1 creates a 

bridge for the attachment of ATM (Assenmacher and Hopfner, 2004; Carney et al., 

1998; Cerosaletti and Concannon, 2004; Falck et al., 2005; Lavin, 2004) and linkage 

to MDC1 bound to damaged chromatin (Lukas et al., 2004a). ATM phosphorylates 

H2AX (Stucki and Jackson, 2006) and creates a further focus for the attachment of 

MDC1(Xie et al., 2007);  subsequently recruiting E3 ubiquitin-protein ligase RING 

finger protein 8 (RNF8) as part of a ubiquitylin signalling cascade (Lukas et al., 

2011). RNF8 ubiquitinylates H2AX creating a focus for the stable attachment of 
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oligomerised 53BP1 (Kolas et al., 2007; Mailand et al., 2007). 53BPI in turn 

stimulates ATM activity through the MRN complex resulting in amplification of the 

ATM signal (Lee and Paull, 2007). This function appears to be important at the early 

stages of low-level DNA damage (Cerosaletti and Concannon, 2004). Nbs1 itself is a 

target for ATM phosphorylation (on serine-278 and serine-343); this appears to be a 

prerequisite for the activation of DNA damage checkpoints (S phase and G2/M) 

(Falck et al., 2005; Lim et al., 2000; Zhao et al., 2000), as well as facilitating ATM-

dependent phosphorylation of downstream substrates such as Chk2, FAND2, histone 

H2A and structural maintenance of chromosomes protein 1 SMC1 (Assenmacher and 

Hopfner, 2004).  

 

The MRN complex is involved not only in DSB signalling with ATM but also in 

DSB repair, maintenance of the S-phase checkpoint and telomere stability (Lavin, 

2004; Shiloh, 2001). Ataxia telangectasia is an autosomal recessive condition in 

which the ATM gene is mutated (Gatti et al., 1988)  (see below). The Ataxia-

telangectasia-like disorder (ATLD) bears a striking clinical resemblance to ataxia-

telangectasia (AT) and is caused by a defect in the MRE11A gene (Stewart et al., 

1999). Similarly, Nijmegen breakage syndrome (NBS), which is caused by a mutated 

NBM gene, displays some clinical features resembling the AT phenotype, but is also 

characterised by developmental defects (Carney et al., 1998; Varon et al., 1998). 

MRE11A and NBN mutations are hypomorphic (mutations that partially inactivate 

the gene), and null phenotypes of any component of the MRN complex lead to early 

embryonic lethality (Luo et al., 1999; Xiao and Weaver, 1997; Zhu et al., 2001), thus 

highlighting their essential role in cell survival. 



 28 

1.3.2 Signal transduction 

ATM is a nuclear protein kinase that orchestrates the response to DNA DSB; much 

of this data has been deduced by studying genomic instability syndromes. The ATM 

gene, located on chr11q22.3 (Gatti et al., 1988), is mutated in the autosomal 

recessive disorder AT that is characterised by extreme sensitivity to radiation (and 

other agents causing DSB) and susceptibility to developing malignancies, especially 

those of lymphoid origin (Savitsky et al., 1995). Cells from AT patients are defective 

in processing DSB and in DNA damage checkpoint controls (Meyn, 1995; Shiloh, 

2003). ATM homozygotes have chromosomal instability, associated with 

gaps/breaks, translocations involving the T cell receptor locus, telomere–telomere 

fusions, reduced telomere length and increased rates of intrachromosomal 

recombination (Enoch and Norbury, 1995; Kirsch, 1994). AT cells also display 

radioresistant DNA synthesis, a consequence of the failure to activate the S-phase 

checkpoint control in response to ionising radiation (Houldsworth and Lavin, 1980; 

Painter and Young, 1980; van den Bosch et al., 2003). 

Elegant studies by Bakkenist and Kastan (2003) revealed that ATM is a 350 kDa 

nuclear protein kinase, which exists as an inactive homodimer that rapidly 

dissociates and autophosphorylates at serine-1981 following low-dose ionising 

radiation. A conformational change then allows dimer dissociation and formation of 

ATM monomers. Their initial hypothesis suggested that ATM activation occurs in 

response to subtle changes in the highly organised structure of DNA (i.e., chromatin 

alterations); however, emerging data has confirmed that the MRN  trimeric complex 

is an important intermediary in ATM activation (Carson et al., 2003; D'Amours and 
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Jackson, 2002; Lee and Paull, 2004; Lee and Paull, 2005; Petrini, 2000; Uziel et al., 

2003; Zhao et al., 2000). 

 

1.3.3 Effector pathways 

The DDR to DSB is complex and remains an area of intense investigation. 

Components (sensors, transducers and effectors) of the DDR pathways appear to 

have multiple roles, both upstream and downstream of ATM. The role of activated 

ATM is discussed with particular reference to the cell cycle, as many of its substrates 

are involved in cell cycle arrest, DNA repair, apoptosis and senescence. 

 

1.3.4 Cell cycle arrest 

During normal cellular growth, entry into the cell cycle is dependent on cyclin–Cdk 

(cyclin-dependent kinase) complexes, termed replication checkpoints, that monitor 

various aspects of DNA synthesis (Vermeulen et al., 2003). Eukaryotic cell division 

is divided into four stages: mitosis (M), gap1 (G1), DNA synthesis (S) and gap2 (G2) 

phases. In the G1 phase, cells are preparing for DNA synthesis; at G1, cells may exit 

into G0 if the conditions for cell division are unfavourable. G1 also contains a 

mitogen-dependent restriction checkpoint, or the point of no return: if mitogens are 

limited before G1 phase, then cells enter G0; conversely, if essential components are 

limited after this phase, then cells continue their progression through the cell cycle. 

DNA synthesis occurs during S phase, which is followed by G2 phase, in which cells 

prepare for mitosis. Finally, cells undergo cell division during M phase. During 

normal cellular growth, entry into and progression through the cell cycle is tightly 

regulated and dependent on a series of serine/threonine kinases termed Cdks, which 
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bind activating partners termed cyclins (Sherr and Roberts, 1995). Cdk levels are 

relatively stable throughout the cell cycle, but the expression of cyclins fluctuate 

(Diehl et al., 1997), regulating cdk-cyclin kinase activity. As well as requiring cyclin 

partners, Cdks must be phosphorylated on specific residues by the Cdk7–cyclin H 

complex [termed the Cdk-activating kinase (CAK)] for full activation (Malumbres 

and Barbacid, 2005). In addition to these control mechanisms, a third level of 

regulation is provided by the Wee1 and Myt1 kinases, which inactivate Cdks by 

phosphorylating residues threonine-14 and tyrosine-15, respectively (Watanabe et 

al., 1995). Inactivating phosphorylation at these sites must be removed by the Cdc25 

dual specificity phosphatases (subtypes A, B and C) to allow programmed entry into 

the cell cycle (Hoffmann et al., 1994; Russell and Nurse, 1986). Additional 

constraints are provided by other inhibitory proteins, designated Cdk inhibitors. 

There are two major families: members of the INK family group bind to Cdk4 and 

Cdk6, thereby preventing association with cyclin D; and cip/kip family members, 

including p21, universally inhibit Cdk/cyclin complexes. p21 can also inhibit DNA 

synthesis by binding to the proliferating cell nuclear antigen (PCNA), a subunit of 

DNA polymerase delta. Under mitogenic stimuli, G1 cell cycle entry is initiated by 

cyclin D binding to Cdk4 and Cdk6 (Figure 1.2). The active Cdk4–Cdk6–cyclin D 

complex phosphorylates the retinoblastoma (Rb) protein, thus allowing the release 

and activation of E2F transcription factors, which leads to the transcriptional 

upregulation of proteins necessary for S-phase progression, including Cdc25, cyclin 

A and cyclin E (Sherr and Roberts, 1995; Vigo et al., 1999; Weinberg, 1995). The 

subsequent formation of the Cdk2–cyclin E complex initiates DNA synthesis at the 

G1/S transition point (Hoffmann et al., 1994; Jinno et al., 1994). Further, cyclin A-
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dependent Cdks control initiation of DNA replication by activating DNA polymerase 

alpha primase. Once DNA synthesis is complete, Cdk1 becomes the dominant Cdk, 

binding first to cyclin A and then to cyclin B1 during mitosis. 

Despite the level of complexity in the regulation of cellular division, additional 

protective mechanisms termed DNA damage checkpoints delay cell cycle 

progression to allow the repair of damaged DNA (Figure 1.2), thus preventing the 

propagation of mutations (Russell, 1998). Checkpoint proteins negatively regulate 

the cell cycle in response to DNA damage (Enoch and Norbury, 1995). Four DNA 

damage checkpoints function in different parts of the cell cycle: G1/S checkpoint 

(pre-DNA synthesis), intra-S phase checkpoint (during DNA synthesis), G2/M 

checkpoint (pre-mitosis) and the mitotic or spindle checkpoint (during M phase). In 

response to DSB, ATM and ATR coordinate phosphorylation of Chk1 and Chk2. 

Chk2 levels are relatively constant during the cell cycle; in contrast, Chk1 levels are 

low in early G1 and rise to a maximum in S phase. 

1.3.4.1 G1/S phase 

The G1/S checkpoint prevents replication of damaged DNA through the activation, 

stabilisation and accumulation of p53 in response to IR via the ATM and other 

pathways. ATM phosphorylates Chk2 on threonine-68 (Ahn et al., 2000; Matsuoka 

et al., 1998); in turn, activated Chk2 phosphorylates p53 on serine-20, which inhibits 

p53 binding to E3 ubiquitin-protein ligase Mdm2 (Mdm2) (Bartek and Lukas, 2003; 

Chehab et al., 2000; Craig et al., 2003; Falck et al., 2001; Hirao et al., 2000; Shieh et 

al., 2000; Shieh et al., 1997). Mdm2 is a negative regulator of p53 that functions by 

(1) binding to the transactivation domain of p53 and inhibiting its transcriptional 
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activity, (2) exporting p53 from the nucleus and (3) targeting p53 for ubiquitin-

mediated proteolysis (Dasika et al., 1999; Haupt et al., 1997; Kubbutat et al., 1997; 

Momand et al., 2000). ATM phosphorylation of Mdm2 at serine-395 prevents the 

nuclear export of p53. Hence, the accumulation of nuclear p53 activates the gene 

encoding p21 an inhibitor of cdks (e.g., Cdk2–cyclin E), resulting in G1 arrest 

(Brugarolas et al., 1999). Additionally, direct ATM phosphorylation of p53 serine-15 

induces an allosteric change that enables the binding of p300, thereby stabilising and 

further enhancing the transcriptional activity of p53 (Dornan and Hupp, 2001; Kastan 

and Lim, 2000). Two further p53-inducible genes encode 14–3-3σ and Gadd45; these 

inhibitory proteins are suspected to be involved in G2 arrest following DNA damage 

(see below). The protein Mdm4 is an mdm2 homologue that is also able to bind p53 

and inhibit its transcriptional activity. ATM-induced p53 phosphorylation of Mdm4 

at serine-403 and Chk2-dependent phosphorylation at serines 342 and 367 promote 

its Mdm2-dependent ubiquitination and degradation (Chen et al., 2005c). Mdm4 

serine-367 phosphorylation facilitates its interaction with the 14-3-3 protein, which is 

essential for the regulation of Mdm4 (LeBron et al., 2006). The induction of multiple 

genes following DNA damage can take several hours; therefore, the initial rapid 

cellular response is mediated by Cdc25A degradation (Busino et al., 2003; Donzelli 

et al., 2002; Jin et al., 2003). ATM-dependent Chk2-mediated degradation of 

Cdc25A is an important axis of the G1/S-phase DNA damage checkpoint. Cdc25A is 

a dual specificity phosphatase that removes inhibitory tyrosine and threonine 

phosphorylation from the Cdk2–cyclin E complex, thus promoting S-phase entry. 
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1.3.4.2 S phase 

The S-phase checkpoint is less well characterised but appears to function when DNA 

is damaged during the early stages of DNA synthesis. In ATM-deficient cells this 

checkpoint is defective, which allows the cells to continue DNA synthesis in the 

presence of DNA damage, a phenomenon termed radioresistant DNA synthesis. 

There appear to be two distinct S-phase checkpoints, depending on the type of DNA 

damage incurred during DNA synthesis. However, both inhibit the initiation of 

replicons, the structures at which replication occurs (Kastan and Lim, 2000). The 

first checkpoint involves Cdc25A phosphatase inactivation, which inhibits cyclin E–

Cdk2 and causes cell cycle arrest. This mechanism is orchestrated by either an ATR–

Chk1-dependent pathway (e.g., by stalled replication forks), involving ATRIP, RPA 

and the Rad family of proteins (Osborn et al., 2002), or the ATM–Chk2-dependent 

pathway (Bartek et al., 2004; Bartek and Lukas, 2003; Mailand et al., 2000). The 

second checkpoint pathway involves ATM-dependent phosphorylation of Nbs1 on 

serine-343 (Gatei et al., 2000b; Lim et al., 2000) and phosphorylation of cohesin 

protein SMC1 following IR-induced DSB (Heffernan et al., 2002; Kastan and 

Bartek, 2004; Shiloh, 2003). Much of the role of Nbs1 during S phase has been 

deduced by analysing the differences between AT and NBS cells. Zhao et al. (2003) 

showed that ATM complementation in AT cells restored Nbs1 serine-343 

phosphorylation after IR. In addition, substitution of Nbs1 serine-343 (and serine-

278) site with an alanine residue failed to correct the radioresistant DNA synthesis in 

S phase when transfected into NBS cells. Similarly, Wu et al. (2000) and Lim et al. 

(2000) noticed a slower migration of p95/Nbs1 by SDS gel electrophoresis after 

irradiation and demonstrated that this effect was due to phosphorylation. Nbs1 
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phosphorylation is delayed in irradiated AT cells (occurring after 24 h) but is 

restored to within 30 min following the expression of functional ATM protein. 

1.3.4.3 G2/M phase 

The final G2/M checkpoint serves to repair DNA damage that occurs during DNA 

synthesis and prevent the segregation of damaged chromosomes during mitosis 

(Dasika et al., 1999). The nuclear serine/threonine kinase Chk1 (and to a lesser 

extent, Chk2) has a major role in the G2/M phase checkpoint by preventing 

premature mitotic entry following IR (Matsuoka et al., 1998). Chk1 is 

phosphorylated on serines 345 and 317 by ATM and ATR, respectively. Both Chk1 

and Chk2 phosphorylate and inactivate the dual specificity phosphatase Cdc25C that 

maintains the G2-phase progression by dephosphorylating and activating cyclin B–

Cdc2. Cdc25C phosphorylation on serine-216 creates a binding site for the 14–3-3σ 

protein and Cdc25C–14-3-3σ complex undergoes nuclear export, leading to 

cytoplasmic sequestration of Cdc25C and thereby activating the G2/M checkpoint 

(Lopez-Girona et al., 1999). The product of the p53-induced gene, GADD45, 

interferes with cyclin B–Cdc2 association, inhibits Cdc2 kinase activity and leads to 

cytoplasmic sequestration of cyclin B, thus augmenting G2 arrest (Jin et al., 2002; 

Zhan et al., 1999). 

 

1.3.5 DNA double strand break repair 

In humans, DSB are repaired by homologous recombination (HR), nonhomologous 

end joining (NHEJ) and single-strand annealing (Khanna and Jackson, 2001). NHEJ 

is believed to be the dominant process in mammalian cells and occurs throughout the 

cell cycle, whereas HR usually occurs during the S and G2 phases (Tauchi et al., 
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2002). During HR, the complementary strand of the homologous chromosome acts as 

a template for the damaged chromosome and allows error-free repair, thus 

maintaining genomic integrity (Haber, 2000; Johnson and Jasin, 2001). HR is also 

regulated during the cell cycle (Valerie and Povirk, 2003). Nonhomologous repair 

involves excising the damaged DNA and ligating the cut ends of the single-strand 

DNA (Takata et al., 1998). However, unlike HR, this process is error prone and can 

lead to deletion of tumour suppressor genes, amplification of oncogenes (by 

removing inhibitory signals) or translocations that deregulate or alter the functions of 

proto-oncogenes, thus predisposing to tumorigenesis (Hefferin and Tomkinson, 

2005). Defective DNA damage repair mechanisms promote genetic instability, 

including major chromosomal translocations (Richardson and Jasin, 2000).  

The direct involvement of ATM in DNA repair is less well characterised. In response 

to DSBs, ATM requires to process the DNA lesions resulting in the downstream 

activation of ATR-Chk1 (Bensimon et al., 2010; Cuadrado et al., 2006; Jazayeri et 

al., 2006). This modulation may facilitate the cell cycle stage dependent recruitment 

of the MRN complex and other nucleases to direct cell cycle arrest and DNA repair 

(Jazayeri et al., 2006; Xu et al., 2002; Yang et al., 2004; Yarden et al., 2002).  It may 

also explain the topography of ATR-Chk1 activation in ATM deficiency following 

the generation of DNA DSBs (Bekker-Jensen et al., 2006; Byun et al., 2005; Myers 

and Cortez, 2006).  

Other components of the DDR signalling cascade have more fundamental roles in 

DNA repair 53BP1 and BRCA1 appear to have opposing roles. 53BP1 has an 

essential role in directing the type of DNA repair that is undertaken. In G1 it prevents 
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the resection of the damaged ends promoting direct ligation by the NHEJ pathway 

(Chapman et al., 2012). ATM involvement in DNA repair may also be mediated by 

Chk2 phosphorylation of BRCA1 on serine-988; BRCA1 is involved in both HR and 

NHEJ (Burma et al., 2006; Cortez et al., 1999; Gatei et al., 2000a; Zhang et al., 

2004). Upon entry into S phase, BRCA1 appears to exclude 53BPI bound complexes 

from the double strand break thus promoting extensive resection of the damaged 

ends in preparation for HR. (Escribano-Diaz et al., 2013). A similar re-arrangement 

of proteins occurs in G2 phase cells whereby BRCA1 displaces 53BP1 facilitating 

the POH1 dependent removal of RAP80 allowing ubiquitin chain degradation in 

preparation for DNA end terminal resection and subsequent HR (Kakarougkas et al., 

2013).  

NBS1 is also as an essential component of HR but not of NHEJ (Tauchi et al., 2002). 

NHEJ is directed by DNA-PK; however, it has been demonstrated that ATM 

phosphorylates and may activate Artemis. Artemis is one of the many proteins that is 

mutated in severe combined immunodeficiency (SCID), which displays defects in 

DNA repair (Jeggo and Lobrich, 2005).  

 

1.3.6 Apoptosis 

Apoptosis or programmed cell death (Kerr et al., 1972) is an evolutionary conserved 

mechanism that normally occurs during embryo development and in response to 

cellular stresses (Rich et al., 2000). However, the aberrant activation of this process 

is also associated with cancer, autoimmune conditions, inflammatory diseases and 

infections. Apoptosis occurs when DNA repair mechanisms are unable to resolve 

damaged DNA. DNA damage can activate the extrinsic death receptor pathway 



 37 

(tumor necrosis factor receptor superfamily member 6, caspases) and/or the intrinsic 

mitochondrial pathway (B cell lymphoma-2 protein family) (Roos and Kaina, 2006). 

ATM induces the direct (p53 serine 15) (Shieh et al., 2000) and indirect 

phosphorylation of p53 (serine 20) and Mdm2, resulting in increased levels of p53 

protein (Canman et al., 1998). Increased p53 activation can result in the 

transcriptional regulation of both anti and pro apoptotic genes with dual roles in 

promoting DNA repair and delivering apoptosis dependent on the DNA lesion (Roos 

and Kaina, 2013).  

 

In addition to the established role of ATM-p53 in apoptosis, ATM has been 

implicated in the in vivo activation of the nuclear transcription factor nuclear factor 

KappaB (NF-κB) an anti-apoptotic mediator (Piret et al., 1999). NF-κB activity is 

tightly regulated in the cytoplasm by an inhibitor factor κappaB (IκB) that conceals 

the nuclear localisation signal (Karin and Ben-Neriah, 2000; Molitor et al., 1990). 

Following the generation of DNA DSB, NF-κB essential modulator (NEMO) is 

anchored at sites of DSBs promoting ATM dependent phosphorylation and other post 

translational modifications of NEMO (Huang et al., 2003). The subsequent ATM-

NEMO composite relocates to the cytoplasm and activates Inhibitor factor κappaB 

kinase (IKK) (Brzoska and Szumiel, 2009). IKK phosphorylates IκB identifying IκB 

for ubiquitinlation and degradation hence, the nuclear localisation signal is revealed 

and NF-κB translocates to the nucleus (Karin and Ben-Neriah, 2000). The 

physiological significance of the detailed signalling hierarchy requires to be assessed 

in the development of human cancers. 
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The majority of earlier chemotherapeutic drugs have focussed on inducing DNA 

damage to induce apoptotic pathways/cytotoxic cell death; the realisation that loss of 

function of p53 occurs in the majority of cancers may limit this approach. An 

alternative mechanism of cancer therapy involves the induction of permanent growth 

arrest termed senescence, discussed next.  

 

1.3.7 Senescence 

Senescence is defined as an irreversible growth arrest in the G1 cell cycle phase, but 

not the arrest of cellular/metabolic functions, suppressing cancer development in 

vitro. Senescence can be activated by loss of replicative ability (telomere induced) 

and stress induced; both forms are characterised by altered cellular morphology, gene 

expression and activation of the DDR and tumour suppressors (Harley et al., 1990; 

Schmitt et al., 2007). Stress induced senescence is considered to be the predominant 

form in cancer robustly stimulated by the p53/p21 and retinoblastoma (Rb) protein 

pathways (Ben-Porath and Weinberg, 2005). The senescent phenotype requires 

continuing signalling through the DDR pathways including chromatin alterations and 

γ-H2AX foci (Bartkova et al., 2006; Passos et al., 2010). Initially described as a 

barrier to carcinogenesis, senescent cells can also develop a senescent associated 

secretory phenotype, stimulating the neighbouring matrix and microenvironment to 

promote neoplastic transformation in vitro (Coppe et al., 2010). The induction of 

cellular senescence following cytotoxic drug administration in cultured cells is an 

alternative high risk strategy to restrict disease progression (cytostatic therapy) as 

cells can theoretically re-enter the cell cycle (Saretzki, 2010). The combination of 

genotoxic therapy to induce premature senescence and abrogation of senescence by 
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ATM inhibition may improve drug cytotoxicity (Crescenzi et al., 2008) in certain 

cancers. However, cancer cells are inherently programmed to continually adapt and 

progress by several mechanisms including the engagement of redundant pathways.  

 

1.3.8 Redundancy 

High throughput analyses of cancer models and tissues interrogating cancer addiction 

to functional pathways have permitted the rational design of specific targets for 

cancer therapy. Yet, inherent redundancy between these dynamic processes and 

feedback loops can limit the efficacy of targeted treatment. Targeted therapy can be 

ineffective for multiple reasons including second mutation in the target, mutations in 

downstream molecules and up regulation of redundant processes or pathways. This 

has been elegantly demonstrated in patients with colorectal cancer treated with 

epidermal growth factor receptor antagonists who can subsequently develop and/or 

potentiate mutations in downstream genes, KRAS and BRAF, resulting in therapy 

resistance (Diaz et al., 2012; Misale et al., 2012).  

 

Similarly, the PIKKs share substrate specificity during DNA damage and repair but 

are distinct in their response to the type of DNA lesions, activation signals, and 

kinetics (Culligan et al., 2006; Falck et al., 2005; Helt et al., 2005). ATM primarily 

responds to DNA double strand breaks and ATR to single stranded DNA coated with 

replication protein A; however, these DNA lesions have been shown to be 

interchangeable suggesting redundancy between the kinases (Cimprich and Cortez, 

2008; Reaper et al., 2011). The redundancy can exist at multiple levels including the 

checkpoint kinases 1 and 2 (Bartek and Lukas, 2003; Bekker-Jensen et al., 2006; 



 40 

Brown and Baltimore, 2003; Shieh et al., 2000) and DNA repair proteins (see section 

1.3.5 DNA Repair).  

 

ATR responds to DSB, although to a lesser extent than ATM, and both ATM and 

ATR phosphorylate common substrates (Bartek and Lukas, 2003; Brown and 

Baltimore, 2003; Shiloh, 2003). Overexpression of ATR can partially rescue the 

phenotype of ATM deficiency (Cliby et al., 1998) and ATR has been shown to be 

constitutively activated in cells that lack functional ATM (Khanna and Jackson, 

2001) serving as a “back-up” pathway functioning in the absence of ATM (Shiloh, 

2003). Conversely, ATM does not appear to rescue an ATR deficiency phenotype as 

demonstrated by the embryonic lethality of ATR null and genotoxic sensitivity of 

ATR hypomorphic mutations in vitro (Brown and Baltimore, 2003; Gamper et al., 

2013; Lewis et al., 2005; Nghiem et al., 2001; Wright et al., 1998). 

 

hSMG-1 can also phosphorylate Chk2, H2A and p53 in response to IR; however, 

detailed analysis this effect remains under investigation (Abraham, 2004). 

1.4 DNA Damage Response and Cancer 

1.4.1 Cancer Susceptibility and DNA damage response 

Patients with the related inherited conditions, AT, ATLD and NBS, are all 

susceptible to cancer development (Jaspers et al., 1988; Kastan and Bartek, 2004). 

Inactivating ATM mutations have also been reported in a selection of sporadic 

malignancies (Shiloh, 2003). Promoter hypermethylation leads to gene silencing and 

has been seen in key genes (APC, ATM and those related to DNA MMR) implicated 

in colon cancer at the adenoma stage (Bai et al., 2004). In cases of ATM 
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hypermethylation, there was an association with reduced protein expression. Female 

ATM heterozygotes have an increased risk of breast cancer (Bernstein et al., 2002; 

Heikkinen et al., 2005; Renwick et al., 2006). One per cent of the general population 

are ATM heterozygotes, and these individuals have a 3–5-fold increased risk of 

developing cancer if they have a blood relative with ataxia-telangiectasia (Swift et 

al., 1991). In addition; downstream targets of ATM such as Chk2 and p53 are 

implicated in cancer development (Bartkova et al., 2004; Bartkova et al., 2005b). 

CHEK2 mutations have been reported in a subset of families diagnosed with Li-

Fraumeni syndrome without concomitant TP53 mutations (Lee et al., 2001). 

Mutations within the noncoding region of the MRE11A gene have been reported in 

colorectal (Giannini et al., 2002), endometrial, ovarian (Giannini et al., 2004), 

stomach (Ottini et al., 2004) and lymphoid malignancies (Ham et al., 2006). This 

relationship suggests that the DDR protects against the development of cancer. 

1.4.2 DNA damage response biomarkers 

The functional assessment of the DDR in cancer is limited by the ability to study 

these dynamic processes during cancer development and treatment. Therefore, 

biomarkers that can objectively measure the biological processes (BDWG, 2001) in 

the DDR are urgently required. One such method may be the analysis of the 

downstream signalling molecules using immunohistochemistry in normal and cancer 

specimens. A large study evaluated the expression and activation of both ATM and 

Chk2 in normal tissues (Bartkova et al., 2005a). Only two tissues demonstrated 

significant ATM and Chk2 phosphorylation: the bone marrow and testis, both sites of 

V(D)J recombination. Gorgoulis et al. (2005) determined activation of the DDR 

pathway in human lung hyperplasia and adjacent normal tissue via examining γ-
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H2AX and Chk2 phosphorylation, 53BP1 localisation and p53 protein levels. They 

reported that the DDR pathway was not activated in normal tissue but was activated 

in hyperplastic lung tissue, which also showed evidence of apoptosis. Similarly, the 

pathway was activated in dysplastic and cancerous tissue, although with less 

apoptosis compared with hyperplastic lung tissue. The apparent reduction in 

apoptosis was thought to represent nonfunctional p53 (mutant p53 or reduced wild-

type p53 protein expression). Bartkova et al. (2004) used a similar approach in 

human urinary bladder cancer, premalignant bladder cancer and normal tissue. They 

demonstrated activation of the ATM pathway (via ATM, Chk2, γ-H2AX and p53 

phosphorylation) in preinvasive cancers of the bladder, breast, colon and lung 

(Bartkova et al., 2005b), suggesting that the activation of the pathway limits the 

progression of lesions and prevents malignant transformation. Moreover, ATM and 

Chk2 activation preceded TP53 mutations and genetic instability was associated with 

ATM and Chk2 defects (Bartkova et al., 2005b). A subset of surgically resected 

breast, lung (DiTullio et al., 2002) and bladder (Bartkova et al., 2004) cancers from 

untreated patients showed Chk2 phosphorylation in the absence of DNA damage. 

However, in approximately 10% of bladder cancer patients in the Bartkova study, an 

absence of Chk2 phosphorylation was also observed, thus linking Chk2 inactivation 

to bladder cancer invasion. Activation of this pathway may be tissue specific, as 

Bartkova et al. (2005a) demonstrated a reduced degree of ATM–Chk2 pathway 

activation in testicular germ cell tumours. Activation of DDR in the early stages of 

prostate cancer has also been identified. Thirty-five primary prostate cancers were 

analysed immunohistochemically and increased levels of phosphorylated ATM and 

Chk2 were demonstrated in preinvasive cancers (intraepithelial neoplasias) compared 
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with normal prostate tissue and carcinomas (Fan et al., 2006). Nuciforo et al. (2007) 

also confirmed these findings in studies into lung cancer development: 

phosphorylated forms of ATM and Chk2 were present in inflamed tissue and 

preinvasive lung specimens, but gradually diminished as cancers progressed. 

It is not known why the ATM-dependent DDR pathway is activated in premalignant 

lesions and lost during cancer development. Current hypotheses suggest that it may 

be a consequence of (1) replication stress in rapidly growing cancer cells, (2) 

telomere dysfunction or (3) a physiological response that acts as an anti-cancer 

barrier (Bartkova et al., 2005b; Gorgoulis et al., 2005). Cells with constitutively 

activated DDR pathways would be expected to undergo prolonged cell cycle arrest or 

cellular senescence. It is speculated that activation of the DDR pathway in some 

cancers may select for mutations in genes involved in DNA damage cell cycle 

checkpoints, DNA repair, cellular senescence and apoptosis, thus driving cancer 

progression (Bartkova et al., 2004; DiTullio et al., 2002). Zoppoli et al. (2012) 

analysed the National Cancer Institute panel of 60 cell lines and concluded that Chk2 

threonine-68 phosphorylation was only present in cancer cell lines with a 

concomitant TP53 mutation. As expected, increased basal Chk2 phosphorylation also 

correlated with an abnormal number of chromosomal arrangements (i.e., instability) 

and was associated with downregulation of DNA repair proteins. This was 

interpreted as reflecting an activated DDR when DNA repair pathways are 

compromised, presumably due to either an increased burden of DNA damage or a 

compensatory increase in parallel redundant DNA repair pathways. In breast cancers, 

mutant TP53 status appears to be associated with an intact ATM signal transduction 

pathway (but without evidence for activation) and wild-type TP53 is associated with 
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a defective ATM pathway (Craig and Hupp, 2004). The inverse correlation between 

ATM functionality and TP53 status suggests that the progression of these cancers is 

independent of the signals for cell cycle arrest via the DDR pathway, but may also 

indicate the presence of functional prosurvival repair pathways that are amenable to 

therapeutic manipulation. As a model to study the DDR process in detail, colorectal 

cancer has a defined sequence of progression from adenoma to carcinoma, including 

alterations in the DDR and also has a particular type involving deficiencies in the 

DNA mismatch repair system. (Bartkova et al., 2005b). 

1.5 DNA Damage Response in Colorectal Cancer 

1.5.1 DDR & molecular phenotype of colorectal cancer 

Colorectal cancer is a multistep process, showing progression from adenoma to 

carcinoma by the accumulation of defects in genes that regulate cell survival and 

apoptosis (Figure 1.3) (Lane and Crawford, 1979). Additionally, it is a well 

characterised model to study the DDR as multiple important DDR components are 

deregulated in isolation during the development of colorectal cancer. The proportion 

of colorectal cancers with intact and functional DDR pathways is unknown. 

Historically, there are two main types of genetic aberrations in colorectal cancer: 

chromosomal instability (referring to the gross rearrangement of whole 

chromosomes), which is commonest in sporadic cancers; and microsatellite 

instability (MSI) that accounts for over 90% of hereditary nonpolyposis colon 

cancers (HNPCC) (Lengauer et al., 1998; Wheeler et al., 2000) and up to 15% of 

sporadic tumours (Lynch et al., 1993). 
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Chromosomal instability is a prominent feature of sporadic cancers, in which 

mutations in several genes, including APC, KRAS and TP53, lead to the development 

of invasive cancer (Li et al., 2003). Moreover, replication stress associated 

chromosomal instability resulted in a positive feedback loop increasing the number 

of chromosomal instability lesions (Burrell et al., 2013). Loss of heterozygosity in the 

short arm of chromosome 11 (Connolly et al., 1999; Konstantinova et al., 1991), as 

well as in chromosome 17p and 17q21, has frequently been reported in colon cancer. 

This locus contains genes encoding ATM (Rasio et al., 1995; Sugai et al., 2001; 

Uhrhammer et al., 1999), CHEK1 (Sanchez et al., 1997), TP53 (Lane and Crawford, 

1979) and BRCA1 (Garcia et al., 2003) respectively that are involved in the DDR. 

Promoter hypermethylation and subsequent reduced ATM protein expression have 

been reported in a series of colorectal adenomas and carcinomas (Bai et al., 2004). 

Furthermore, chromosomal instability is a key feature of the AT phenotype (Shiloh, 

2003). A comprehensive analysis of the genetic mutations that trigger chromosomal 

instability showed that MRE11A  was the most frequently mutated gene in 

chromosomally unstable colorectal cancers (Wang et al., 2004b). Defects in the 

double-strand break repair pathway are associated with chromosomal instability in 

colorectal cancer (Wang et al., 2004b).  

Microsatellite instability (MSI) occurs in up to 15% of sporadic colorectal cancers 

but in >90% of hereditary nonpolyposis colon cancers (Ionov et al., 1993; Khanna 

and Jackson, 2001; Lengauer et al., 1998; Thibodeau et al., 1993; Wheeler et al., 

2000; Yamamoto et al., 2002). Microsatellites are mononucleotide repeat sequences 

dispersed throughout noncoding regions of the genome. Their integrity is maintained 

by the MMR system that recognises and repairs mismatched and unpaired bases that 
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occur through DNA replication errors and other processes (Jiricny and Nystrom-

Lahti, 2000). Mutations within genes of the MMR machinery underlie the cancer 

predisposition in HNPCC (Markowitz, 2000). As the defective MMR machinery is 

unable to correct replication errors, mutations accumulate throughout the whole 

genome. The most commonly affected MMR genes in HNPCC are MLH1, MSH2, 

MSH6, PMS1 and PMS2 (in reducing frequency) (Akiyama et al., 1997; Boyer et al., 

1995; Fishel et al., 1993; Lindblom et al., 1993; Miyaki et al., 1997; Nicolaides et 

al., 1994; Ponz de Leon et al., 1999; Thibodeau et al., 1996). Hypermethylation of 

the MLH1 promoter underlies the MSI phenotype seen in sporadic colorectal cancers 

(Cunningham et al., 1998; Thibodeau et al., 1998) . A panel of five microsatellite 

markers (three dinucleotide markers D2S123, D5S346, D17S250 and two 

mononucleotide markers BAT25, BAT26, known as the Bethesda panel) are 

commonly used to assess for MSI (Boland et al., 1998). ‘MSI high’ cancers are 

defined as cancers containing MSI in >30% of the standard microsatellite panel; 

‘MSI low’ cancers are defined as containing MSI in <30% of the standard panel and 

‘Microsatellite stable (MSS)’ cancers are defined as those containing no alterations 

in the standard panel. Microsatellite instability can also be inferred by a lack of 

MMR protein expression by immunohistochemistry (IHC) analysis. In addition to 

mutations that occur in noncoding microsatellite sequences, mutations in genomic 

DNA can also promote cancer progression. Ejima et al. (2000) have proposed that 

the shortening of intronic mononucleotide repeat sequences within the ATM gene is a 

feature of MSI, as it occurs in colon cancer cell lines with MSI. Gianni et al. (2004) 

reported that mutations within the polythymine repeat sequence in intron 4 of the 

MRE11A gene resulted in a truncated protein with reduced activity that was present 
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only in colon cancer cell lines and primary cancers with the MSI phenotype. The 

MSI phenotype is not restricted to colorectal cancers but has also been demonstrated 

in gastric cancers with frameshift mutations in key DNA repair genes such as ATR, 

BRCA1 and RAD50 (Li et al., 2003).  

 

In an attempt to understand the functional consequence of the DDR Bartkova et al 

(2004) demonstrated activation of the ATM pathway in preinvasive colon cancer 

suggesting the DDR may limit the progression of lesions and prevent malignant 

transformation. This group also demonstrated that the DDR pathway appeared to be 

downregulated when invasive cancer had developed (Bartkova et al., 2005b). In a 

more recent attempt Stawinska et al (2010) reported an increased Chk2 threonine 68 

phosphorylation staining pattern accompanied tumour invasion to lymph nodes 

indicating that an activated pathway was unable to prevent cancer progression or 

reflects an increased burden of DNA damage and repair.  

 

Grabsch et al. (2006) showed that ATM or BRCA1 protein expression predicted the 

survival of colorectal cancer patients and that low ATM expression was associated 

with loss of MLH1 and MSH2 a feature of MSI phenotype. Conversely, reduced 

ATM expression was an independent marker of poor disease-free survival in 

colorectal cancer with a hazard ratio of 1.67 (95% CI 1.11-2.50, p=0.015) suggesting 

that downregulation of the DDR was associated with cancer progression (Beggs et 

al., 2010). 
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Currently, there is a lack of data available to determine how a deregulated DDR 

pathway modulates cancer progression, treatment response and ultimately survival. 

 

1.5.2 Current treatment strategies for colorectal cancer 

Current treatment regimens for colorectal cancer are dictated by the site and location 

of disease either local or advanced (metastatic). Curative surgery is the most 

appropriate therapy (Table 6.2); preoperative chemoradiotherapy is considered for 

patients with high risk locally advanced cancer (NICECG131, 2011). Adjuvant 

therapy is recommended for stage III colon cancer to reduce local and metastatic 

recurrence and control disease. This can involve first line therapy with capecitabine 

monotherapy or oxaliplatin in combination with 5-fluorouracil and folinic acid. First 

line chemotherapy for patients with advanced (metastatic) disease may include 

combinations of oxaliplatin or irinotecan with 5-flourouracil and folinic acid or 

capecitabine or irinotecan as a single agent therapy. The particular combination and 

sequence of therapy will be guided by the side effect profile and patient 

acceptability. Raltitrexed is an alternative in patients with advanced colorectal cancer 

who are unable to tolerate 5-fluorouracil based regimens. Biological agents 

(cetuximab, bevacizumab and panitumumab) are currently not recommended for 

patients with advanced and metastatic colorectal cancer after failure to control 

disease with first line therapy (NICETA242, 2012); but may be available on a 

compassionate basis or as part of large multicentre trials. 
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1.5.3 Role of DNA damage response and therapy in colorectal cancer 

The role of the DDR and current colorectal cancer therapy strategies has not been 

studied in a systematic manner. However, there are isolated reports evaluating the 

effect of the DDR in both in vivo and in vitro models.  

The DNA mismatch repair system appears to be implicated in the processing of low 

dose 5-flourouracil (clinically relevant) induced DNA damage. MMR deficient cell 

lines (HCT 116 and HCT15) did not activate the ATM dependent signalling cascade 

compared with the MMR proficient HT29 cell line when treated with a bolus of 5-

flourouracil; this response may also be modulated by TP53 status (Adamsen et al., 

2011). MMR deficiency is considered an inherent mechanism of cancer 

chemoresistance due to the inability to recognise and repair 5-flourouracil-DNA 

lesions (Li et al., 2009). A more recent Australian study analysed 882 patients with 

colorectal cancer and reported a higher burden of CIN as opposed to single gene 

mutations were associated with progressively poorer disease free survival (Mouradov 

et al., 2010).   

1.6 Therapeutic Strategies Targeting DNA Damage Repair and DNA Repair 

The ultimate goal of cancer chemotherapy is to create sufficient DNA damage to 

overwhelm the dividing cell, thus directing it towards cell death. Constitutively 

activated DDR and repair pathways may undermine the efficacy of such approaches. 

It has been suggested that chemotherapeutic drugs that produce DSB are ineffective 

in this type of cancer because of the ability of ATM pathway to sense and repair the 

resulting DNA damage (Madhusudan and Middleton, 2005). MSI cell lines that 

harboured multiple heterozygous mutations in DNA repair genes are hypersensitive 



 50 

to the effect of DNA DSB-inducing chemotherapy (Li et al., 2004). Therefore, the 

DNA DSB response pathway is an attractive therapeutic target; inhibition of this 

DDR pathway may overcome resistance to current cytotoxics and potentiate the 

effects of radiotherapy (Martin, 2001). 

 

1.6.1 Synthetic lethality 

Cancer therapy is inherently limited by the narrow therapeutic index and toxicity that 

accumulates in normal non-cancerous cells. Exploiting cancer specific addictions or 

deficiencies can limit the toxicity to normal cells and improve the efficacy of 

treatment; this is the concept of synthetic lethality (Hartwell et al., 1997; Kamb, 

2003). Synthetic lethality was initially used to describe two genetic mutations which 

singularly are viable but together induce death (Guarente, 1993). This concept is 

discussed next, in more detail with specific DDR inhibitors. 

 

1.6.2 ATM inhibitors 

The AT phenotype demonstrates marked sensitivity to IR; as such, inhibition of 

ATM may improve the efficacy of current cancer treatments. Caffeine and 

wortmannin are nonspecific PIKK inhibitors; caffeine primarily inhibits ATM 

(Sarkaria et al., 1999; Zhou and Elledge, 2000) and ATR, and wortmannin inhibits 

ATM, DNA-PK and ATR (Sarkaria et al., 1998). Hickson et al. (2004) identified a 

specific small molecule ATM inhibitor, KU-55933, which sensitises U20S cells to 

camptothecin (a topoisomerase I inhibitor), doxorubicin, etoposide (a topoisomerase 

II inhibitor) and IR. The inhibitor had no appreciable effect on sensitivity to 

alkylating (chlorambucil, cisplatin and melphalan,) and cross-linking (mitomycin B) 
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agents. There was a reduction in phosphorylation of Chk1, γ-H2AX, Nbs1 and 

SMC1 (ATM targets) after IR in the presence of KU-55933 and cells accumulated in 

the G2/M phase, similar to AT cells. In DNA-PK-deficient cells, the addition of KU-

55933 sensitised cells to the effects of etoposide. However, AT cells showed no 

significant increase in radiosensitivity when exposed to ATM inhibitor, suggesting 

that ATM expression and activation is necessary for ATM inhibitor activity. Using 

the same compound, Cowell et al. (2005) demonstrated a reduction in breast cancer 

cell survival (using the colony formation assay) after IR therapy (1–5 Gy) in cells 

pretreated with KU-55933. As an alternative method of silencing ATM by the use of 

retroviral vectors expressing anti-ATM small hairpin RNAs Mukhopadhyay et al. 

(2005) reported increased sensitivity of mutant p53 prostate cancer cells to the DNA 

damaging agent doxorubicin. Disruption of the G2 checkpoint by ATM inhibition is 

thought to render cells more sensitive to DNA damage (Eastman, 2004; Guha et al., 

2000; Uziel et al., 2003). Importantly, reducing ATM gene expression in normal 

human fibroblasts did not increase doxorubicin cytotoxicity. Antisense gene therapy 

and small interference RNA-mediated gene silencing has also been successfully used 

to increase radiosensitivity in brain tumour cell lines (Guha et al., 2000) and in 

human cervical cancer cells and prostate cells (Collis et al., 2003; Li et al., 2006), 

respectively. 

Jiang et al. (2009) proposed that a mutant p53 status may determine the efficacy of 

ATM inhibitor therapy. Cancers that are mutated for TP53 are sensitive to ATM 

inhibitors, presumably because the DNA damaged-induced S and G2 checkpoints are 

abrogated, thus directing cells towards mitotic catastrophe. This would support the 

observation by Zoppoli that cancer cells are dependent on a chronically activated 
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ATM-directed DDR in the presence of TP53 mutations and DNA repair defects; 

downregulation of ATM or Chk2 in these cells may therefore potentiate cancer 

therapy. Inhibition of ATM in a wild-type p53 background appears to promote cell 

survival, perhaps through ATM-independent cell cycle arrest or inefficient ATM–

Chk2–p53 apoptotic signalling. Cancers that retain wild-type p53 status (and thus the 

capacity to induce apoptosis) may be under less selective pressure, and abrogating 

the (functionally) normal ATM–Chk2 DDR axis in this circumstance may promote 

genetic instability and thus cancer progression. However, it can be difficult to 

ascertain in which order the constraining mechanisms were circumvented in these 

cancers and therefore to identify the appropriate stage of cancer development to 

target DDR. 

 

Additionally, if the cancer is defective in some checkpoint controls and/or repair 

mechanisms; inhibiting the remainder may be sufficient to trigger the apoptotic 

machinery or promote catastrophic mitosis. This could also increase the specificity of 

treatment for cancer cells by reducing the cytotoxic effect on normal tissues. One 

such example is the autosomal recessive disorder Fanconi anaemia (FA), which 

manifests as a cellular defect in DNA repair that results in hypersensitivity to DNA 

cross-linking agents in vitro and promotes the development of haematological 

cancers in vivo. ATM was reported to be constitutively activated in FA-derived cell 

lines, suggesting that the ATM pathway is stimulated by either DNA damage or 

defective DNA repair. Short-term inhibition of ATM function in FA-derived cells 

results in apoptotic cell death (Annexin V assay) and a reduction in colony 

formation, 47.4% +/- 4.2%, at 14 days, in the absence of additional exogenous DNA 
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damage. In the FA complemented cells, ATM inhibition did not increase apoptosis 

nor reduce colony formation, 94.% =/- 3.7, demonstrating the selectivity of such an 

approach for cancer cells (Kennedy et al., 2007). 

 

1.6.3 DNA repair inhibitors 

Accurate DNA repair is an essential mechanism for maintaining genome fidelity. 

Cancers that are inherently defective in a particular DNA repair protein/pathway can 

be specifically targeted by inhibiting a parallel pathway (Figure 1.4). Noncancerous 

cells are protected if the DNA repair defect is acquired and not genetically inherited. 

An example is the use of PARP [poly (ADP-ribose) polymerase] inhibitors in 

cancers that are deficient in HR. 

1.6.3.1 PARP inhibitors 

PARP is a nuclear protein that cleaves NAD
+
 to nicotinamide and ADP-ribose, thus 

forming negatively charged long-branched polymers on glutamic residues on itself 

and on target proteins. PARP is involved in processing DNA single-strand breaks 

created during base excision repair of DNA adducts and in NHEJ, where it modifies 

the activity of DNA-PK (Veuger et al., 2004). PARP inhibition in combination with 

DNA damaging agents might potentiate the cytotoxicity of anti-cancer agents 

(Bryant and Helleday, 2004; Haince et al., 2005). Bryant and Helleday (2006) 

demonstrated that AT cells are sensitive to PARP inhibition and that, conversely, 

PARP-deficient cells are sensitive to ATM inhibition. PARP inhibition allows single-

strand breaks to persist; that if these are formed during replication, this may lead to 

the collapse of replication forks into DSB. DSB are repaired by HR during 

replication, and inhibiting critical components of this pathway may result in DNA 



 54 

defects being repaired by NHEJ (which is error prone) or in cell cycle arrest or 

apoptosis. The inability to activate the DNA repair process via ATM (required for 

both HR and NHEJ) is thought to represent the detrimental lesion in both scenarios. 

Taking this concept further, they demonstrated that BRCA1
-/-

 cells defective in HR 

are highly sensitive to PARP inhibition, represented by a reduction in the cloning 

efficiency of cultured cells (Bryant et al., 2005). Similarly, Farmer et al. (2005) 

proposed that cancer cells which are defective in HR (BRCA1
-/-

 and BRCA2
-/-

) can be 

arrested at the G2/M phase (and then undergo apoptosis) if the single-strand break 

repair protein, PARP, is inhibited by small interfering RNA (siRNA). A reduction in 

cell survival has been reported following PARP inhibition combined with either 

inhibition of components of the DDR pathway (ATM, ATR, Chk1, Chk2 and Nbs1) 

or inhibition of proteins integral to HR repair (McCabe et al., 2006). 

 

Selective targeting of cancer cells by taking advantage of somatic mutations in 

tumour cells is an attractive concept and could create a significant therapeutic index 

for ATM and PARP inhibitors. However, to date, no criteria have been established 

that allow the rational selection of human colorectal cancers for treatment using this 

novel approach. Similarly, no pharmacodynamic or therapeutic endpoint has been 

developed to assess the efficacy of small molecule inhibitors that inhibit the DDR 

and repair pathways. 
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1.7 Aims 

DNA damage response and repair pathways are frequently disrupted during cancer 

development resulting in the loss of DNA damage induced checkpoint controls, 

which promote genetic instability and defects in executing apoptosis. Constitutive 

activation of the ATM dependent DDR has been reported in several human cancers 

(Bartkova et al., 2005b). 

My hypothesis is that constitutive activation of the ATM dependent DNA damage 

response, when present in cancer, represents a deregulated pathway as the cancer has 

developed and/or progressed despite the active signalling network. In this situation, 

use of an ATM inhibitor may not potentiate the cytotoxicity of chemoradiotherapy. 

The overall aim of this thesis was to develop a framework for the rational use of 

ATM inhibitors using colorectal cancer as a model. In order to investigate this it is 

important to; 

 determine the proportion of sporadic human (colorectal) cancers that 

demonstrates constitutive activation of the ATM-dependent DDR using tissue 

microarray technology. 

 determine whether a constitutively activated DDR represents a functional 

DDR pathway. 

 ascertain the efficacy of ATM inhibitor therapy in the presence of a 

constitutively activated DDR pathway. 

  create a model for the rational use of ATM inhibitor therapy. 

These aims are important to allow selection of the patients who will benefit from the 

use of ATM inhibitors in combination with current treatment modalities. 
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Figure 1.1. DNA damage response to double-strand breaks. 

Double-strand breaks are sensed by an assembly of protein molecules which induce the correct localisation and activation of ATM, the main transducer 

molecule. ATM phosphorylation of substrates leads to the downstream activation of proteins involved in cell cycle arrest, DNA repair, apoptosis and cellular 

senescence. ATR is also activated during DNA double strand breaks. Red dots represent phosphorylation sites. This figure template kindly was provided  by 

Dr Sylvie Guichard and modified by Shahida Din. 
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Figure 1. 2 Cell Cycle, cdk/cyclins and DNA damage induced checkpoints. 

Specific cdk/cyclin complexes regulate passage through the cell cycle at G1 (Gap 1); S (S phase), G2 (Gap 2) and M (Mitosis) phases.  

If conditions are unfavourable for cell division in G1 then cells can enter a reversible G0 phase.  

The DNA damage and mitotic checkpoints are indicated in red. 

 

G1
S

G2
M

Cdk4,6/cyclinD

Cdk2/cyclinE

Cdk2/cyclinA

Cdk1/cyclinA

G0

Cdk1/cyclinB

G1/S DNA damage

checkpoint

Intra S DNA damage

checkpoint

G2M DNA damage

checkpoint

Mitotic

checkpoint

G1
S

G2
M

Cdk4,6/cyclinD

Cdk2/cyclinE

Cdk2/cyclinA

Cdk1/cyclinA

G0

Cdk1/cyclinB

G1/S DNA damage

checkpoint

Intra S DNA damage

checkpoint

G2M DNA damage

checkpoint

Mitotic

checkpoint



 58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Multistep progression of sporadic colorectal cancer. 

Chromosomal instability occurs in up to 85% of sporadic colorectal cancers and sequential gene inactivation (purple box) promotes cancer progression. 

Microsatellite instable cancers also demonstrate sequential gene inactivation especially hypermethylation of the MLH1 (Mut L homologue) promoter. 

Adenomatous polyposis coli, APC; proto-oncogene B-Raf, BRAF; proto-oncogene KRAS. 
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Figure 1.4. DNA Repair Pathways. 

 (Opposite page for legend details) 
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Chapter 2. Materials & Methods 

2.1 General Reagents 

Tissue culture media and supplements were purchased from Invitrogen. All 

chemicals and reagents were purchased from Sigma and BDH unless otherwise 

stated. 

2.2 Consumables 

Tissue culture and other general use plastic ware were purchased from TPP or 

Starlabs unless otherwise stated. 

2.3 Cell Culture 

2.3.1 Human cell lines 

Colon cancer cell lines were obtained from American Type Culture Collection 

(Rockville, MD, USA) and European Collection of Cell Cultures (Salisbury, UK); 

HCT116, HCT15, HCT-8, HT29, SW-620, SW480. p53-null and p21-null HCT116 

cells generated by targeted homologous recombination (Bunz et al., 1998) were a gift 

from Professor Vogelstein (John Hopkins University, U.S.A.) U-20S human 

osteosarcoma cell line was obtained from Cancer Research United Kingdom 

(CRUK) research services (London UK). AT fibroblasts GM09607 were obtained 

from the Coriell Institute (Camden, New Jersey, USA). The p53 and mismatch repair 

mutational status of the cell lines is described in Table 6.3. 
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2.3.2 Recovery of frozen cells and storage 

To thaw cell lines for culture, aliquots of cells stored in CryoTube™ vials were 

thawed rapidly with agitation in a 37°C water bath. The cell suspensions were 

transferred to a 10 cm universal tube with 10 ml of appropriate media (see below) 

supplemented with 10 % (w/v) foetal calf serum. The cell pellet was collected by 

centrifugal force of 1200 rpm at room temperature for 2 min and dispersed into 10 ml 

of fresh culture media into a 25 cm
2
 tissue culture flask. When storage of cell stocks 

was necessary this was undertaken by collecting the cells as for subculturing (see 

below), transferring the pellet into storage medium (90 % foetal calf serum and 10 % 

dimethyl sulfoxide (DMSO)) into CryoTube™. This was snap frozen in liquid 

nitrogen and maintained in nitrogen storage tanks. 

 

2.3.3 Cell culture maintenance 

Unless stated, all media and supplements were heated to 37°C in a bench top water 

bath. Colon cancer cell lines were grown as monolayer cultures in 75 cm
2
 tissue 

culture flasks maintained in Roswell Park Memorial Institute (RPMI) 1640 media 

containing 2 mM glutamine, 5 % foetal calf serum (Harlan) and 1 % 

penicillin/streptomycin. U-20S and GM09607 were grown in Dulbecco’s Modified 

Eagle Medium (1 %  w/v L-glutamine) supplemented with 100 units/ml penicillin G, 

100 µg/ml streptomycin and 10 % foetal calf serum (Harlan). Cells were maintained 

at 37°C in the presence of 5 % CO2 in a humidified atmosphere in Hera CO2 

incubators and regularly checked for mycoplasma contamination (Venor®GEM 

Mycoplasma PCR Detection Kit, Cambio Ltd, Cambridge,UK) and were negative at 

all times during the period of study. 



 62 

2.3.4 Sub-culturing 

Cells were cultured in 75 cm
2
 tissue culture flasks with 12 ml of media; this was 

replaced every 48 h. When cells reached a confluency of 70–80 % medium was 

aspirated off and cells were washed in phosphate-buffered saline (PBS). The PBS 

was aspirated and the cells were incubated at 37°C in 2 ml of trypsin (0.05% trypsin / 

0.02 % ethylenediaminetetraacetic acid (EDTA)) for 2–3 min. Once the cells were 

lifting off when gently tapped the trypsin was neutralised with 5 ml of culture media 

and single cell suspensions were created by passing through a Pasteur pipette. The 

cell suspension was transferred to a 10 ml centrifuge tube and pelleted at 1200 rpm 

for 2 min. The solution was removed and the pelleted cells were washed in PBS, 

centrifuged again for 2 min at 1200 rpm. The washed pellet was resuspended into 

10 ml of media and cells were counted on a Coulter Counter. Cells were subcultured 

at a density of 2 × 10
6
  cells/ml. 

 

2.3.5 Cell harvest for protein extraction 

Cells were collected by removing old culture media and washing twice with ice cold 

PBS. Adherent cells were removed from the plastic surface in 5 ml of ice cold PBS 

using a cell-scraper; the resultant suspension was collected in a 10 ml centrifuge tube 

on ice and pelleted at 2000 rpm for 4 min at 4°C in a bench top centrifuge. All of the 

PBS was aspirated off and the pellets were subsequently frozen in liquid nitrogen and 

stored at – 70°C until required. 
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2.4 Manipulation of Cell Lines 

2.4.1 Ionising radiation treatment 

Cell lines were subcultured in 10 cm Petri dishes or 6-well plates at an initial density 

of 1.5–1.7 × 10
6 

and 1 × 10
6 

cells, respectively. Cells were irradiated with overlying 

fresh medium (8 mls/10 cm dishes and 2 mls/well/6well plate) for 2 Gray (Gy)/min 

at 120 kVP using a Faxitron X-ray source (Unit 43855D Faxitron X-ray Corporation) 

to induce DNA damage and harvested at the indicated time points. Control cells were 

mock irradiated. Doses of 5Gy had demonstrated a robust activation of the DDR in 

HCT 116 cell lines in preliminary experiments (data not shown) and were used in the 

majority of the studies. A dose of 20Gy was used in Chapter 6 to overcome any 

inherent ability of the different cell lines to induce the DDR at low doses (Takemura 

et al., 2006). 

 

2.4.2 Ultraviolet radiation treatment 

Cells were plated in 10 cm Petri dishes and allowed to attach for 24–48 h. The cells 

were exposed to UV irradiation 10 J/m
2
 (CL-1000 UV Crosslinker, Ultraviolet 

Products Ltd, Cambridge, UK) with overlying 8 ml of media and harvested at the 

indicated time points; control cells were mock irradiated. 

 

2.4.3 Drug treatment 

Drugs were supplied by Sigma unless otherwise stated. KU-55933 was a gift from 

KUDOS pharmaceuticals. All drugs were dissolved in 100 % tissue culture grade 

DMSO (Sigma) and diluted into the appropriate volume of media for the final 

concentration. The IC50 of KU-55933 for all the cell lines is detailed in Appendix 1. 
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A dose of 10 μM KU-55933 has been shown to inhibit ATM kinase activity in vitro 

(Hickson et al., 2004; Pang et al., 2011). The EC50 doses for the cell lines treated 

with the ATM inhibitor are displayed in Appendix A.  

 

Table 2.1. Details of Drug Treatment 

 

Drug Stock Concentration in DMSO Final Concentration 

KU-55933 20 mM 10 μM 

Aphidicolin 2.5 mg/ml 5 μg/ml 

Chk2 II inhibitor 20 mM 10 μM 

Wortmannin 20 mM 10 μM 

Cycloheximide 100 mg/ml 10 μg/ml 

Leptomycin B 2 mM 2 nM 

MG132 50 mM 25 μM 

Neocarzinostatin 0.5 mg/ml 200 ng/ml 

Adriamycin 2 mg/ml 1 μM 

ICRF93 4 mg/ml 35 μM 

 

2.4.4 Growth inhibition assay 

The sulforhodamine B (SRB) technique (Skehan et al., 1990) was used as a growth 

inhibition assay. Cells were plated on day 1 in a 96 well plate; for HCT116 

2500 cells/well; for HCT116 p21-/- 5000 cells/well; for HCT116 p53-/- 

2500 cells/well in a final volume of 150 μl of media. Cells were treated on day 2 with 

increasing doses of gamma ionising radiation (2.4.1). Following the IR treatment 
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cells were incubated for 72 h. Cells were fixed with 50 μl of 50 % trichloracetic acid 

and incubated for 1 h at 4°C; cells were washed ten times with tap water and air 

dried. Staining was undertaken by adding 50 μl of 0.4 % SRB dye (in 1 % acetic 

acid) for 30 min at room temperature. Excess dye was removed with four washes of 

1 % acetic acid and air dried. Cell bound dye was redissolved by adding 150 μl of 10 

mM Tris pH 10.5 with gentle agitation; plates were incubated for a further h at room 

temperature. Optical densities were measured at 540 nm with a Biohit BP-800 

(Biohit, Helsinki, Finland). Growth inhibition curves were calculated as a percentage 

of untreated controls and analysed on Graphpad Prism 4 software (Graphpad 

Software, San Diego, CA). 

 

2.4.5 Colony formation assay 

The colony formation assay (clonogenic assay) was undertaken to determine the 

reproductive potential of cells following irradiation or drug treatment (Franken et al., 

2006). Treated cells were replated in triplicate at a density of 500–1000 cells per well 

in a 6 well plate in a final volume of 4 mls of complete media. Colonies were 

counted 10–14 days after seeding by fixing in 10 % TCA for 1 h at 4°C and staining 

with 0.4 % SRB dye. Vector quest image analysis software was used to count the 

colonies. 

 

2.4.6 Transient transfection of small interfering RNA 

Tissue culture cells were transfected with exogenous RNA using Dharmafect 1 

transfection reagents (Dharmacon). CDC25A siGENOME siRNA D-003226–06 and 

siGENOME nontargeting siRNA pool #1 were used for target and nontarget siRNAs 
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respectively. Cells were plated at a density of 3 × 10
5 

cells/well in a 6 well plate and 

allowed to adhere for 24 h in 4 mls of antibiotic free complete media at 37°C, 5 % 

C02 in a Hera C02 incubator. siRNA oligos were resuspended in 1 × siRNA buffer at 

a final concentration of 20 μM. In separate sterile 1.5 μl eppendorfs for each 

transfection 10 μl of siRNA oligo, 90 μl 1 × siRNA buffer and 100 μl OptiMEM I 

reduced serum media with GlutaMAX were combined and incubated for 5 min at 

room temperature. For mock treated cells 100 μl 1 ×siRNA buffer and 100 μl 

OptiMEM I reduced serum media with GlutaMAX were combined and incubated for 

5 min at room temperature. In separate eppendorfs for each transfection 5 μl 

Dharmafect transfection reagent 1 and 195 μl of OptiMEM I reduced serum media 

with GlutaMAX were combined and incubated for 5 min at room temperature. Each 

siRNA solution was combined with one eppendorf of transfection reagent and 

incubated at room temperature for 20 min. During this incubation step media was 

aspirated from the 6-well plates and the cells were washed with 2 mls of PBS. The 

PBS was removed and 1 ml of antibiotic free complete media was added to each 

well. Following the siRNA/transfection reagent incubation; 600 μl of antibiotic free 

media was added and the 1 ml solution was added drop wise to the appropriate well 

with gentle agitation. To control cells 1 ml of media was added in a similar fashion. 

Each siRNa oligo or control was done in triplicate and incubated at 37°C, 5 % C02 in 

a Hera C02 incubator. Cells were harvested at the appropriate time. 
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2.5 Western Blotting 

2.5.1 Cell lysis protocol 

Cell pellets were recovered by either dissolving in ice cold urea lysis buffer and 

sonicated on ice for 10 s or resuspended in Tris lysis buffer incubated on ice for 

15 min and cleared with centrifugation at 13000 rpm for 20 min at 4°C. 

 

2.5.2 Protein quantification 

Quantification of protein concentration in tissue lysates was determined with the 

bicinchoninic acid protein assay (BCA) Kit (Thermo Fisher Scientific, UK). Fifty 

parts BCA solution (1 ml) was combined with 1 part (20 μl) of copper sulphate 

solution to create the BCA reagent. An 8 point protein standard curve was generated 

by preparing a set of dilutions from 1 mg/ml bovine serum albumin (BSA) (1000, 

750, 500, 350, 100, 75, 50 and 0 μg/ml) into sterile glass test tubes for a final volume 

of 50 μl. Five μl of each lysates sample was mixed with 45 μl of distilled water into 

sterile glass tubes. To each standard and unknown lysate sample 1 ml of BCA 

reagent was added and the samples were incubated in a water bath at 60°C for 30 

min. Blank reagent was also incubated simultaneously, as a control. Following this 

incubation period 200 μl of blank reagent, standard samples and unknown lysates 

were loaded separately into a 96 well plate and absorbance of each was determined at 

570 nm. A standard curve was generated from the known BSA concentration 

samples and the unknown lysates were determined by comparison to the standard 

curve. 
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2.5.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

10–12 % sodium dodecyl sulphate (SDS) polyacrylamide gels were created using 

previously published recipes (Laemmlli et al. 1970) using Mini-Protean3™ (Biorad) 

gel casting equipment and Xcell SureLock™ mini cell tank (Novus). The separating 

gel was poured and overlayed with water saturated butanol. Once the gel had 

polymerised the butanol was removed and the stacking gel was poured in the 

presence of 10 or 12 well comb. 

Lysate samples were prepared by aliquoting a volume containing 100 μg of protein 

into 500 μl eppendorfs and adding the appropriate volume of 5 × SDS sample 

loading buffer. Samples were denatured by heating to 95°C for 5 min and centrifuged 

briefly. Gels were loaded with required amount of protein and 10 μl of full range 

rainbow molecular weight marker (GE Healthcare) into the first lane and 

electrophoresed at 150 V for 60–120 min at room temperature in MOPS SDS 

running buffer. 

 

2.5.4 Protein transfer 

Proteins were transferred onto either Immobilon polyvinylidene difluoride (PVDF) 

membrane (Millipore Corp, Bedford, MA) or Hybond P nitrocellulose membrane 

(for Cdc25A) via electrophoresis at a constant current of 150 V for 60 min in ice cold 

Towbin buffer. Transfer was undertaken at 4°C in a Xcell SureLock™ mini cell tank 

(Novus) with an ice block. Following transfer membranes were stained in Ponceau 

red (Sigma) for 10 min to ensure even and efficient transfer of protein. Background 

stain was removed by rinsing several times in distilled water with agitation; the stain 

could be completely removed by continued washing. 
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2.5.5 Antibody incubation 

Membranes were transferred to Perfect Western ® Containers with 10 mls blocking 

solution (5 % nonfat dried milk powder (w/v) (marvel, Nestle, UK) or 5 % BSA in 

tris-buffered saline tween (TBST) and placed on a shaker at room temperature for 

one h. Following blocking the appropriate primary antibody dilution was added to 

fresh blocking solution for a total volume of 5 mls. Membranes were incubated in the 

primary antibody overnight at 4°C. The primary antibody solution was drained off 

and the blot was rinsed three times for 5 min each in 10 mls of TBST at room 

temperature. Horseradish peroxidase (HRP)-conjugated secondary anti-mouse or 

anti-rabbit antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was applied at a 

dilution of 1/4000 in blocking solution in TBST for 1 h at room temperature. Excess 

secondary antibody was removed by washing three times for 5 min each in 10 mls 

TBST. PBST was used as the for Cdc25A antibody. 

Table 2.2. Details of Primary Antibodies 

 

Protein Supplier Origin Dilution 

Actin AB1 JLA20 Calbiochem Mouse 1/10000 

ATM 5C2 Abcam Mouse 1/500 

ATM Y170 Abcam Rabbit 1/500 

ATM serine-1981 Abcam Rabbit 1/500 

ATM serine-1981 Cell Signalling Mouse 1/1000 

ATR Abcam Rabbit 1/400 

Cdc25A F6 Santa Cruz Mouse 1/200 

Cdc2 tyrosine-15 Cell Signalling Rabbit 1/1000 
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Cdk2 78B2 Cell Signalling Rabbit 1/1000 

Cdk tyrosine-15 Cell Signalling Rabbit 1/1000 

Cdk2 threonine-14 Epitomics Rabbit 1/1000 

Cdk2 threonine-160 Cell Signalling Rabbit 1/1000 

Chk1 G4 Santa Cruz Mouse 1/10000 

Chk1 serine-317 Cell Signalling Rabbit 1/1000 

Chk1 serine-345 Cell Signalling Rabbit 1/1000 

Chk2 A11 Santa Cruz Mouse 1/200 

Chk2 threonine-68 Cell Signalling Rabbit 1/1000 

Cyclin A Abcam Rabbit 1/200 

Cyclin B Abcam Mouse 1/1000 

E2F-1 Cell Signalling Rabbit 1/1000 

GAPDH Cell Signalling Rabbit 1/4000 

Mre11 Clone18 BD Biosciences Mouse 1/500 

Mre11 12D7 Abcam Mouse 1/500 

NBS1 Abcam Rabbit 1/400 

NBS serine-343 Abcam Rabbit 1/500 

NBS serine-343 Cell Signalling Rabbit 1/1000 

p21 Calbiochem Mouse 1/200 

p53 AB-6 DO-1 Calbiochem Mouse 1/200 

p53 serine-15 Cell Signalling Rabbit 1/200 

p53 serine-20 Cell Signalling Rabbit 1/1000 

Rad50 Novus Biologics Rabbit 1/200 
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2.5.6 Chemiluminescent signal detection 

Immunoreactivity was detected using the Enhanced ChemiLuminescence (ECL) 

Plus® detection reagent (GE Healthcare, Little Chalfont, UK) or Super Signal West 

Femto ECL (Pierce) and autoradiography. Membranes were incubated in the 

corresponding solutions as per manufacturers’ instructions for 2 min at room 

temperature. The blot was placed between two acetate transparencies and transferred 

to an X-ray film cassette. In the dark room the blot was overlaid with ECL™ Film 

(Hyperfilm ECL film, Amersham, Buckinghamshire, UK) for a period of 30 s to 

5 min depending on signal intensity. Exposed films were developed using X-ray 

Imaging Equipment™, Fuji. 

2.6 Immunofluorescence 

Cells were seeded in chamber slides 48 h prior to analysis. For HCT116 wild-type 

cell line 1 × 10
5
 cells and for HCT116 p21-/- 2 × 10

5
 cells were required in a final 

volume of 2 mls of RPMI 1640 media containing 2 mM glutamine, 5 % foetal calf 

serum (Harlan) and 1 % penicillin/streptomycin. Medium was removed and the cells 

were washed twice with PBS. Cells were fixed with 1 ml of 2 % paraformaldehyde 

for 10 min at room temperature and rinsed twice in PBS for 10 min each. Cells were 

permeabilised with 0.1 % Triton X 100 in PBS for 15 min at room temperature. The 

triton X was removed and the cells were washed three times with PBS for 5 min each 

with gentle agitation. Cells were exposed to blocking solution (1 % BSA (BDH), 5 % 

goat serum (Jackson Laboratories. West Grove, PA)) in PBS for 1 h at room 

temperature. The blocking solution was discarded and an anti-phosphohistone H2AX 

primary antibody (Millipore, UK) was applied at a concentration of 1/1000 in 200ul 

of blocking solution overnight at 4°C. The following day the primary antibody is 



 72 

rinsed with three times PBS washes 10 min each at room temperature with gentle 

agitation. Cells were exposed to 1/400 dilution of fluorescein isothiocyanate (FITC) 

Alexa Fluor 488 conjugated goat anti-mouse immunoglobulin G (IgG) antibody 

(Invitrogen, Paisley, UK) for 1 h in the dark at room temperature. The secondary 

antibody is removed and the cells are washed with PBS three times for 10 min each. 

The slides were mounted with Vectashield mounting medium. Images were captured 

with a Zeiss AxioPlanII fluorescence microscope equipped with a 100× Plan-

Neofluar oil objective NA1.3, motorised filter wheels with Chroma 83000 filter set 

(Chroma Technology, Bellows Falls, Vermont), and Photometrics HQ CCD camera 

(Tucson, Arizona) controlled by IPLab software (Becton Dickinson). All images 

were captured with the same exposure time to allow comparison of results. Images 

were analysed using IPLab spectrum software. 4',6-diamidino-2-phenylindole 

(DAPI)-labelled nuclei were segmented on the basis of intensity and the 

segmentation mask was overlaid on the corresponding FITC image for analysis. The 

average FITC intensity per nucleus was calculated. 

2.7 Flow Cytometric Cell Analysis 

Nuclei were prepared as described by Vindelov et al. (Vindelov et al., 1983). Briefly, 

cells were washed twice in ice cold PBS, trypsinised (0.05 % trypsin/0.02 %EDTA), 

counted (Beckton Dickson Coulter Counter) and a 5 × 10
5 

aliquot was resuspended in 

100 ul of citrate buffer and stored at -20°C prior to analysis. Each sample was 

digested by mixing with 450 ul of trypsin (0.003 %) and leaving for 1–2 min at room 

temperature. Trypsin inhibitor (0.05 % w/v) and RNAse A (0.01 % w/v) in a final 

volume of 375 μl were then added and left for further 10 min at room temperature. 

Finally the cells were stained on ice with propidium iodide (416 µg/ml) and spermine 
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tetrahydrochloride (1.61 µg/ml) in a final volume of 250 µl for 10 min. Analysis of 

20,000 events was undertaken on a fluorescence-activated cell sorting (FACS) 

calibur (Becton Dickinson, Biosciences) flow cytometer at a of wavelength 564–607 

nm using Cell Quest software. Fluorescence intensity histograms were gated 

(forward scatter (FSC) versus side scatter (SSC), FL2-A versus FL2-W) to exclude 

debris and doublets for analysis. Data was analysed using ModFit 2.0 program 

(Verity Software, Topsham, ME). 

2.8 Coimmunoprecipitation Assay 

Cells were grown in 10 cm
2
 dishes until 70–80 % confluent and lysed in 150–200 μl 

of immunoprecipitation nonidet P40 (NP40) lysis buffer. 1 mg aliquots were placed 

into separate 1 ml eppendorfs and made up to 500 μl with immunoprecipitation NP40 

lysis buffer. Samples were precleared by adding 5 μl of Rabbit IgG Agarose to each 

sample and incubating for 1 h at 4°C on an orbital rotator. Samples underwent a 

second preclearing step by adding 20 μl of Protein A Agarose and incubating for 1 h 

at 4°C on an orbital rotator. The rabbit IgG/Protein A beads was pelleted by 

centrifugation at 13000 rpm for 30 s at 4°C; the supernatant (precleared lysates) was 

transferred to a clean eppendorf tube. Immunoprecipitation was undertaken by 

adding 10 μl of Cdc Tyr15 (#9111) antibody to the precleared lysates; IgG control 

samples had an equivalent volume of rabbit IgG control added and blank samples 

had an equivalent volume of immunoprecipitation NP40 lysis buffer added. Samples 

were incubated overnight at 4°C on an orbital rotator. The following day 40 μl of 

Protein A agarose beads were added to each sample and incubated for 4 h at 4°C on 

an orbital rotator; 1 μl of IgG rabbit was added and samples were incubated for an h 

at 4°C on an orbital rotator. Beads were collected by centrifugation for 13000 rpm 



 74 

for 30 s at 4°C and the supernatant was removed. Beads were washed 4 × in 

immunoprecipitation NP40 lysis buffer by vortexing briefly in 1 ml of buffer and 

centrifugation at 13000 rpm for 30 s at 4°C. Beads were finally washed in Lithium 

Chloride solution. 40 μl of 3 × SDS loading buffer was added to each sample to elute 

bound proteins from the beads and stored at -20°C. Samples were prepared by 

heating for 5 min at 95°C and spinning down briefly. 

2.9 Cellular Fractionation 

Cells were fractionated into soluble (cytoplasmic) and insoluble (nuclear) extracts 

using the following protocol. Cells were plated at a density of 2 × 10
6
 cells/ml 48 h 

prior to being treated with 10 μM of KU-55933 or DMSO for 24 h. Cells were 

damaged with 5 Gy of IR or mock irradiated the following day and harvested at 2 h 

as 2.3.5. The pelleted cells were extracted in 500 μl of ice cold hypotonic buffer 

supplemented with complete® mini protease inhibitor tablet (Roche) and 1,4-

dithiothreitol (DTT) to a final concentration of 1 mM. The suspension was micro 

centrifuged at 5000 rpm for 10 min at 4°C. The supernatant was collected as the 

soluble fraction. The nuclei were extracted from the remaining pellet with 150 μl of 

ice cold high salt buffer supplemented with complete® mini protease inhibitor tablet 

(Roche) and DTT to a final concentration of 1 mM on ice at 4°C with gentle 

agitation. The insoluble fraction was collected by micro centrifugation at 10000 rpm 

for 10 min at 4°C. Samples were mixed with gel loading buffer and heated for 5 min 

at 95°C. 
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2.10 mRNA Reverse Transcriptase Polymerase Chain Reaction 

2.10.1 RNA extraction & quantification 

Total RNA was extracted from cell lines with TRI Reagent following manufacturers’ 

instructions. Briefly, cells were lysed with 1 ml of TRI reagent per 10 cm
2
 of flask 

surface area and transferred into 13 ml polypropolene tubes. 200 μl of chloroform 

was added per ml of TRI reagent and incubated for 15 min at room temperature. The 

samples were separated by centrifugation at 10000 rpm using a SS34 rotor for 

15 min at 4°C. The clear top layer was removed from the tubes, 500μl of isopropanol 

per ml of TRI reagent was added; samples were inverted and incubated at room 

temperature for 5 min and centrifuged for a further 10 min at 4°C. The supernatant 

was discarded and the pellet was resuspended in 7.5 mls of ice cold 70 % ethanol. 

The suspension was centrifuged at 10000 rpm for 10 min at 4°C. The ethanol was 

removed carefully by a Pasteur pipette and the samples were air dried before being 

finally resuspended in 100 μl distilled water. DNA was removed with DNAse 

treatment using Turbofree® DNAse Kit (Ambion, Huntingdon, UK). RNA was 

quantified by spectrophotometry at 260 nm using Nanodrop® ND-1000. 1 μl sample 

was placed onto the analysis platform and the concentration was determined by using 

the Nanodrop® software. RNA was prepared in a final concentration of 200 ng/μl 

and 5 μl aliquots were stored at -20°C. 

 

2.10.2 Quantitative real time polymerase chain reaction 

Standard PCR amplification of specific mRNA was performed using Quantitect 

SYBR Green quantitative real time PCR (RTPCR) kits (Qiagen, Crawley, UK). 

Forward and reverse primer sets for each transcript analysed are detailed below in 
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table. Primers were chosen from a number of options generated by Primer3, a web 

based primer design software program (http://fokker.wi.mit.edu/primer3/input.htm) 

using the mRNA sequence of the genes of interest deposited at the National Centre 

for Biotechnology Information (http://www.ncbi.nlm.nih.gov/). Primers specificity 

was checked using Blast search (http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi). 

The reaction was carried out using 40 ng RNA template and primers at a 

concentration of 20 μM; β-actin was used as the reference transcript to normalise the 

results. Reaction volumes of 15 μl were used and reactions were carried out in 0.5 ml 

thin walled microcentrifuge eppendorf tubes. All PCR reactions were set up as 

stated: 

RNA template 1000 ng/  5 μl 

(add 95 μl of ultra pure water) 4 μl 

2× SYBR mix    7.5 μl 

Primers 20 μM   0.375 μl 

Reverse Transcriptase   0.15 μl 

Water to a final volume of   2.975 μl 

 

A master mix containing all of the above reagents was prepared on ice in an isolation 

hood and an appropriate volume added to each tube and 4 μl of the DNA template 

was added. The PCR cycle condition were as follows: reverse transcription step 50°C 

for 30 min, TAQ polymerase activation step 95°C for 15 min and 40 cycles of 

denaturation at 94°C for 10 s, reannealing at 57°C for 20 s and extension at 72°C for 

20 s on a Rotor-Gene 3000 thermal cycler (Corbett Research, Cambridge, UK). After 

a final extension of 72°C for 60 s a PCR product melt curve was performed from 66–

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_issn=00032697&_origin=article&_zone=art_page&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.ncbi.nlm.nih.gov%252F
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_issn=00032697&_origin=article&_zone=art_page&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.ncbi.nlm.nih.gov%252FBLAST%252FBlast.cgi
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99°C. Fluorescence signal was recorded on the 6-carboxyfluorescein channel 

(ExD470 nm, EmD510 nm) at the end of the reaction. PCR products were separated 

on 1.5 % agarose gels for quality control. Results were analysed on Rotor-Gene 6 

software. 

Table 2.3. Details of Reverse Transcriptase Polymerase Chain Reaction Primers 

 

Gene Forward Primer 

Reverse Primer 

p21 

(CDKN1A) 

GAGCGATGGAACTTCGACTT 

CAGGTCCACATGGTCTTCCT 

CDC25A TAGATTCTCCTGGGCCATTG 

TCACAGGTGACTGGGGTGTA 

CDK2 AAATTCATGGATGCCTCTGC 

CAGGGACTCCAAAAGCTCTG 

Cyclin B1  

(CCNB1) 

GGCCAAAATGCCTATGAAGA 

CAAAATAGGCTCAGGCGAAA 

Cyclin E  

(CCNE1) 

CAGATTGCAGAGCTGTTGGA 

TCCCCGTCTCCCTTATAACC 

Cyclin A 

(CCNA1) 

ACCCCAAGAGTGGAGTTGTG 

GGAAGGCATTTTCTGATCCA 

β-actin GATGGAGCCGCCGATCCACACGG 

CTACGTCGCCCTGGACTTCGAGC 
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2.11 Quantification of DNA Synthesis 

2.11.1 Exposure to radioactive nucleotides 

Cells were plated two days before labelling in T75 flasks; at 60–80 % confluency 

they were exposed to 10 Ci/ml of [[14C]] thymidine for 24 h for labelling of basal 

DNA synthesis. Cells were washed twice with PBS, trypsinised and replated into 

2 mls/well of radiation free media into 6-well dishes for a further 24 h. DNA 

damaged was induced by either exposing to irradiation treatments or incubation with 

drug containing media. At the required time points cells were pulse labelled with 

2.5 Ci/ml of [[3H]] thymidine for 30 min. Radioactive medium was removed and the 

cell pellet was collected by washing twice in ice cold PBS and scraping from the 

plastic surface in the presence of 1 ml of ice cold PBS. The resultant suspension was 

centrifuged at 13000 rpm for 5 min at 4°C and the pellet frozen at -20°C. 

 

2.11.2 Phenol:Chloroform extraction and ethanol precipitation of DNA 

DNA extraction was undertaken by resuspending cell pellet in 100 µl of PBS and 

400 µl of DNA lysis buffer supplemented with proteinase K for a final concentration 

of 300 µg/ml and incubating at 37°C overnight. An equal volume of Tris buffered 

Phenol:Chloroform:Isoamylalcohol (25;24:1; AMS Biotechnology) solution was 

added to the solution containing nucleic acid, gently vortexed and spun briefly at 

13000 rpm for 5 min at 4°C. The upper aqueous phase was removed carefully to a 

clean tube and an equal volume of chloroform was added and the sample mixed and 

centrifuged as previously. The upper aqueous layer was placed into a clean tube and 

DNA was precipitated with 1/10
th

 volume of 3 M sodium acetate (pH 5.5) and two 

volumes of ice cold 100 % ethanol on ice for 30 min at 4°C. The nucleic acid 
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precipitate was recovered by centrifuging for 15 min at 13000 rpm 4°C and the 

resultant pellet was washed with 70 % ethanol. After removal of the ethanol, the 

pellet was air dried at room temperature for 5 min. 

 

2.11.3 Quantification of radioactivity 

The air dried DNA was resuspended in 100 µl of ultra pure water and transferred into 

scintillation vials containing with 4 mls of Optiphase supermix scintillation cocktail 

to allow for radioactive assessment. Control sample contained 100 µl of ultra pure 

water dissolved into the scintillation cocktail. As [3H] and [14C] are both beta 

emitters but have different emission spectra, the proportion of [3H] to [14C] in the 

samples was assessed by scintillation using a Becton Coulter scintillation counter 

(Becton Coulter LS 6500, USA) and a dual label ([3H]/[14C]) quench curve as 

recommended by the manufacturer. Background radiation was subtracted from each 

sample. The degree of DNA synthesis during the 30 min pulse was proportionate 

with the [3H]/[14C] ratio, and the effect of irradiation was determined with reference 

to the [3H]/[14C] ratio in unirradiated controls. 

2.12 Tissue Microarrays 

2.12.1 Animal work 

Animal experiments were carried (by Morwenna Muir) out using a project licence 

issued by the UK Home Office and UK Co-ordinating Committee on Cancer 

Research guidelines were adhered to rigorously. Xenografts of HCT116, HCT15, 

HCT-8, SW-620 and HT29 were established in immunodeficient C57/B16 nude mice 

(5-week old) by injecting subcutaneously 10 millions cells in suspension in RPMI 
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1640 or in RPMI 1640/Matrigel 50/50 (v/v). Xenografts were collected when the 

tumour volume measured of 100–200 mm3, dissected to remove mouse tissue and 

blood vessels and collected in formalin solution. The xenografts had not been treated 

with any DNA damage inducing drugs in vivo and were completely treatment naive.  

 

2.12.2 Tissue microarray technology 

Adequate evaluation of pathological tissue samples is often limited by specimen 

availability. A conventional paraffin-embedded tissue block will yield 200–300 

sections, depending on the experience of processor (Bubendorf et al., 2001). Tumour 

microarrays (TMA) are miniaturised platforms for the simultaneous assessment of 

multiple pathological tissue specimens (Kononen et al., 1998). Such an approach 

reduces the variability introduced during sample preparation and subsequent 

processing (Rimm et al., 2001a). To create microarrays, cored specimens from 

paraffin-embedded samples are taken from the donor block and assembled into the 

recipient TMA block. Multiple cores can be taken without disrupting the tissue 

architecture and tissue heterogeneity is optimally represented by at least three cores 

of 0.6 mm width per sample (Hoos et al., 2001; Rimm et al., 2001b). Goethals et al. 

(2006) used a virtual TMA with computer-generated images and suggested that four 

cores are more representative of tissue heterogeneity. As the amount of tissue 

sampled is small, it is recommended that multiple small cores be taken rather than 

larger cores (>2 mm) (Kallioniemi et al., 2001). TMAs allow an assessment of 

tumour populations and are not intended for the detailed analysis of individual 

tumours. They are suited to immunohistochemistry, fluorescence in situ hybridisation 

(FISH) and RNA in situ hybridisation (RNA-ISH). Concordance rates of up to 95 % 
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have been demonstrated between TMA and conventional IHC single specimen 

analysis of MMR deficiency in HNPPC (Hendriks et al., 2003). 

One of the major concerns of using this technology is the issue of antigen 

preservation during tissue processing. Standard tissue processing is a robust 

mechanism for conserving tissue antigens but sectioning and subsequent 

deparaffinisation steps can render the tissue vulnerable to oxidative damage 

(Fergenbaum et al., 2004). DiVito et al. (2004) assessed the impact of paraffin 

coating and storage of sectioned slides in a nitrogen desiccator on oestrogen receptor 

detection in a breast cancer TMA. This combination of treatments protected 

immunoreactivity for up to 3 months. We employed the approach of cutting TMA 

sections immediately before analysis (within 1–2 weeks). To reduce core loss during 

sectioning, it is advisable to use a tape-based transfer method. For this, an adhesive 

tape is applied to the TMA prior to sectioning; once sectioned, the tape is removed 

with the slice and applied to an adhesive-coated slide (Rimm et al., 2001b). UV 

cross-linking the section to the slide allows the tape to be removed with a degreasing 

solution. 

IHC staining of TMAs is used for the analysis of tissue populations and thus initial 

studies used a binary system of negative and positive staining as the only assessment 

tool (Rimm et al., 2001b). More comprehensive evaluation can be achieved using the 

histoscore that grades the intensity of staining and the percentage of stained cells 

(McCarty et al., 1986). Interindividual variability can be reduced using image 

analysis techniques for the interpretation of TMA slides (Cregger et al., 2006). 

Histoscoring is a method of assessing the proportion of cells stained and the intensity 
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of IHC staining for a given antibody. Scores for the intensity of staining (0–3) and 

the proportion of cancer cells stained (0–100%) are combined to calculate a 

composite score, ranging from 0–300 (Cregger et al., 2006; Vigo et al., 1999). Three 

separate xenografts were available for each cell line and these were scored twice 

(Rimm et al., 2001a); the resultant histoscore value was an average of six cores. The 

nuclei of the cells were scored independently by two people (S Din & E Gibson) and 

major discrepancies were resolved by discussion with the collaborating pathologist 

(Dr D. Faratian). 

2.12.3 Xenograft tissue microarray 

Xenografts were paraffin embedded using standard protocols (Division of Pathology, 

Queen Margaret Research Institute, Edinburgh). Blocks were at least 3 mm thick; 

slices were cut and stained with hematoxylin and eosin (H&E) to determine the 

architectural preservation during the preparation process and used as a guide to select 

the regions for sampling. A manual arrayer (Beecher Instrument, Sun Prairie, USA) 

was used to create duplicate microarrays of two cores 1 mm from each xenograft 

sample (triplicate samples of each xenograft line were used for analysis). The tissue 

micro-arrays (TMA) were placed in an oven at 56°C for 10 min to soften wax 

allowing cores to adhere more efficiently. Prior to sectioning the TMA were cooled 

on ice plates; 3 µm sections (Leica Rotary Microtome 2235) were placed onto 

silanised glass slides and baked in an oven overnight at 56°C. 

 

2.12.4 Human colorectal tumour microarray 

Ethical approval (Lotian Research Ethics Committee Reference 07/S1103/19) was 

granted for the assessment of treatment naïve human archival paraffin-embedded 
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colorectal cancers (CRC)(Bubb et al., 1996). One hundred and seventy nine sporadic 

cancers were available for creation of the microarray (TMA was created by Euan 

Gibson). Normal colonic tissue was provided by Professor David Harrison from 

previous studies as comparative controls. Each CRC slide was sectioned and H&E 

stained to assess architectural preservation and select suitable tumour areas to be 

cored. Three × 0.6 mm cores of each colorectal cancer were placed into three 

separate microarray paraffin blocks using a Beecher instrument (Rimm et al., 2001a; 

Rimm et al., 2001b) to represent tissue heterogeneity. TMAs were placed in an oven 

at 56°C for 10 min to soften wax allowing cores to adhere more efficiently. Prior to 

sectioning the TMAs were cooled on ice plates; 3 µm sections (Leica Rotary 

Microtome 2235) were placed onto silanised glass slides and baked in an oven 

overnight at 56°C. 

2.13 Histological Analysis 

2.13.1 Immunohistochemistry 

Paraffin embedment of tissue samples is a robust mechanism for preserving tissue 

antigens and architecture. However, the process creates interstrand cross-links 

between the paraffin and tissue which required to be disassociated before 

immunohistochemistry can be undertaken. 

Slides were dewaxed by immersing in successive xylene solutions in glass jars for 

three times at 5 min each and rehydrated by immersing in 100 % ethanol for 5 min, 

90 % ethanol for 2 min and 70 % ethanol for 2 min. Slides were rinsed in distilled 

water twice for 5 min and finally washed in PBS for 5 min with gentle agitation. 

Antigen retrieval was undertaken by heating 1 litre of 10 mM sodium citrate buffer 

pH6.0 in an 800 KW microwave for 15 min under pressure; the slides were 
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submerged and heated for a further 5 min in the microwave under pressure. The 

slides were then allowed to cool for 20 min and washed in PBS for 5 min. 

Endogenous peroxidise was blocked by incubating the sections in 3 % hydrogen 

peroxide for 10 min with gentle agitation at room temperature. Slides were rinsed 

first in distilled water for 5 min and then in PBS for five minutes. Sections were 

ringed with a DAKO pen and incubated with 100 µl of 5 % goat serum PBS or 

DAKO protein blocking solution for 1 h at room temperature. The blocking solution 

was run off and the section was incubated with primary antibody at the appropriate 

dilution in the blocking solution at 4°C overnight. The subsequent day the antibody 

was run off and the slides were washed in PBS for 5 min. Secondary antibody 

(Envision) was applied in a volume of 100 μl-200 μl for 30 min at room temperature. 

Signal was developed by applying 3,3'-diaminobenzidine (DAB) substrate for 10 min 

at room temperature and slides were washed in running water for 2 min. Counterstain 

was applied by immersing slides in Haematoxylin for 60 s, washed in running water 

and blued in Scotts tap water substitute for 10 s and finally rinsed in running water. 

Slides were dehydrated in successive ethanol submersions starting with 1 min in 

70 % ethanol, 1 min in 90 % ethanol and 2 × 1 min in 100 % ethanol. Slides were 

dewaxed in xylene 3 times for 1 min each, mounted in dibutyl phthalate xylene 

(DPX) and protected with a coverslip. 

 

2.13.2 Specificity of phospho-specific antibodies 

Specificity of the Cell Signalling Chk2 threonine-68 phosphorylation rabbit 

polyclonal antibody was undertaking by performing competitive reactions with a 

Chk2 threonine-68 phosphorylation custom made peptide (Cell Signalling). The 
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antibody and the blocking peptide were incubated in a 1:5 (v/v) ratio for one h at 

room temperature and diluted to give the final antibody concentration before being 

applied to slides that had been non-specifically blocked as 2.12.1. Slides were then 

processed as the immunohistochemistry protocol. 

2.14 Statistical Analysis 

Continous data were analysed in GraphpadPrism software (version 4) to calculate 

standard deviations of the mean and the EC50 drug values for short term growth 

inhibition assays. 

Standard Pearson correlation analysis for intraobserver agreement in analysing 

immunohistochemical data was analysed by the R foundation for Statistical 

Computing Services (Vienna, Austria) package.  
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2.15 Buffer Recipes 

10 × Tris Buffered Saline pH7.5 (TBS) 

0.5 M Tris Base, 

1.5 M NaCl 

 

1 × TBSTween 

1/10 dilution of 10×TBS 

0.001 % Tween 

 

Urea Lysis Buffer 

62.5 mM Tris pH 6.8 

6 M urea 

10 % v/v glycerol 

2 % w/v SDS 

Complete mini protease inhibitor tablet (Roche) 

 

Tris Lysis Buffer 

90 % 1× TBS 

10 % NondietP40 

0.01 % Protease inhibitor cocktail (Sigma P8340) 

 

5× SDS Loading Buffer 

30 % 0.3 M Tris pH 6.8 

10 % 2-mercaptoethanol 
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40 % glycerol 

20 % SDS 

0.02 % Bromophenol blue 

 

20 × MOPS SDS Running Buffer 

1 M Tris 

1 M MOPS 

20.5 mM EDTA 

2 % SDS 

 

Towbin Transfer Buffer 

25 mM Tris base 

192 mM glycine 

10 % methanol 

 

FACS Citrate Buffer pH7.6 

250 mM sucrose 

45.6 mM trisodium citrate 

5 % DMSO 

 

NP40 Lysis Buffer pH8.0 

65 mM TRIS 

154 mMNaCL 

1 % NP40 
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(to 10 ml of stock add one Protease inhibitor tablet (Roche) and 25 μL 400× PMSF) 

 

Cellular Fractionation Hypotonic Buffer (25 mls) 

500 μl 1 M Hepes 

500 μl 10 % NP40 

5 μl 0.5 M EDTA 

23.95 mls distilled water 

 

Cellular Fractionation Hypertonic Buffer (25 mls) 

500 μl 1 M Hepes 

500 μl 10 % NP40 

2 mls 5 M NaCl 

3 mls 100 % Glycerol 

19 mls distilled water 

 

DNA Lysis Buffer 

10 mM Tris pH 7.4 

50 mM EDTA 

0.5 % SDS 

Phosphatase buffers/stabilisers were not included in the cell lysis protocols in 

Chapter 5 for Cdc25A immunoblots as the phosphatase buffers inhibited the reaction 

with the Super Signal femto chemiluminescence. The cell pellets derived from these 

reactions were strictly subjected to Western blotting within 24 hours to limit protein 

degradation.
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Chapter 3. Expression of DNA Damage Response Proteins in 

Sporadic Colorectal Cancers 

3.1 Introduction 

Colorectal cancer is a multistep process, progressing from an adenoma to a 

carcinoma by the accumulation of defects in genes that regulate cell survival and 

apoptosis (Lane and Crawford, 1979). Historically, there are two main types of 

genetic aberrations in colorectal cancer: chromosomal instability, which is 

commonest in sporadic cancers, and MSI, which occurs in over 90 % of hereditary 

nonpolyposis colon cancer (Lengauer et al., 1998; Wheeler et al., 2000) and up to 

15 % of sporadic tumours (Lynch et al., 1993). Constitutive activation of the ATM–

Chk2–p53 pathway has been suggested to prevent disease progression from colonic 

adenoma to invasive carcinoma, highlighting that defects in these pathways may 

promote genetic instability and carcinogenesis (Bartkova et al., 2005b). Activation of 

the DDR pathway can occur at various stages throughout the development of cancer, 

including chromatin alterations, generation of reactive radical species, senescence 

and telomere shortening (Bakkenist and Kastan, 2003; Bartkova et al., 2005a; 

Bartkova et al., 2005b; Herbig et al., 2004). 

The efficacy of conventional chemotherapy and radiotherapy is related to their ability 

to induce DNA damage (Norbury and Hickson, 2001). Inhibitors of the DDR and 

repair pathways have been shown to be (1) effective as single agents for treating 

cancers that have mutations in essential DNA repair genes and (2) a means of 

potentiating current cytotoxic and irradiation therapies (Bryant et al., 2005; Farmer et 

al., 2005; Hickson et al., 2004). The ATM gene is mutated in the autosomal recessive 
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disorder AT that is characterised by extreme sensitivity to radiation (and other agents 

causing DSB) (Savitsky et al., 1995) and, as such, supports the rational for using 

ATM inhibition to enhance the effects of radiation therapy (Hickson et al., 2004). 

However, the effect of constitutive activation of the DDR in cancer cells may 

undermine the efficacy of such approaches (Madhusudan and Middleton, 2005) and 

this approach has not been studied in human (colorectal) cancers. Furthermore, the 

proportion of sporadic colorectal cancers that harbour defects within this signalling 

cascade is currently unknown. The majority of studies have evaluated expression of 

these proteins within hereditary nonpolyposis syndromes (Miquel et al., 2007) and 

then extrapolated the findings to sporadic cancers with the MSI phenotype (Table 

3.1). Therefore, a comprehensive analysis of the whole ATM pathway based on 

interrogating protein expression in sporadic cancers would be more informative and 

may perhaps predict patient response to current treatment modalities (Grabsch et al., 

2006; Madhusudan and Middleton, 2005). In this chapter I have analysed expression 

of the DDR proteins in 179 sporadic colorectal cancersof which 152 were 

microsatellite stable and 27 were microsatellite instable.  

3.2 Results 

3.2.1 Validation of antibody specificity 

3.2.1.1 Western blotting 

In order to undertake immunohistochemistry of complex tissue specimens, it is first 

necessary to validate antibody specificity. There is no accepted gold standard in IHC 

for assessing antibody specificity; however, certain biological methods can be used 

to provide evidence of specificity (Mandell, 2003). A simple method of assessing 
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antibody specificity (or cross-reactivity) is to immunoblot a positive control lysate 

sample that has been subjected to electrophoresis. This allows an assessment of the 

potential crossreactivity of the antibody with different protein bands. To reduce 

cross-reactivity, monoclonal antibodies (if available) are preferred to polyclonal 

antibodies (Bartkova et al., 2005a). Although this method is commonly used, it 

should be noted that proteins are denatured during electrophoresis; in contrast, in 

immunohistochemistry, proteins are assessed in their native (folded) form. To test 

cross-reactivity of antibodies recognising DDR components, checkpoint-proficient 

osteosarcoma cells, U2OS, were irradiated with 5 Gy of ionising irradiation or 

10 J/m
2
 of UV irradiation to induce the ATM and ATR DDR pathways, respectively. 

Figures 3.1–3.4 show whole immunoblots depicting the range of antibodies used. An 

antibody was deemed specific if it detected induced band(s) of the predicted size on 

an immunoblot and was then considered appropriate for use in 

immunohistochemistry. For example, Figure 3.1 shows two Abcam anti-ATM 

antibodies: a poorly specific mouse monoclonal (5C2) antibody and a highly specific 

rabbit monoclonal (Y170) antibody. Similarly, the Mre11 clone 18 (BD Biosciences) 

antibody was deemed cross-reactive due to the detection of laddered bands (Figure 

3.2) and Mre11 12D7 was considered more specific (Abcam). Four of the antibodies 

anti-Rad50; anti-Nbs1 phosphoserine 343, anti-Chk1 phosphoserine 317 and anti-

Chk2 phosphothreonine 68 detected more than a single band however were 

considered suitable for IHC as it is likely that they are complexed with other proteins 

(resistant to separation with the lysate preparation) or have undergone further post 

translational modifications. The majority of the antibodies tested (Table 3.2) were 

found to be suitable for IHC and indeed had been used previously (Bartkova et al., 
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2005a; Bartkova et al., 2004; Bartkova et al., 2005b; Gorgoulis et al., 2005; Lukas et 

al., 2001; Nuciforo et al., 2007) on formalin-fixed paraffin-embedded human tissue 

specimens. 

 

3.2.2 Xenograft tissue microarray 

Xenograft tumours were also used to optimise antibodies for IHC analysis of 

formalin-fixed, paraffin-embedded tissues. These could be directly compared with 

lysate samples derived from monolayer cultures of the corresponding cell line 

analysed using the same antibodies. A tumour microarray was created from treatment 

naïve HCT-8, HCT15, HCT116, HT29 and SW-620 xenografts (Figure 3.5). Proteins 

involved in the DDR were assessed by IHC (Figure 3.6) using the antibodies 

described above and nuclear histoscores were calculated. A summary of the results is 

shown in Table 3.3. 

The MRN complex is required to facilitate ATM activation after the formation of 

DNA DSB (Lee and Paull, 2005). The levels of Rad50 detected in the xenografts 

correlated well with immunoblot data from the corresponding cell lines (compare 

Figure 3.6 with Figure 6.5). Nbs1 staining was highest in the HCT116 xenograft; 

however, this contrasts with the immunoblot data. The Mre11 component of MRN is 

necessary for the stabilisation of both Nbs1 and Rad50 in cell culture models and 

HCT116 cells are reported to lack stabilisation of both these proteins (Takemura et 

al., 2006). 

No Chk2 staining is seen in HCT-8, HCT15 and HCT116 cells. Both HCT-8 and 

HCT15 are derived from the same primary tumour (Vermeulen et al., 1998) and 
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HCT15 has been shown to have biallelic missense mutations in codon 145 (R145W) 

and codon 247 (A247D), resulting in the formation of an unstable Chk2 protein that 

is unable to undergo ATM-dependent phosphorylation at threonine-68 (see below) 

(Lee et al., 2001). The antibody used to detect Chk2 protein was a mouse 

monoclonal directed against amino acids 1–300 of the human wild-type protein and 

should therefore be able to detect mutant Chk2 protein using both immunoblotting 

and IHC. However, data suggests that the R145W mutation alters the tertiary and 

quaternary structures of the resultant protein, which may explain the lack of detection 

by the antibody (Lee et al., 2001). SW-620 and HT29 xenografts showed the highest 

levels of Chk2 staining. However, Chk2 threonine-68 staining was not present in 

HCT116, HCT-8 or HCT15 xenografts, which agrees with the immunoblot data 

(Figure 6.5) and provides supporting evidence that DDR pathways have not be 

activated. For the reasons outlined above, mutant Chk2 protein present in HCT-8 and 

HCT15 cells is unable to undergo phosphorylation at threonine-68 after DNA 

damage. SW-620 has the highest Chk2 threonine-68 staining, consistent with 

constitutive pathway activation. HT29 also has Chk2 threonine-68 nuclear staining, 

but this is mostly diffuse, which may reflect differences in tumour cell biology 

between monolayer cultured cells and xenografts. 

p53 staining indicated the presence of stable mutant protein in HCT15, HT29 and 

SW-620 cells. Only SW-620 had a p53 serine 15 phoshorylation signal, albeit a very 

low level. p21 is a p53-inducible gene and p21 staining is highest in HCT116 

xenografts, which contain wild-type p53. 
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In general, the level of nuclear IHC staining of DDR proteins in the majority of 

xenografts is in good agreement with data derived from immunoblots of the 

traditional western blotting of monolayer cell cultures (Figures 3.6 IHC and 6.4 

immunoblots (see later)) 

3.2.3 Human colorectal Tissue Microarray 

Ethical approval (Lothian Research & Ethics Committee 07/S1103/19) was granted 

for the assessment of human archival paraffin-embedded CRC. One hundred and 

seventy nine sporadic tumours were used to create the microarray: 152 CRC 

represented the MSS phenotype and 27 (15 %) the MSI phenotype. Microsatellite 

phenotyping had previously been undertaken by Bubb (1996). Each CRC slide was 

sectioned and H&E stained to assess architectural preservation and select suitable 

tumour areas to be cored. Three × 0.6 mm cores of each colorectal cancer were 

placed into three separate microarray paraffin blocks using a Beecher instrument 

(Figure 3.7) (Rimm et al., 2001b). Core loss was between two and five (1–3 %) in 

MSI-negative cancers and between zero and one (0–3 %) in MSI-positive cancers. 

The human colorectal TMA was interrogated using antibodies against proteins of the 

DDR signalling cascade, including ATM, Mre11, Nbs1 and Rad50 sensor proteins, 

Chk2 and Chk2 threonine-68 transducer proteins, and p53 and p21 effector proteins. 

Analysis was done by comparing data from microsatellite-stable tumours with data 

from microsatellite-unstable tumours. Representative staining patterns are depicted in 

Figure 3.8 for each antibody. 

Nuclear staining of the cores was scored manually as low staining (0–100), moderate 

staining (101–200) or high staining grading (201–300); an example of p53 staining is 
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shown in Figure 3.9. The IHC data is descriptive data and does not test statistical 

significance between the staining intensity; the colorectal cancer series is small 

limiting the tests for statistical significance. 

The specificity of phospho-specific antibodies can be assessed by peptide blocking 

and phosphatase treatment of the sample tissue. Following these treatments, no 

staining should occur with phospho-specific antibodies. Phosphospecificity of the 

anti-Chk2 threonine-68 antibody was assessed using a blocking peptide. Antibody 

incubation with the blocking peptide resulted in loss of tissue staining for the Chk2 

threonine-68 antibody (Figure 3.10). These experiments validate the 

phosphospecificity of the Chk2 threonine-68 antibody. 

3.2.3.1 ATM, Chk2 and Chk2 threonine-68 staining 

Two-thirds (62 %) of MSS cancers and three quarters (74 %) of MSI cancers showed 

no or low ATM staining. High or moderate Chk2 staining was observed in 62 % of 

both MSS and MSI cancers.(Figure 3.11A) Certain mutant Chk2 proteins are more 

unstable than wild type; therefore, high staining levels may indicate the presence of 

wild-type protein, although this requires confirmation by genetic analysis. In all 

cancers, there was a positive correlation between ATM and Chk2 staining (P = 

0.002). Chk2 threonine-68 staining was present in 22 % of microsatellite-stable 

tumours and in 33 % of tumours with the microsatellite instability phenotype. 

3.2.3.2 p53 and p21 staining 

Of the MSS cancers, 43 % had low levels of p53 immunostaining (suggesting the 

presence of wild-type protein) and 55 % had moderate-to-high p53 staining 

(suggesting that p53 was mutated). In contrast, 66 % of MSI cancers had low levels 
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of p53 staining and 23 % had moderate-to-high levels of p53 staining (Figure 3.11B). 

This data is consistent with the published literature (Midgley and Lane, 1997). 

In human CRC, loss of p21 expression is associated with high p53 expression. Both 

MSI and MSS cancers had approximately 85 % low-grade p21 staining. Holland et 

al. reported that strong staining for p21 in the crypts of normal colon cells and 

correlated loss of staining or low staining with poorer survival (Holland et al., 2001). 

In all cancers, there was an inverse correlation between p53 and ATM (P = 0.023) 

and an inverse correlation between p53 and p21 expression in MSS cancers (P = 

0.026); these results are consistent with published data (Bukholm and Nesland, 

2000). 

3.2.3.3 MRN complex staining 

Over 90 % of MSS cancers had no or low staining for Mre11 and Rad50; in contrast, 

80% and 88% of MSI cancers had no or low staining of Mre11 and Rad50, 

respectively. The pattern of Nbs1 staining was different: 53 % of MSS cancers and 

41 % of MSI cancers exhibited low Nbs1 staining. Moderate-to-high NBS staining 

was observed in 25 % and 42 % of MSS and MSI cancers, respectively.(Figure 3.12) 

There were no significant associations between the levels of different MRN 

component proteins. Therefore, alterations to MRN protein levels may be a late event 

in the development of colorectal cancer, following mutations in other genes. 

3.2.3.4 p53 staining intensity and Chk2 threonine-68 detection 

Activation of the DDR has been shown to precede the development of chromosomal 

instability (Bartkova et al., 2005b). In this series of colorectal cancers, all cancers 

that were negative for p53 staining were also negative for Chk2 threonine-68 
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staining, although the numbers are too small to draw any definite conclusions. Chk2 

threonine-68 was detected in cancers of both the MSI and MSS phenotypes, 

reflecting activation of the DDR, and levels of Chk2 threonine-68 expression 

correlated with p53 staining intensity (Figure 3.13); this correlation was statistically 

significant in the MSS cancers (Chi-squared test; P = 0.041). This observation 

supports the hypothesis that DDR activation precedes the development of 

chromosomal instability, including p53 mutations. A higher proportion of MSI 

cancers stained for phosphorylated Chk2, which may reflect the increased burden of 

genetic instability created by mismatch repair-deficiency. Alternatively, it may 

reflect the activation of compensatory DNA repair processes. 

3.3 Discussion 

TMA are miniature platforms for the assessment of defined sets of tumour samples, 

as opposed to conventional immunohistochemistry which analyses single specimens. 

In this cohort of 186 cancer samples, 71 cancers had previously been IHC assessed 

for p53 using conventional single specimen processing and binary analysis of 

staining. Conventional IHC assessment of p53 was either low/normal or negative in 

32 cancers, and this correlated well with TMA-generated histoscores; the majority of 

tumours (27/32; 84 %) had a histoscore of less than 100. Positive or high staining 

was previously demonstrated in 39 of the colorectal cancers and was also seen in 

72 % (28/39) of TMA specimens. Differences in antigen retrieval and antibody 

specificity were not further considered in this analysis. Thus, TMA technology is a 

robust and reliable method for analysing tissue populations. 
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An activated ATM dependent DDR is considered to be present when phosphorylated 

proteins such as ATM serine1981, H2AX serine 139 (γH2AX), Chk2 threonine 68, 

and p53 serine 15 are present. In the original articles Chk2 threonine 68 was used as 

a marker of an activated ATM DDR as it is not often mutated in cancer unlike p53 

and is not inherently overexpressed. 

A previous study (Oka et al., 2010) analysed DDR activation by assessing ATM 

serine-1981, Chk2 threonine-68 and γ-H2AX phosphorylation in 55 surgically 

resected adenomas and colorectal cancers; they reported that 6 %, 1 % and 8 % of 

cells had positively nuclear staining, respectively, for these phosphoproteins. 

However, it is unclear whether all of the specimens showed evidence of a DDR. 

There was evidence of an activated DDR in advanced cancers compared with normal 

tissues; however, no data was presented for commonly associated genetic mutations. 

In this study, treatment naïve cancers (Bubb et al., 1996) were used to create the 

TMA to inform of activation of the DDR. Limited data were available to asses the 

impact of an activated DDR on the site of lesion, treatment response or survival.  

Nevertheless, analysis of all cancers revealed that ATM expression positively 

correlated with Chk2 expression and inversely with p53 staining. This suggests that 

high ATM (and Chk2) expression is associated with low p53 (or wild-type) 

expression. ATM downregulation correlated with high p53 levels, perhaps reflecting 

a more stabilised protein or mutant p53 status. In response to DNA damage, ATM 

and p53 function in a linear pathway. Thus, inactivation of p53 and reduced ATM 

expression could be considered as “two hits” in the same pathway; this may explain 

resistance to chemotherapy exhibited both by the inability to sense and repair DNA 

damage and to undergo apoptosis. Knappskog et al. (2012) reported that resistance to 
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DNA damaging agents significantly associated with low ATM expression or p53 

and/or Chk2 mutations in breast cancer. However, they did not report any defects in 

the DSB DNA repair pathway (i.e., BRCA). Therefore, it is unclear whether the 

chemoresistance may be due to attenuation of the ATM–p53 apoptotic pathway or to 

ATM-independent p53 cell cycle arrest. 

In this study, the majority of sporadic colorectal cancers exhibit the MSS phenotype 

and approximately 55 % of these cancers demonstrated moderate-to-high p53 

staining, suggesting that a large proportion of these cancers harbour mutant p53. IHC 

assessment of p53 staining is a valid surrogate marker of p53 mutational status when 

done using strict criteria (Nyiraneza et al., 2011). Using p53 staining as a prognostic 

and predictive marker has led to conflicting results, partly due to the use of 

homogeneous patient groups and the absence of a validated framework in which to 

assess staining patterns. p53 mutation is a late event in the development of 

microsatellite-stable cancers and reflects chromosomal instability at 17p (Hollstein et 

al., 1991). The negative association between p53 and p21 levels confirms the 

biological role of p21 as a p53 target gene (Deng et al., 1995; el-Deiry et al., 1994). 

Although evidence suggests that DNA DSB can result in chromosomal instability, it 

is less clear whether this leads to activation of the DDR in colorectal cancers (Li et 

al., 2004; Raynaud et al., 2008a). Chromosomal instability is a major molecular 

feature of the autosomal recessive condition ataxia telangiectasia, suggesting that 

defective ATM signalling is a key feature of this phenotype (Shiloh, 2003). Robust 

activation of the DDR pathway has been described in precancerous lesions, which 

appear to be reduced longitudinally as cancer develops. Bladder cancers that 

demonstrate high levels of genomic instability have variable staining for Chk2 
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threonine-68 (Bartkova et al., 2004) compared with cancers with lower genomic 

instability. This presumably reflects increased molecular and genetic heterogeneity 

as the cancer develops, resulting in varying degrees of (in)activation of the DDR. 

Chk2 threonine-68 phosphorylation is considered a surrogate marker for activation of 

the DDR signalling pathway and is present in approximately one fifth of 

microsatellite-stable cancers. The absence of an activated DDR pathway in the 

majority of microsatellite-stable cancers suggests that these cancers circumvent the 

response and repair of DNA damage, which may reflect an aggressive cancer 

phenotype and a poorer prognosis following DNA damage-inducing therapy. 

Alternatively, activation of the ATM-dependent DDR and high levels of 

chromosomal instability may represent a dependency on the DNA repair machinery; 

however, this effect was not further evaluated in the current study. 

In contrast, the majority (66 %) of microsatellite-unstable cancers exhibit low p53 

staining, reflecting the distinct molecular characteristics of these cancers. Low, 

restricted nuclear p53 staining has been significantly associated with MSI-H cancers 

(Nyiraneza et al., 2011). Although MSI-positive cancers have a less aggressive 

phenotype, they do demonstrate resistance to particular therapies as the toxic DNA 

lesion is not recognised by the defective MMR machinery. MSI-H cancers have been 

shown to be resistant to 5-fluorouracil therapy, partly due to the defective mismatch 

repair proteins and to high levels of the enzyme thymidylate synthase, which 5-

fluorouracil competitively inhibits (Carethers et al., 2004; Ribic et al., 2003; 

Ricciardiello et al., 2005; Wang et al., 2004a). Activation of DDR, indicated by 

Chk2 threonine-68 phosphorylation, was demonstrated approximately one-third of 

these cancers. Nbs1 protein expression was higher in MSI cancers compared with the 
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MSS cancers. These results suggest that different pathways are activated in the MSI-

H cancers. Brown et al. (2003) reported physical interactions between MLH1 and 

ATM and between MSH2 and Chk2, suggesting that these associations are required 

to induce an effective DNA damage S-phase arrest. Luo et al. (2004) reported that 

hMLH1-dependent nuclear localisation of the MMR proteins, hPMS1 and hPMS2, 

augmented the DNA damage- and ATM-induced p53 stabilisation and activation. 

The identification of the MMR complexes in DNA damage-induced foci also 

suggests that the MMR components may have a role in modulating the DDR (Wang 

et al., 2000). Thus, activation of DDR in MSI cancers may reflect a compensatory 

response to defective MMR. 

Robust activation of the DDR pathway has been described in precancerous lesions, 

and adaptation leads to mutations in downstream genes. Constitutive activation of the 

DDR in cancers may represent replication stress (i.e., unscheduled DNA synthesis), 

telomere shortening, DNA repair or a persistent signal to induce cellular apoptosis or 

senescence (Bartkova et al., 2005b; Cangi et al., 2008; Chen et al., 2005a; Chen et 

al., 2005b; Osborn et al., 2002; Raynaud et al., 2008a; Raynaud et al., 2008b) It 

remains unclear as to whether constitutive activation of the DDR in cancerous 

lesions predicts treatment response, allowing the development of a rational approach 

to cancer therapy. 
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Table 3.1. Summary of DNA damage response proteins currently assessed in colorectal cancer cell 

lines and human tumour samples 

 

Protein Cell Lines MSS CRC MSI CRC Hereditary 

CRC 

ATM/ATR Ejima 1999 Beggs 2012 

Bartkova 2005 

Lewis 2007 

Lewis 2005 

Kim 2007 

MRN Gianni 2002 Wang 2004 Gianni 2004 

Miquel 2007 

Alemaheyu 

2007 

Chk2 Takemura 2006 Williams 2006 

Bartkova 2005 

 Lee 2001 

Chk1 Lewis 2005  Kim 2007 

Lewis 2007 

Kim 2007 

p53 O’Connor 1997 

Gayet 2001 

Gervaz 2002 

Bartkova 2005 

Bubb 1996 Vahteristo 2001 

 

 

Sources:  (Alemayehu and Fridrichova, 2007; Bartkova et al., 2005b; Beggs et al., 2010; Bubb et 

al., 1996; Ejima et al., 2000; Gayet et al., 2001; Gervaz et al., 2002; Giannini et al., 2004; 

Giannini et al., 2002; Kim et al., 2007; Lee et al., 2001; Lewis et al., 2007; Lewis et al., 2005; 

Miquel et al., 2007; O'Connor et al., 1997; Takemura et al., 2006; Vahteristo et al., 2001; Wang 

et al., 2004b; Williams et al., 2006). 
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Figure 3.1. DNA damage induction of the 350 kDa ATM protein in U20S osteosarcoma cells. 

Cells were treated with 5 Gy IR or 10 J/m
2
 ultraviolet radiation and harvested after 2 h. Equal amounts 

of cell lysate was analysed by immunoblotting (75 μg/lane). Membranes were probed with ATM 5C2, 

ATM Y170 and ATM serine-1981 antibodies. A protein band is induced above the 250 kDa marker 

following DNA damage. 
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Figure 3.2. DNA damage induction of the MRN complex in U20S osteosarcoma cells. 

Cells were treated with 5 Gy IR or 10 J/m
2
 ultraviolet radiation and harvested at 2 h. Equal amounts of 

cell lysate was analysed by immunoblotting (75 μg/lane). Membranes were probed with Mre11 

clone18, Mre11 12D7, Nbs1, Nbs1 serine-343, and Rad50 antibodies. A protein band is induced 

above the 105 kDa marker following DNA damage.   



 105 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. DNA damage induction of checkpoint kinase proteins in U20S osteosarcoma cells. 

Cells were treated with 5 Gy IR or 10 J/m
2
 ultraviolet radiation and harvested at 2 h. Equal amounts of 

cell lysate was analysed by immunoblotting (75 μg/lane).  Membranes were probed with Chk1, Chk1 

serine-317, Chk1 serine-343, Chk2 A11 and Chk2 threonine-68 antibodies. A protein band is induced 

above the 50 kDa marker following DNA damage.   
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Figure 3.4. DNA damage induction of p53 and p21 proteins in U20S osteosarcoma cells. 

Cells were treated with 5 Gy IR or 10 J/m
2
 ultraviolet radiation and harvested at 2 h. Equal amounts of 

cell lysate was analysed by immunoblotting (75 μg/lane).  Membranes were probed with p21, p53, 

p53 serine-15 and p53 serine-20 antibodies. A protein band is induced above the 50 kDa marker 

following DNA damage.   
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Table 3.2. Summary of antibody specificity for immunohistochemistry 

 

Protein Size 

(KDA) 

Antibody Origin Immunoblot IHC 

ATM 5C2 350 Abcam Mouse 

monoclonal 

Multiple bands No 

ATM Y170 350 Abcam Rabbit 

monoclonal 

Single band Yes 

ATM 

serine-1981 

350 Abcam 2888 Rabbit 

polyclonal 

Single band Yes 

Mre11 

clone18 

79 BD Biosciences Mouse IG1 Multiple bands No 

Mre11 12D7 79 Abcam Mouse 

monoclonal 

Single band Yes 

Rad50 153 Novus 

biologicals 

Rabbit 

polyclonal 

Multiple bands Yes* 

Nbs1 95 Abcam 398 Rabbit 

polyclonal 

Single band Yes 

Nbs1  

serine-343 

95 Abcam 15088 Rabbit 

polyclonal 

Multiple bands Yes* 

Chk1 G4 56 Santa Cruz Mouse 

monoclonal 

Single band Yes 

Chk1  

serine-317 

56 Cell Signaling 

Technology 

Rabbit 

polyclonal 

Two bands Yes* 

Chk1  

serine-345 

56 Cell Signaling 

Technology 

Rabbit 

polyclonal 

Single band Yes 

Chk2 A11 62 Santa Cruz Mouse 

monoclonal 

Single band Yes 

Chk2 

threonine-

68 

62 Cell Signaling 

Technology 

Rabbit 

polyclonal 

Multiple bands Yes* 

p53 D01 53 Calbiochem Mouse 

monoclonal 

Single band Yes 

p53  

serine-15 

53 Cell Signaling 

Technology 

Rabbit 

polyclonal 

Single band Yes 

p53  

serine-20 

53 Cell Signaling 

Technology 

Rabbit 

polyclonal 

No signal No 

p21 21 Calbiochem Mouse 

monoclonal 

Single band Yes 

 

Tabulated summary of Figures 3.1–3.4, describing the antibodies used, the predicted molecular 

weight, and antibody specificity and suitability for immunohistochemistry (IHC). *Although these 

antibodies recognise more than a single band; it is likely that the protein remains in a complex (not 

disrupted by the lystate preparation) with other proteins or has undergone further post translational 

modifications as detected at similar predicted size. 
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Figure 3.5. Xenograft tissue microarray. 

Xenograft tissue microarray was created using 2 × 1 mm cores from triplicate xenografts (a-c) derived 

from HCT116 (1), HCT-8 (2), HCT15 (3), SW-620 (4) and HT29 (5) colorectal cancer cell lines. 

Images 1b and 2a are high power field views of the corresponding cores.  
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Figure 3.6. DDR protein expression in xenograft models.  

The expression of the DNA damage response proteins was assessed immunohistochemically using (A) ATM,  Nbs1 and Rad50 antibodies and (B; next page) Chk2, 

Chk2 threonine-68, p53, p53 serine-15 and p21 antibodies. Representative cores of each xenograft stained with selected antibodies are shown. 
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Table 3.3. Nuclear histoscores generated by scoring xenograft tumour microarrays by two observers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Histoscore is a composite scoring method based on assessing the proportion of cells stained and the 

intensity of antibody staining. (A) Two independent individuals (A & B) analysed and histoscored the 

nuclear antibody staining. (B) Intra-observer agreement was analysed by the R
2 
= 0.94). 

Antibody HCT116 HCT-8 HCT15 SW-620 HT29 

Histoscore A B A B A B A B A B 

ATM 45 42.5 76 83 140 126 66 72.5 116 112 

Rad50 0 3 150 108 200 253 57 20 247 280 

Nbs1 190 200 90 102 58 100 122 93 80 92 

Chk2 0 0 0 0 0 0 42 31 37 50 

Chk2 threonine-

68 

0 0 0 0 0 0 165 177 170 123 

p53 3 2 0 0 35 33 210 240 173 205 

p53 serine-15 0 0 0 0 0 0 1 15 0 0 

p21 33 58 13 17 2 7 1 0 0 0 
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Figure 3.7. Colorectal cancer tumour microarray. 

Each CRC slide was sectioned and H&E stained to assess architectural preservation of tumour tissue 

and select suitable areas to be cored. Three × 0.6 mm cores of each colorectal cancer sample were 

placed into individual microarray paraffin blocks using a Beecher instrument. 
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Figure 3.8. DDR protein expression on human colorectal tumour microarray. 

The expression of the DNA damage proteins was assessed immunohistochemically using the 

antibodies described above. Representative cores of each cancer were stained using ATM, Chk2, 

Chk2 threonine-68, p21, p53, Mre-11, Nbs1 and Rad50 antibodies. MSI, Microsatellite instability; 

MSS, Microsatellite stable. 
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Figure 3.9. Analysis of p53 immunostaining in colorectal cancer cores. 

p53 immunostaining was undertaken and staining intensity and the proportion of cancer cells stained were used to calculate the histoscore. Low staining, histoscore  

0–100; moderate staining, histoscore 101–200; high staining, histoscore 201–300. 

p53 normal p53 low p53 moderate p53 highp53 normal p53 low p53 moderate p53 high
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Figure 3.10. Phosphospecificity of Chk2 threonine-68 antibody. 

Phosphospecificity of the Chk2 threonine-68 antibody was assessed using competitive peptide blockade. Antibody incubation with the blocking peptide prevents  

Chk2 threonine-68 staining in the same tumour core. 
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Figure 3.11.  ATM, Chk2 and Chk2 threonine 68 protein expression in a human colorectal 

tumour microarray. 

(A). ATM, Chk2 and Chk2 threonine-68 staining (Chk2thr68) staining were evaluated according to 

type of colorectal cancer. Staining was absent (white); or detected at low (light grey), moderate (dark 

grey) or high (black) levels. (B) Scatter plots depicting association between staining patterns. MSI, 

Microsatellite instability; MSS, Microsatellite stable.  
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Figure 3.12.  p53-p21 axis and ATM protein expression in a human colorectal tumour 

microarray. 

(A). p53, and p21 staining were evaluated according to type of colorectal cancer. Staining was absent 

(white); or detected at low (light grey), moderate (dark grey) or high (black) levels. (B) Scatter plots 

depicting association between staining patterns of p53, p21 and ATM. MSI, Microsatellite instability; 

MSS, Microsatellite stable.  
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Figure 3.13. MRN component expression in a human colorectal tumour microarray. 

Summary of Mre11, Rad50 and Nbs1 staining, classified by type of colorectal cancer. Staining was 

absent (white); or detected at low (light grey), moderate (dark grey) or high (black) levels. MSI, 

Microsatellite instability; MSS, Microsatellite stable.  (B) Scatter plots depicting association between 

staining patterns of p53, p21 and ATM. 
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Figure 3.14. Relationship between p53 staining intensity and Chk2 threonine-68 staining. 

For both (A). microsatellite stable (MSS) and microsatellite instable (MSI) colorectal cancers, Chk2 threonine-68 (Chk2 thr68) staining became more positive as p53 

staining intensity increased. The overall proportion of Chk2 threonine-68 staining in MSI colorectal cancers was higher than in MSS cancers, presumably reflecting a 

higher burden of genetic instability or compensatory repair function. Chk2 threonine-68 staining is shown as absent (white) or positive (black).  (B) Scatter plots of all 

data  MSS and MSI data. MSI, Microsatellite instability; MSS, Microsatellite stable.  
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Table 3.4. Comparison of conventional single specimen immunohistochemistry and tissue 

microarray-generated histoscores for p53 immunostaining. 

 

 TMA Hs <100 TMA Hs 101-200 TMA Hs 201-300 

Normal/Negative  27 5 0 

Positive/High  11 8 20 

 

 

Seventy-one colorectal samples were previously analysed as single specimens using p53 

immunostaining. Cancers derived from the same individuals were then formatted into a tissue 

microarray (TMA) and assessed for p53 immunostaining in this platform. Histoscore, Hs. 
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Chapter 4. p21-Null Cells Display Radioresistant DNA Synthesis 

4.1 Introduction 

The cytotoxic effect of current therapies for the treatment of cancer is related to their 

ability to induce DNA damage. The type of damage created depends on the particular 

treatment modality but may include altered bases, single- and double-strand breaks, 

inter strand cross-links and the formation of bulky DNA adducts (Norbury and 

Hickson, 2001). DSB are a particularly detrimental form of DNA damage, which can 

be caused by endogenous processes (Carney et al., 1998; Dasika et al., 1999) and as 

a therapeutic consequence of cytotoxics that create stalled replication forks, 

interstrand cross-links and other similar structural modifications. (Kuzminov, 2001b; 

Sancar et al., 2004). The inherent ability to sense and repair different forms of DNA 

damage may undermine the efficacy of such approaches. Inhibition of key molecules 

within this network is an attractive approach that may potentiate the effects of 

radiotherapy and chemotherapy and overcome resistance to current cytotoxics 

(Madhusudan and Hickson, 2005). 

Ataxia-telangiectasia mutated (ATM) is a nuclear protein kinase that has been 

implicated in orchestrating the response to DNA DSB by coordinating cell cycle 

arrest, DNA repair and apoptosis. In response to IR, DNA DSB are sensed by a 

number of proteins, including TRF2 and the Mre11–Rad50–Nbs1 complex. These 

subsequently recruit ATM and additional kinases, resulting in the phosphorylation of 

multiple substrates, including Nbs1, H2AX, p53, Chk2, Chk1. Upon DNA damage, 

cells in G1 phase are able to undergo a prolonged arrest through activation of the 

ATM–Chk2–p53–p21 pathway, thus retarding progression into S phase (Brugarolas 
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et al., 1995; Brugarolas et al., 1999; Deng et al., 1995; el-Deiry et al., 1994; el-Deiry 

et al., 1993). However, it can take several hours before p21 is transcriptionally 

upregulated and this pathway is induced. DNA synthesis can therefore be inhibited at 

the G1/S transition and during S phase by the rapid degradation of Cdc25A, induced 

by the ATM–Chk2/1–Cdc25A (or the ATR–Chk1–Cdc25A) pathway (Bartek et al., 

2004; Bartek and Lukas, 2003; Falck et al., 2001; Mailand et al., 2000) and by 

ATM-dependent activation of Nbs1, which appears to function exclusively in S 

phase (Heffernan et al., 2002; Kastan and Lim, 2000; Shiloh, 2003). Degradation of 

the Cdc25A dual specificity protein phosphatase results in increased inhibitory 

phosphorylation on Cdk2 threonine-14 and tyrosine-15, thus inactivating the 

Cdk2/cyclin E and Cdk2/cyclin A complexes. A sharp decline in DNA synthesis 

occurs as new replication origins are inhibited (Kastan and Lim, 2000; Painter and 

Young, 1980), which is reinforced by full engagement of p21–Cdk2–Rb-dependent 

G1 arrest. p21 can also inhibit DNA synthesis by binding to proliferating cell nuclear 

antigen (PCNA), a subunit of DNA polymerase delta. The G2/M checkpoint serves 

to repair DNA damage accumulated during DNA synthesis prior to mitosis and to 

prevent segregation of damaged chromosomes during mitosis (Dasika et al., 1999). 

Chk1 (and Chk2), a nuclear serine/threonine kinase, has a major role in this cell 

cycle phase by preventing premature mitotic entry following IR (Matsuoka et al., 

1998). p21 is also required to sustain G2/M arrest and allow exit from the cell cycle 

(Bunz et al., 1998). 

The ATM gene, located on chr11q22.3, is mutated in the autosomal recessive 

disorder ataxia telangiectasia that is characterised by extreme sensitivity to radiation 

(and other agents causing DSBs) and susceptibility to the development of 
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malignancies, especially those of lymphoid origin (Savitsky et al., 1995). Cells from 

AT patients are defective in DSB processing and DNA damage checkpoint controls 

(Shiloh, 2003). In ATM deficiency, S-phase checkpoints are defective, which allows 

cells to continue synthesising DNA in the presence of DNA damage, a phenomenon 

termed radioresistant DNA synthesis; this is an established characteristic of AT cells. 

This phenotype has prompted investigation into the inhibition of ATM to increase 

the therapeutic effect of irradiation and DSB-inducing chemotherapies. 

The HCT116 colorectal cancer cell line containing wild-type p53 is a suitable model 

for assaying DDR inhibitors as it demonstrates competent G1/S and G2/M 

checkpoints. In addition, the cell line has specific isogenic derivatives lacking 

checkpoint proteins that allows comparative assessments (Bunz et al., 1998; 

Waldman et al., 1995). HCT116 and its isogenic derivatives HCT116 p53-/- and 

HCT116 p21-/- (lacking the p53 and p21 proteins, respectively) have differing 

sensitivities to a variety of potential therapeutic agents that target different points of 

the cell cycle (Hayward et al., 2003; Hayward et al., 2005; Hill et al., 2008a; Hill et 

al., 2008b; Pietenpol et al., 1994). The p53 and p21 proteins are downstream of 

ATM and have been shown to play important roles in cell cycle arrest following 

DNA damage. Disruption of the p21 gene CDKN1A results in constitutive activation 

of DDR pathways (Hill et al., 2008a; Hill et al., 2008b; Pang et al., 2011). A 

constitutively activated DDR pathway would be fundamentally expected to have a 

robust checkpoint response to additional exogenous genotoxins. Conversely, the data 

presented here suggests that constitutive activation of the DDR represents a 

deregulated pathway that is unable to induce the downstream expected DNA damage 

induced checkpoint responses. This chapter describes a novel defect in the DNA 



 124 

damage induced ATM-dependent intra-S-phase checkpoint in the absence of p21 and 

suggests that p21 may positively regulate ATM. 

4.2 Results 

4.2.1 HCT116 p21-/- cells display constitutive activation of the ATM-dependent DNA 

damage response and radioresistant DNA synthesis 

In the absence of exogenous DNA damage, wild-type HCT116 cells have 

undetectable levels of ATM serine-1981, Chk2 threonine-68, Chk1 serine-317 and 

p53 serine-15 phosphorylation; these sites are all known targets of activated ATM 

(Figure 4.1). Phosphorylation at these sites is also absent in unstressed HCT116 p53-

/- cells. In contrast, HCT116 p21-/- cells demonstrated basal phosphorylation at 

ATM serine-1981, Chk2 threonine-68 and p53 serine-15, but not at Chk1 serine-317 

(Figure 4.1). Chk1 has been previously shown to be more robustly phosphorylated by 

the related protein, ATR, in response to replication-associated DSB (Takemura et al., 

2006). In addition, basal levels of Chk1, Chk2, and p53 proteins appeared to be 

higher in p21-null cells than in wild-type cells. These results suggest that the DDR 

pathway is constitutively activated in unstressed p21-null cells. To determine 

whether this is as a result of ATM activation, p21-null cells were treated with a 

specific ATM inhibitor, KU-55933 (a gift from KUDOS Pharmaceuticals). A dose of 

10 μM has previously been demonstrated to inhibit ATM kinase activity in wild-type 

HCT116 cells (Pang et al., 2011). Wild-type and p21-null HCT116 cells were 

incubated with 10 μM and harvested after 1, 2, 4, 12 and 24 h (Figure 4.2). There 

appeared to be a reduction in the overall expression of Chk2 and p53 proteins in 

wild-type cells after 2 h and after 24 h in the p21-null cell line. In wild-type cells, 

there was no detectable Chk2 threonine-68 or p53 serine-15 phosphorylation, as 
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demonstrated previously (Figure 4.1). In contrast, p21-null cells showed increased 

Chk2 threonine-68 and p53 serine-15 phosphorylation (Figure 4.1). Following 

addition of the ATM inhibitor, Chk2 threonine-68 phosphorylation was reduced after 

1 h and undetectable thereafter, and p53 serine-15 phosphorylation was reduced after 

4 h and undetectable at 12–24 h (Figure 4.2). Protein phosphorylation often results in 

stabilisation; therefore, treatment with kinase inhibitor may lead to 

dephosphorylation and proteins may therefore become destabilised, resulting in 

reduced expression. Loss of phosphorylation at Chk2 threonine-68 and p53 serine-15 

and a reduction in total protein levels in the presence of a specific ATM inhibitor 

would confirm that the ATM kinase is constitutively active in these cells. 

Constitutive activation of the DDR pathway has previously been shown to be a 

consequence of endogenous DNA damage resulting from oxidative and DNA 

replication stress (Lee and Paull, 2004; Schultz et al., 2000). In p21-null cells, it is 

possible that a lack of p21 results in precocious Cdk/cyclin activity or an inability to 

regulate PCNA activity, thus resulting in unscheduled DNA synthesis generating 

high levels of replication and/or oxidative stress. In mammalian cells, the 

phosphorylated histone γ-H2AX is a sensitive surrogate marker for DNA damage, 

which localises to sites of DSB (Bekker-Jensen et al., 2006; Gorgoulis et al., 2005; 

Lukas et al., 2004b). To determine whether constitutive activation of the ATM 

pathway is associated with increased levels of DNA damage in the absence of p21, 

both wild-type and p21-null HCT116 cells were analysed immunochemically for γ-

H2AX staining (Figure 4.3A). γ-H2AX staining intensity was similar in both cell 

lines (Figure 4.3B), suggesting that increased levels of DNA damage may not be 

responsible for basal activation of the DDR in the absence of p21. To determine 
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whether the p21-null cells are responsive to exogenous DNA damage, cells were 

irradiated with 5 Gy, an inducer of the DDR pathway through the generation of DNA 

DSB, and harvested over a 24-h time course (Figure 4.4). In the parental HCT116 

cell line, Chk2 threonine-68, p53 serine-15 and p53 levels were maximal after 2 h 

and Chk2 was stabilised at 12 h. Cdc25A was degraded at 2 h in the wild-type cells 

and recovered after 4–12 h (Figure 4.4). The absence of Cdc25A at 24 h most likely 

represents a second wave of DNA damage induced degradation or inhibition at the 

(epi) genetic or mRNA level enforcing and maintaining the G1 and G2/M arrests. As, 

anticipated, there was no detectable Chk1 serine-317 activation and Chk1 levels 

remained unchanged. In the wild-type cells p53 was able to induce p21 at 2 h and 

maximal at 24 h. These results would reflect an appropriate induction of the ATM-

Chk2-p53-p21 and ATM–Chk2–Cdc25A DNA damage response pathway in the 

wild-type HCT116 cells. HCT116 p21-/- cells demonstrate basal phosphorylation of 

Chk2 threonine-68 and p53 serine-15 (Figure 4.1). In response to additional cellular 

stress Chk2 threonine-68 levels were further induced at 2 h and maximal at perhaps 

12 h post-gamma irradiation. The Chk2 protein appeared to become more stable over 

the time course. The basal phosphorylation on p53 serine-15 was further induced at 

2 h but there was no further increase in the p53 protein level. The Chk1 protein levels 

remained constant; however, Chk1 serine-317 was induced at 12–24 h, suggesting 

either accumulation of DNA damage and activation of additional upstream kinases 

such as ATR. As expected, no p53 induction of p21 was detected in p21-/- cells. In 

p21-/- cells, the overabundant Cdc25A is degraded after 2 h, but not as effectively as 

in the wild-type cells (Figure 4.4). Cdc25A levels recover at 4–24 h, suggesting that 

these cells continue to progress through G1/S transition phase and undergo DNA 
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synthesis. Vigneron et al. (2006) also reported that after treatment with DNA 

damaging agents Cdc25A levels remain elevated at 12–48 h in the p21-null 

derivatives compared with wild-type HCT116 cells. Using chromatin 

immunoprecipitaion, they provided evidence that ectopic expression of p21, was 

associated with the CDC25A promoter region complexed with STAT1 and E2F1 

transcription factors suggesting a potential role in CDC25A transcriptional 

regulation.  HCT116 p21-/- cells are therefore unlikely to induce an effective G1/S 

and intra-S-phase cell cycle arrest following DNA damage. These results suggest that 

the radiation-induced DDR pathway is attenuated in p21-null cells. 

ATM is activated in response to DNA DSB resulting in delayed progression through 

the cell cycle by temporary arrest at the G1/S and S-phase checkpoints. Cell lines 

derived from individuals with the inherited condition ataxia telangiectasia (AT), in 

which the ATM protein is mutated and/or absent, display a defect in the IR-induced 

intra-S-phase checkpoint, termed radioresistant DNA synthesis (Houldsworth and 

Lavin, 1980; Painter and Young, 1980). To ascertain whether constitutively active 

ATM DDR represents a functional pathway in p21-null cells, DNA synthesis was 

assessed following 5 Gy irradiation. For this, asynchronously growing cells were first 

labelled for 24 h with [14C] thymidine for basal DNA synthesis analysis and then 

pulse labelled for 30 min with [3H] thymidine to assess DNA synthesis at the 

indicated time points following 5 Gy IR. An AT-derived fibroblast cell line was used 

as an internal control; these cells demonstrated no reduction in DNA synthesis 

30 min after irradiation but do have a reduction at 2 hours, consistent with previous 

reports (Figure 4.5) (Houldsworth and Lavin, 1980; Painter and Young, 1980; Young 

and Painter, 1989). The ATM independent reduction in DNA synthesis at 2 hours in 
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the AT cells may represent DNA repair related inhibition of DNA synthesis at the 

origins of replication (replicon) (Houldsworth and Lavin, 1980). Wild-type HCT116 

cells underwent a rapid initial reduction in DNA synthesis, which occurred to a lesser 

extent in p21-null cells (Figure 4.5). The rapid initial reduction in DNA synthesis is 

due to inhibition of the initiation of new origins of replication. Subsequent reductions 

in DNA synthesis are most likely to be due to inhibition of DNA chain elongation 

and enforcement of the G1 arrest, which prevents cells from entering S phase. In 

addition, in wild-type cells DNA synthesis continued to be reduced throughout the 

time course, whereas in the absence of p21 DNA synthesis increased over the time 

course. However, this was not as marked as in the AT cell line. Surprisingly, this 

data demonstrates that constitutive activation of the ATM-dependent DDR in the 

absence of p21 is associated with attenuation of DNA synthesis following DNA 

damage. In comparison with wild-type HCT116 cells, the p21-null counterparts 

display an intermediate radioresistant DNA synthesis phenotype. Brown et al. (2003) 

demonstrated that the mismatch repair system is required for the appropriate 

induction of S-phase arrest and that the HCT116 cell line undergoes radioresistant 

DNA synthesis. They reported that low levels of IR (1–5 Gy) were unable to activate 

the ATM–Chk2–Cdc25A response; however, complementation with MLH1 restored 

the wild-type response. Takemura (Takemura et al., 2006) reported defective 

activation of the S-phase checkpoint in HCT116 cells in response to low dose 

camptothecin treatment, due to MMR-associated genetic attenuation of MRE11A. 

Complementation of MRE11A in HCT116 cells resulted in increased reduction in 

DNA synthesis following camptothecin treatment. Both of these studies suggested 

that low levels of DNA DSB require amplification of the DNA damage signal to 



 129 

enable an effective S-phase response; indicating that a threshold level of DNA 

damage is required for robust activation of the ATM–Chk2–Cdc25A cascade. 

4.2.2 p21-deficient cells have a defective IR-induced S-phase checkpoint that is 

independent of alterations to the cell cycle following irradiation damage. 

In response to gamma irradiation-induced DNA damage, p21 arrests cell cycle 

progression at the G1 checkpoint in a p53-dependent manner (Deng et al., 1995; 

Dulic et al., 1994; el-Deiry et al., 1994; Macleod et al., 1995; Ohtsubo et al., 1995). 

HCT116 p21-/- cells have an IR-induced RDS phenotype, which may be secondary 

to quantitative changes in the cell cycle profile and an inefficient G1 DNA damage 

checkpoint. Asynchronous cells were harvested using the method of Levack et al. 

(1987) and flow cytometric DNA analysis was undertaken. In wild-type HCT116 

cells, approximately two-thirds of the cells were in G1 phase, one-fifth in S phase 

and the remainder were in G2/M phase (Figure 4.6). In the absence of p21, the cell 

cycle profile was altered dramatically: most cells were in S-phase (up to 45 %), one-

third were in the G1 phase and one-fifth in G2/M phase. Asynchronous p21-null cells 

had a higher proportion of cells in S phase compared with the parental cell line 

(Figure 4.6), which may explain the reduced inhibition of DNA synthesis after IR 

(Figure 4.5). Previous reports have demonstrated that the p53–p21 pathway plays an 

important role in negatively regulating G1/S transition in response to a variety of 

cellular stresses. To confirm this, wild-type and p21-null cells were irradiated with 

5 Gy and their cell cycle profiles were analysed over 24 h. As expected, following 

DNA damage wild-type HCT116 cells induced the G1/S and G2 checkpoints (Figure 

4.7); no cells entered S phase at 2, 4, 12 or 24 h and the S-phase cell population 

encountered a G2/M block after 24 h. In contrast, HCT116 p21-/- cells continued to 



 130 

progress through the cell cycle with no apparent block (Figure 4.7; compare both cell 

types at 4, 12 and 24 h). Despite Chk1 activation, as demonstrated by Chk1 serine-

317 phosphorylation after 12 and 24 h (Figure 4.4), p21-/- cells were unable to 

sustain the G2 DNA damage checkpoint. This suggests that following DNA damage 

p21-null cells continue to progress through the cell cycle (at least for the time points 

analysed), unlike wild-type cells. This result concurs with previously published data 

and confirms the integrity of the genetic p21 deletion. Therefore, the intermediate 

radioresistant DNA synthesis phenotype in the absence of p21 (Figure 4.5) may be 

explained by the higher proportion of cells being present in S phase (Figure 4.6) 

and/or a failure in G1/S and G2 DNA damage checkpoints following IR (Figure 4.7). 

To delineate whether p21 loss results in a genuine defect in the IR-induced S-phase 

checkpoint despite constitutive activation of the ATM–Chk2–p53 pathway, it was 

necessary to overcome the alterations to the cell cycle profile described above. Cells 

were synchronised at the G1/S transition by a double blockade method involving 

culture in reduced serum for 24 h followed by treatment with aphidicolin (5 μg/ml), a 

DNA polymerase alpha inhibitor (Huberman, 1981) in the presence of serum-

containing media. This protocol effectively blocked the majority of the cells at the 

G1/S boundary, committing them to undergo DNA synthesis once released from the 

aphidicolin block (Figure 4.8A and B). The aphidicolin block was more effective in 

wild-type HCT116 cells than in p21-null cells (Figure 4.8B). Cells were released 

from aphidicolin blockade by washing twice with serum-containing media. They 

were then allowed synchronised entry into S phase before being irradiated with 5 Gy 

IR. Cell cycle profile and DNA synthesis were then analysed. The synchronisation 

process enabled cells to traverse the G1/G0 restriction checkpoint at the time of IR 
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treatment; therefore, both the wild-type and p21-null cells were committed to 

continue to cycle through S phase regardless of irradiation (Figure 4.9A and B). In 

wild-type cells, the aphidicolin blockade did not appear to result in activation of the 

G2/M checkpoint, and at 12 h cells returned to a normal cell cycle profile (compare 

Figure 4.9A with Figure 4.6). Irradiation-induced DNA damage and forced passage 

through S phase resulted in G2/M arrest in wild-type cells (compare cell cycle 

profiles at 12 h; Figure 4.9A). HCT116 p21-null cells have a slower passage through 

S phase than do wild-type cells (Figure 4.9B), which suggests activation of 

additional DNA damage response cascades. Next, wild-type and p21-null HCT116 

cells were synchronised and DNA synthesis was assayed following irradiation 

damage to ascertain whether p21 loss results in a defective irradiation-induced S-

phase checkpoint. AT-derived fibroblasts were used as a control; they demonstrated 

radioresistant DNA synthesis irrespective of the radiation dose (Figure 4.10). Wild-

type HCT116 cells retain a fast ATM-dependent decrease in DNA synthesis after IR 

(at 30 min; Figure 4.10A). When cells were treated with increasing doses of IR 

(Figure 4.10B), wild-type HCT116 cells rapidly suppressed DNA synthesis (at 30 

min) in a dose-dependent fashion. HCT116 p21-/- cells were unable to suppress 

DNA synthesis as effectively as were wild-type cells (Figure 4.10A); p21-null cells 

demonstrated no reduction in DNA synthesis 30 min after 5 or 10 Gy, but suppressed 

DNA synthesis after the higher dose of 15 Gy (Figure 4.10B). Therefore, the absence 

of p21 results in a defective IR-induced S-phase checkpoint that is not attributable to 

a perturbed cell cycle profile and is independent of G1/S-phase arrest (which is 

compromised in p21-null cells). Even at low doses, aphidicolin creates DSB at sites 

of DNA synthesis and it’s possible that this results in activation of additional DNA 
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damage response pathways (no immunoblot data is available to assess this effect); as 

such, this data may not wholly represent an effect of the ATM DDR. However, when 

unirradiated cell cycle profiles are assessed (Figure 4.9), p21-null cells are seen to 

cycle more slowly than wild-type cells. To overcome this possible confounding 

factor, cells were cultured in serum-free media for 12 h to allow synchronisation at 

the G0/G1 boundary. Next, cells were grown in the presence of serum for 2 h to 

allow mobilisation, before being irradiated and analysed after 30 min and 2, 4 and 

8 h. HCT116 cells demonstrated a reduction in DNA synthesis at 30 min, which was 

absent in p21-null cells (Figure 4.11). Interestingly, the changes in DNA synthesis 

observed in wild-type cells are also seen in the absence of p21, but are exaggerated. 

On analysing the both sets of cell cycle profiles, it appears that serum starvation is 

much less successful in p21-null cells than in wild-type cells, thus suggesting a role 

for p21 in the G0/G1 restriction checkpoint (Figure 4.12A and B). Serum starvation 

of cells p21-null cells also exit S phase much more quickly than do wild-type cells 

(Figure 4.12A and B; compare the 8 h time points). Collectively, these data suggest 

that constitutive activation of ATM-dependent DDR associated with the absence of 

p21 cannot induce an effective S-phase checkpoint, which would result in a reduction 

in DNA synthesis. Consequently, p21-null cells continue to progress inappropriately 

through S phase and undergo DNA synthesis despite the presence of IR-induced 

DNA damage. 

 

4.2.3 p21-null cells are hypersensitive to ionising irradiation. 

In the absence of p21, the constitutively active ATM DDR pathway cannot induce an 

effective IR-induced S-phase arrest. The failure to induce appropriate G1/S and G2 
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checkpoints (Figure 4.7) and S-phase arrest (Figure 4.10) following DNA damage 

led me to predict that HCT116 p21-/- cells should demonstrate less inhibition, 

compared with the parental cell line, in a growth inhibition assay. The SRB assay is 

used to measure cell proliferation over a short period; the amount of dye-bound 

protein is proportional to the final cell density. This assay was used to measure IR-

induced growth inhibition in HCT116 cells of different genotypes. Both p53-/- and 

p21-/- HCT116 cells were more resistant than wild-type cells to IR induced growth 

inhibition (Figure 4.13). This confirms that p21-/- cells continue to undergo division, 

in contrast to wild-type cells, in the presence of IR-induced DNA damage. This data 

is in contrast to previous studies which have demonstrated that HCT116 p21-/- cells 

are hypersensitive to certain cytotoxic agents (Hayward et al., 2005; Hill et al., 

2008a; Hill et al., 2008b). The short-term SRB assay may not accurately reflect cell 

line radiosensitivity/replicative potential and therefore the conventional clonogenic 

survival assay was undertaken (Banasiak et al., 1999). Wild-type, p53-/- and p21-/- 

HCT116 cells, as well as AT cell lines, were treated with increasing doses of IR and 

their clonogenic survival was analysed. p53-/- HCT116 cells appeared slightly more 

resistant than wild-type cells to IR (Figure 4.14); neither of these cell lines showed 

basal activation of the ATM DNA damage response pathway (Figure 4.1). In 

contrast, p21-null cells were more sensitive than both wild-type and p53-null cells to 

IR (Figure 4.14). The radiosensitivity/reduction in colony formation of p21-null cells 

was similar to that of a cell line derived from an individual with AT, in which the 

ATM protein is mutated and/or absent. This supports previous results described in 

this chapter and by others that ATM and p21 are components of a common signal 

transduction pathway. 
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p21-null cells displayed constitutive activation of the DDR pathway, as demonstrated 

by Chk2 threonine-68 phosphorylation in cycling cells (Figure 4.1) and are able to 

induce the DDR response following IR (Figure 4.4). However, they also display a 

defect in the IR induced S phase arrest termed radioresistant DNA synthesis (Figures 

4.5, 4.10, 4.11) indicating an uncoupling of the damage signal and downstream 

effects. Basal levels of Cdc25A also appear to be elevated compared with parental 

HCT116 cells. Following treatment with 5 Gy IR, most Cdc25A was degraded in the 

HCT116 parental cell line but less degradation occurred in p21-null cell line (Figure 

4.4). This inefficient degradation of Cdc25A may explain why p21-null cells display 

a radioresistant DNA synthesis phenotype. 

4.3 Discussion 

The efficacy of conventional chemotherapy and radiotherapy is related to their ability 

to induce DNA damage (Shiloh, 2003). DSB comprise one of the most detrimental 

forms of DNA damage and therefore cells have developed a complex network of 

signalling pathways to maintain genetic integrity (Shiloh, 2006). The ATM-driven 

DDR pathway orchestrates the response to DNA DSB, resulting in the induction of 

cell cycle arrest (Bartkova et al., 2005b) and the coordination of DNA repair and 

apoptosis. After DNA damage, the MRN complex (Mre11–Rad50–Nbs1) activates 

ATM, which in turn activates transducers such as the Chk1 and Chk2 checkpoint 

kinases, Nbs1 and p53. These proteins activate downstream effectors such as 

Cdc25A or p21, thereby inducing cell cycle arrest to allow DNA repair or, if 

necessary, inducing apoptosis (Bryant et al., 2005; Farmer et al., 2005; Hickson et 

al., 2004). Constitutive activation of the ATM–Chk2–p53 pathway has been 

suggested to prevent disease progression from precancerous lesions to invasive 
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carcinoma, thus highlighting that defects in these pathways promote genetic 

instability and tumorigenesis (Madhusudan and Middleton, 2005). However, 

activation of the ATM DNA damage response pathway has also been demonstrated 

in normal human tissues such as the bone marrow and adult testis, where V(D)J 

recombination and meiotic recombination occur, respectively. ATM pathway 

activation has also been demonstrated in breast, colon and lung cancers (Bartkova et 

al., 2005b; DiTullio et al., 2002; Tort et al., 2006), urinary bladder cancers (Bartkova 

et al., 2004) and prostate cancers (Fan et al., 2006). Certain cytotoxic therapies that 

induce senescence of (G2/M-arrested) human cancer cells also demonstrate activated 

ATM/ATR kinases. 

Inhibitors of the DNA damage response and repair pathways have been shown to be 

effective single agents for treating cancers that have mutations in essential DNA 

repair genes, as well as a means of potentiating current cytotoxic and irradiation 

therapies (Grabsch et al., 2006; Madhusudan and Middleton, 2005). However, 

constitutive activation of DDR in cancer cells may reduce the efficacy of such 

approaches and this phenomenon is unstudied in human cancers. Assessing the 

functional status of the DNA damage response pathway may be important for 

developing personalised anti-cancer therapies and may also predict the patient 

response to current treatment modalities. Data shown in this chapter has 

demonstrated that constitutive activation of the ATM dependent DDR pathway has a 

defect in the IR induced S phase checkpoint in the absence of p21 and highlighted a 

novel role for p21 in regulating the intra-S-phase checkpoint. 
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p21 has important roles in G1/S-phase arrest, DNA synthesis and apoptosis 

downstream of ATM. Following DNA damage at the G1/S-phase, mammalian cells 

have previously demonstrated a temporary reduction in DNA synthesis, which 

appears to be independent of p53; however, conclusive evidence that inhibition of 

DNA synthesis is also independent of p21 is lacking (see later in discussion) (Falck 

et al., 2001; Mailand et al., 2000). Following inhibition of DNA synthesis, a 

prolonged G1 arrest occurs, which has been shown to be mediated by the ATM–

Chk2–p53–p21 pathway. Many human cancers have a defective G1 arrest response 

through inactivation or mutation of p53 and reduced expression of Rb. In the absence 

of p21, there are high basal levels of ATM serine-1981, Chk2 threonine-68 and p53 

serine-15 phosphorylation (Figure 4.1). Incubation with a specific ATM inhibitor 

resulted in loss of the phosphorylation at Chk2 threonine-68 and p53 serine-15, and 

reduction in total Chk2 and p53 protein levels (Figure 4.2); confirming that the ATM 

kinase is active in HCT116 cells in the absence of p21. In the absence of exogenous 

DNA damage, I speculated that loss of p21 may have resulted in unscheduled DNA 

synthesis due to uncontrolled Cdk/cyclin activity, unopposed PCNA activity and 

transcriptional upregulation of S-phase proteins, thus generating a DNA damage 

response. However, γ– H2AX staining intensity in asynchronous control cells was 

similar in both p21-null and wild-type cells, suggesting that comparable levels of 

DNA damage foci are present in both cell types (Figure 4.3). The detection of similar 

levels of γ– H2AX contrasts with that of Hill et al. (2008a), who demonstrated 

activation of kinases other than ATM, including ATR, p38 and AKT, along with 

increased levels of γ– H2AX. My results reflect more closely data reported by Pang 

et al. [2011] and may represent further genetic alterations in the HCT116 MMR-
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deficient cell line. Activation of the DDR in HCT116 p21-/- may also represent DNA 

repair. This was not studied in this report, as p21 has not been shown to have a major 

role in directing DNA repair and the role of ATM directed DNA repair was elusive 

during the time of this PhD. 

Recovery from the various DNA damage responses is an equally important 

mechanism that allows the cell cycle to continue. Following DNA damage, 

checkpoint recovery is mediated by several phosphatases, of which wild-type p53-

induced phosphatase 1 is important. If cells are unable to undergo checkpoint 

recovery, then it’s conceivable that they may develop checkpoint adaption, i.e., 

continued progression through the cell cycle despite activation of DNA damage 

responses. When DNA damage responses are permanently activated, additional DNA 

damage may not enhance the activity of downstream effectors. Data presented here 

show that after 5 Gy IR there is an increase in Chk2 threonine-68 phosphorylation 

and less efficient degradation of Cdc25A in p21-null cells. Although there is an 

increase in p53 serine-15 phosphorylation, levels of the p53 protein remain 

unchanged and p21 is not induced, as seen in wild-type cells (Figure 4.4). These data 

are in line with previous reports that the G1/S and G2/M DNA damage checkpoints 

are abrogated in the absence of p21 and, crucially, also demonstrate a novel role for 

p21 in the regulation of the intra-S-phase checkpoint. The radioresistant DNA 

synthesis seen in p21-null HCT116 cells (Figure4.5) indicates that p21 probably 

augments the downstream effects of ATM activation. Synchronisation of the cells at 

the G1/S transition or at the G0/G1 restriction point confirms that the radioresistant 

phenotype occurs independently of alterations to the cell cycle profile and of an 

incompetent G1/S-phase arrest (Figures 4.9-4.12). An earlier report by Guo et al. 
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(1999) using the same isogenic cell lines concluded that the radiation-induced intra-

S-phase checkpoint is independent of p21. However, there are several key 

differences between their study and the data presented here. In the study of Guo et 

al., cells were synchronised at the G1/S boundary by exposure to a high 

concentration of thymidine followed by hydroxyurea, a DNA chain elongation 

inhibitor similar to aphidicolin. Hydroxyurea was then removed and cells were 

grown in complete media for 2 h before being irradiated with 10 Gy IR and pulse 

labelling with [3H] thymidine to assess changes in DNA synthesis. Incorporation of 

[3H] thymidine into DNA was measured using a liquid scintillation counter and 

results were displayed as a percentage of non-irradiated controls. The experimental 

method used in this study differs in three ways. Firstly, cells were prelabelled with 

[14C] thymidine to quantitate basal DNA synthesis and results were shown as a ratio 

of [3H] / [14C] incorporation for each sample. This method improves reproducibility, 

reduces standard deviation and corrects for variations in the amount of DNA 

recovered from cells. In contrast, single labelling of cells is a semi-quantitative 

method of assessing DNA synthesis. Secondly, Guo et al. irradiated cells 2 h after 

synchronisation, which may have resulted in the assessment of late S-phase cells that 

mainly undergoing chain elongation as opposed to initiation of replication at origins 

following synchronisation; in contrast, in this study cells were irradiated immediately 

after aphidicolin removal. The cell cycle profiles of unirradiated controls 

demonstrated that aphidicolin treatment did not induce DNA damage, which could 

have confounded measurements in both wild-type and p21-null cells. Thirdly, a dose 

of 5 Gy was used in this study and 10 Gy was used by Guo et al. The higher dose 

may have activated additional DNA damage response pathways, thus masking subtle 
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difference that may have arisen between the parental and p21-null cells. There are 

additional limitations of each synchronisation method used and this can be improved 

by using non-pharmacological/non-mitogen restriction methods such as cell 

separation by centrifugal force or flow cytometric sorting (Rosner et al., 2013). The 

RDS phenotype demonstrated in the p21-null HCT116 cells suggests that both the 

ATM–Chk2–Cdc25A and the ATM-Chk2-p53 pathways are attenuated in the 

absence of p21. Checkpoint abrogation and radioresistant DNA synthesis are two of 

the hallmarks of ataxia-telangiectasia. Cells derived from patients with AT show 

extreme sensitivity to irradiation, which correlates with radioresistance; in addition, 

new data suggests that radioresistance may also reflect an inability to repair DNA 

damage. In HCT116 cells, the absence of p21 results in abrogation of the three major 

ATM-dependent DNA damage induced checkpoints; the strongest indicator that p21 

augments the effects of ATM activation. Abrogation of these checkpoints may also 

explain why this study (Figures 4.13-4.14) and others have demonstrated that p21-

null cells display increased sensitivity to DNA damaging agents compared with both 

wild-type and p53-null HCT116 isogenic cells (Bataller et al., ; Hayward et al., 

2003; Hayward et al., 2005; Hill et al., 2008a; Pang et al., 2011). Waldman (1996) 

demonstrated uncoupling of DNA synthesis and the mitotic phase in the HCT116 

p21 null cells following DNA damage. Despite retaining their ability to arrest 

temporarily in G2/M following DNA damage, p21 null cells were unable to 

effectively inhibit DNA synthesis, resulting in the formation of cells with greater 

than 4N DNA, thus prompting apoptosis. Wang et al. (1997) reported increase in 

radiation sensitivity in the gut epithelium of ATM/p21 double knockout mice and 

concluded that ATM and p21 cooperated to reduce radiation-induced apoptosis. This 
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was not seen in mice lacking p21 alone. Abrogation of DNA synthesis and escape 

from G2 arrest DNA damage checkpoints closely correlate with increased sensitivity 

towards DNA damaging agents. Loss of p21 in a large series of colon cancer cases 

was found to be independently associated with increased survival of patients ≥ 60 

years, but with reduced survival of patients <60 years of age. These data presumably 

reflect a more aggressive cancer phenotype in younger patients (Ogino et al., 2009). 

This was confirmed by Noske et al., who reported significantly improved outcomes 

of p21−/p53+ sporadic colorectal cancers in both recurrence-free and overall patient 

survival following adjuvant chemotherapy (Noske et al., 2009). 

In this chapter, loss of p21 resulted in constitutive activation of the ATM dependent 

DDR yet surprisingly also displayed a RDS phenotype. This novel data implicates a 

role for p21 in the DNA damage induced S phase checkpoint. Uncoupling of the 

ATM-Chk2-Cdc25A would result in abrogation of the three major DNA damage 

induced cell cycle checkpoints resulted in increased sensitivity to IR, similar to cells 

derived from AT patients; providing further evidence that p21 and ATM act in a 

common pathway. In this situation where cells are extremely sensitive to DNA 

damage treatment with an ATM inhibitor to abrogate all three DNA damage induced 

checkpoints would have no additional effect clinically on reduction in cancer size or 

prognosis in patients.  
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Figure 4.1. Targeted disruption of the p21 protein results in constitutive activation of the DNA 

damage response pathway in the absence of exogenous DNA damage. 

HCT116 parental, p53-null and p21-null whole cell lysates (10 μg) were resolved by SDS-PAGE. 

Proteins were immunoblotted using the following antibodies ATM, ATM serine-1981, Chk2, Chk2 

threonine-68, Chk1, Chk1 serine-317, p53, p53 serine-15, p21 and GAPDH. GAPDH was used as a 

loading control. 
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Figure 4.2. Constitutive activation of the DNA damage response pathway in the absence of p21 

is ATM dependent. 

Wild-type and p21-null (p21-/-) HCT116 cells were incubated with 10 μM KU-

55933 and harvested at the indicated time points; 0 time point is control cells i.e. no 

exposure to inhibitor. Treatment with a specific ATM inhibitor abolishes basal Chk2 

threonine-68 and p53 serine-15 phosphorylation in p21-null cells. Protein lysates 

(20 μg) were analysed by immunoblotting. GAPDH was used as a loading control. 
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Figure 4. 3 γ -H2AX staining of asynchronised HCT116 wild-type and p21-null cells. 

See opposite page for legend.  
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Figure 4.4 The constitutively active ATM DNA damage response pathway is induced following 

DNA damage. 

Wild-type and p21-null (p21-/-) HCT116 cells were treated with 5 Gy irradiation and harvested over a 

24 h time course. Whole cell lysates (20 μg) were analysed by immunoblotting. GAPDH was used as 

a loading control. 
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Figure 4. 5 Loss of p21 induces an intermediate radioresistant DNA synthesis phenotype 

following gamma irradiation, despite a constitutively active ATM DDR. 

Compared with the parental cell line, p21-null HCT116 cells display a less marked reduction in DNA 

synthesis following DNA damage. Asynchronously cycling cells were labelled with [14H] thymidine 

for 24 h to assess basal DNA synthesis, followed by a 24 h washout period. Triplicate cell samples 

were then irradiated with 5 Gy and pulse labelled for 30 min with [3H] thymidine. Cells were 

harvested at 0.5, 2, 4 and 8 h time points and DNA was extracted. Radioactive incorporation was 

analysed using a liquid scintillation counter. DNA synthesis is expressed as a ratio of [3H]/[14C] over 

unirradiated controls; error bars represent standard deviation of the mean. Results are representative of 

three individual experiments. Ataxia-telangectasia (AT) cells were used as an internal control. 
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Figure 4. 6 p21 loss results in an aberrant cell cycle profile in asynchronous HCT116 cells. 

Most wild-type HCT116 cells are in G1 phase and most p21-/- HCT116 cells are in S phase. The cell 

cycle profiles of asynchronous cells were analysed by flow cytometry using ModFit 2.0 (Verity 

Software). The relative proportions of cells in the G0/G1, S and G2/M phases of the cell cycle are 

shown. Results represent the mean of triplicate samples and error bars represent standard deviation of 

the mean. 
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Figure 4. 7  p21 loss results in abrogation of the G1 and G2 DNA damage checkpoints following 

5 Gy irradiation. See opposite page for legend details. 
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Figure 4.8. Synchronisation arrests the majority of cells at the G1/S boundary. 

Wild-type (WT) and p21-null (p21-/-) HCT116 cells were synchronised at the G1/S phase by culture 

in reduced serum followed by aphidicolin blockade. (A). Release of the aphidicolin blockade allowed 

cells to enter S phase. Asynchronous (controls); Serum Free (24 h culture in of reduced serum 

conditions), Aphidicolin (treatment with 14 µm aphidicolin and serum replacement) and Aphidicolin 

off (aphidicolin removed). (B). Histogram depicting cell cycle profiles prior to the removal of 

aphidicolin blockade. The synchronisation method was more successful in wild-type cells than in p21-

null counterparts. The x axis represents propidium iodide staining i.e., DNA content; 2N, diploid 

chromosomes; 4N, tetraploid chromosomes. The experiments were done in replicates of three at least 

twice. Error bars represent standard deviation of the mean. 
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Figure 4.9. Synchronisation allows assessment of the post-G1 cell cycle progression after 5 Gy 

irradiation. See opposite page for legend details. 
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Figure 4.10. p21 loss results in a defective IR-induced S-phase checkpoint, termed radioresistant 

DNA synthesis. 

(A).Synchronised cells were subjected to 5 Gy of irradiation and DNA synthesis was analysed after 

0.5, 2, 4 and 8 h. Compared with parental cell, p21-null cells display a less marked reduction in DNA 

synthesis following DNA damage. (B). Loss of p21 abrogates the IR-induced S-phase checkpoint after 

5 and 10 Gy but not after 15 Gy. DNA synthesis was assessed 30 min after irradiation. Synchronised 

AT cells were used as controls. Error bars represent standard deviation of the mean. 
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Figure 4.11. HCT116 p21-/- cells undergo radioresistant DNA synthesis when synchronised by 

serum-free culture. 

Compared with parental cells, p21-null cells display a less marked reduction in DNA synthesis 

following DNA damage. Synchronised cells were subjected to 5 Gy ionising radiation and DNA 

synthesis was analysed after 0.5, 2, 4 and 8 h, as described in Figure 4.10. 
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Figure 4.12. Cell Cycle profiles of wild-type and p21-null HCT116 following synchronisation by 

serum starvation. See opposite page for legend details. 
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Figure 4.13. HCT116 p21-/- cells display radioresistance in a short-term growth inhibition assay. 

HCT116 p21-/- cells are more radioresistant than their wild-type counterparts. Cell lines were 

irradiated with the indicated dose of ionising radiation and replated in triplicate into 6-well dishes for 

assessment of colony formation. Results represent the mean of three independent experiments and 

error bars represent standard deviation of the mean. 
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Figure 4.14. HCT 116 p21-/- cells display radiosensitivity similar to that of AT cells. 

p21-null HCT116 cells (p21-/-) are more radiosensitive than their wild-type counterparts. Cell lines 

were irradiated with the indicated dose of ionising radiation and replated in triplicate into 6-well 

dishes for assessment of colony formation. Results represent the mean of three independent 

experiments and error bars represent standard deviation of the mean. 
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Chapter 5. p21 Regulates DNA Damage-Induced Cdc25A 

Degradation 

5.1 Introduction 

p21 levels are low under physiological conditions, facilitating progression of the cell 

cycle. p21 is targeted for proteasomal degradation by Cdk2/cyclin E at the G1/S 

transition and by interaction with the anaphase promoting complex/cyclosome 

(ANAPC/C) complex at G2 phase (Lu and Hunter, 2010). It is therefore unclear 

whether absence of p21 would result in unscheduled DNA synthesis through the 

premature activation of Cdk/cyclin complexes and lack of PCNA binding (a subunit 

of DNA polymerase delta). Certainly, in normal human cells p21 exists in a 

quaternary structure with cyclin/Cdk and PCNA, and basal p21 levels appear to 

promote the correct assembly, activation and nuclear localisation of the cyclin 

D/Cdk4 complex (Cheng et al., 1999; LaBaer et al., 1997). Sequestration of free p21 

by cyclin D-associated kinases is also considered to be crucial for full activation of 

Cdk2 at the G1/S transition. However, p21 does not appear to be crucial for cyclin 

D/Cdk4 function, as Cdk complexes can still phosphorylate Rb in p21 and p27 

double null mouse embryonic fibroblasts (MEF). Cheng et al. (1999) proposed that 

in nontransformed cells binding of p21 (and p27) positively regulates the assembly, 

stability, activity and nuclear localisation of D-type cyclins. Cdk2-associated cyclin 

complexes are inhibited by p21 and, in the absence of p21, Cdk2/cyclin activity 

compensates for loss of cyclin D-dependent kinase activity. Such a paradigm could 

allow fine-tuning of Cdk activity and cell cycle progression, but would also prime 

Cdk/cyclin complexes for DNA damage-induced inhibition by p21. Collectively, this 
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data suggest that Cdk2 activity is enhanced in the absence of p21, resulting in Rb 

hyperphosphorylation and the release of E2F transcription factors. p21 has also been 

shown to directly associate with E2F transcription factors, thereby influencing the 

level of E2F target genes, including cyclin A. Homozygous p21-null mice undergo 

normal development (Brugarolas et al., 1995; Deng et al., 1995) but lack a DNA 

damage-induced G1 arrest The mice do not appear to develop spontaneous 

malignancies compared with p53 deficient controls. 

The dual specificity phosphatase Cdc25A is regulated through cytoplasmic 

sequestration (Chen et al., 2003) and ubiquitin-dependent proteasomal degradation 

(Donzelli et al., 2002). During G2/M phase, Cdc25A degradation is regulated by 

Chk1 and mediated by the ANAPC/C
cdh1

 multiprotein complex (Donzelli et al., 

2002; Zhao et al., 2002). DNA damage-induced Cdc25A degradation at the G1/S-

phase transition and during S phase is orchestrated through Chk2/Chk1-dependent 

phosphorylation (Sorensen et al., 2003; Xiao et al., 2003; Zhou and Elledge, 2000) 

and SCFβ
TRCP 

ubiquitin-mediated degradation (Busino et al., 2004; Busino et al., 

2003). Over expression of Cdc25A has been detected in 47 - 60% of paired 

colorectal and normal tissue samples (Hernandez et al., 2001; Takemasa et al., 2000) 

and with an aggressive disease phenotype in cancers (Kristjansdottir and Rudolph, 

2004). Over expression of Cdc25A protein in vitro results in a reduced ability to 

downregulate DNA synthesis following genotoxic treatments (Mailand et al., 2000). 

Overexpression of Cdc25A was evident in HCT 116 p21-/- cells from the previous 

results and may be important in the sensitivity of the p21 null cells to genotoxic 

agents. This chapter demonstrates that the S-phase checkpoint is deregulated at the 
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level of S-phase-promoting proteins Cdc25A and Cdk2 due to p21 loss and Chk2 

mislocalisation despite an inducible DDR. 

5.2 Results 

5.2.1 Specific inhibition of the ATM-Chk2 pathway abrogates the S-phase checkpoint 

in wild-type but not p21-null HCT116 cells. 

In HCT116 cells, loss of p21 resulted in constitutive activation of the ATM-

dependent DNA damage response pathway, as demonstrated by phosphorylation of 

ATM serine-1981, Chk2 threonine-68 and p53 serine-15 (Figures 4.1 and 4.2). 

Despite this, p21-null cells demonstrated a defect in the IR-induced S-phase 

checkpoint, similar to that of AT cells, that was not attributable to a perturbed cell 

cycle profile and was independent of G1 and G2 arrest, which are compromised in 

these cells (Figure 4.9). In the absence of p21, constitutive activation of the ATM 

DDR pathway is uncoupled from its ability to induce an effective IR-induced 

reduction in DNA synthesis. This radioresistant phenotype can arise as a result of 

deregulation of any of the components involved in the ATM–Chk2/Cdc25A–Cdk2 

(or ATM–Nbs1–SMC1) S-phase DNA damage checkpoint. To delineate which 

specific pathway component is deregulated, chemical inhibitors were employed as 

molecular tools. For example, cell treatment with a specific ATM inhibitor would be 

expected to abrogate the S-phase checkpoint. Asynchronous cells were exposed for 

1 h to KU-55933 and then treated with 5 Gy IR. DNA synthesis was then analysed. 

ATM inhibition led to S-phase checkpoint abrogation in wild-type HCT116 cells at 

0.5, 2 and 4 h; there was no effect at 8 h (Figure 5.1A), which most likely reflects 

activation of additional kinases or accumulation of cells at the G2/M transition. In 

contrast, p21-nulls showed no abrogation of the S-phase checkpoint at any time 
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points (Figure 5.1B). An AT-derived fibroblast cell line was used as a control as it 

demonstrates no abrogation of DNA synthesis following ATM inhibition (Figure 

5.1C).Immunoblot analysis of proteins over a similar time frame demonstrated 

abrogation of ATM-dependent Chk2 threonine-68 phosphorylation at all time points 

examined, and no degradation of Cdc25A after 2 h, in wild-type cells (Figure 5.2); 

however, Cdc25A is absent at both 12 and 24 h. This result agrees the DNA 

synthesis data shown in Figure 5.1A. p53 serine-15 phosphorylation occurs at 12–

24 h, but with no induction of p21. Interestingly, Chk1 serine-317 becomes 

phosphorylated after 2 h in wild-type cells; in contrast, Chk1 serine-317 becomes 

phosphorylated following ATM inhibition in the absence of p21. In p21-/- cells, 

ATM-dependent Chk2 threonine-68 phosphorylation is attenuated upon ATM 

inhibition, although p53 serine-15 phosphorylation persists. These data suggest that 

ATM inhibition induces additional DNA damage-related kinase pathways after 12 h 

in wild-type cells, but that this occurs almost immediately in p21-null cells. In the 

wild-type cell line, activation of an ATR-dependent pathway is likely, as ATR can 

phosphorylate both p53 serine-15 and Chk1 serine-317. Activation of this parallel 

pathway also coincides with loss of Cdc25A, but without p21 induction. In the 

absence of p21, activation of an additional kinase-dependent signalling network 

appears to occur rapidly following ATM inhibitor treatment, as Chk1 serine-317 

becomes phosphorylated and basal p53 serine-15 phosphorylation levels remain 

unchanged. Despite this, robust degradation of Cdc25A does not occur; in fact, the 

data are very similar to those shown in Figure 4.4, where cells were irradiated with 

5 Gy in the absence of ATM inhibition. In p21-null cells, there appears to be more 

phosphorylation of Chk2 threonine-68 and p53 serine-15 after 24 h, which does 
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coincide with loss of Cdc25A, suggesting hyperactivation of a DNA damage 

response pathway. This data confirms that ATM function is attenuated in the absence 

of p21, and suggest that p21 may be a positive regulator of the ATM-dependent 

DDR. It also supports the hypothesis that ATM and p21 are components of a 

common pathway. 

In response to DNA damage, ATM phosphorylates Chk2 on threonine-68; therefore, 

a specific Chk2 inhibitor was used to determine whether the p21-dependent IR 

induced RDS phenotype was caused by misregulation of Chk2 protein. 

Asynchronous cells were exposed to 10 μM Chk2 inhibitor II (Sigma) and then 

treated with 5 Gy IR. DNA synthesis was assessed after 30 min. HCT15 cells, which 

harbour biallelic inactivation of Chk2 (Lee et al., 2001), were used as negative 

controls; ATM-dependent phosphorylation of Chk2 threonine-68 is absent in this cell 

line (Wu et al., 2001). The positive controls were provided by the wild type HCT 

116 cell line.  As expected, the Chk2 inhibitor does not increase DNA synthesis 

(Figure 5.3) in HCT15 cells after 30 min. In contrast, pre-exposure of wild-type 

HCT116 cells to the Chk2 inhibitor II resulted in incomplete abrogation of the IR-

induced reduction in DNA synthesis after 30 min, but this did not occur in the p21-

null background (Figure 5.3). It is likely that DNA synthesis was not completely 

abrogated in HCT116 cells due to activation of additional kinases, i.e., Chk1. This 

data confirms that the constitutively active ATM-Chk2 pathway cannot effectively 

activate the IR-induced S-phase checkpoint in p21-null HCT116 cells. The inability 

to increase the level of DNA synthesis with either an ATM inhibitor or a Chk2 

inhibitor suggests that the pathway is deregulated downstream of these components 

in the absence of p21. If this is correct, then treatment with a nonspecific PIKK 
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inhibitor should also fail to increase the level of DNA synthesis in HCT116 p21-null 

cells following DNA damage. To test this, HCT116 p21-null cells were treated with 

wortmannin, a fungal metabolite that has been shown to inhibit ATM, DNA-PK and, 

to a lesser extent, ATR in cultured cells, resulting in radiosensitisation (Sarkaria et 

al., 1998). Cells were exposed to wortmannin, followed by 5 Gy IR. Wortmannin 

treatment did not induce any additional DNA synthesis following 5 Gy IR (Figure 

5.4). Similarly, caffeine, a nonselective PIKK inhibitor, is reported to be unable to 

potentiate the effects of IR in an AT-derived homozygote lymphoblastoid cell line 

(Bebb et al., 1998). 

Collectively, ATM and Chk2 inhibitors cannot abrogate the IR-induced S-phase 

checkpoint in the absence of p21, suggesting that the radioresistant phenotype of 

these cells may be attributable to elevated Cdc25A and/or Cdk activity. 

5.2.2 S-phase cyclins are transcriptionally upregulated in the absence of p21. 

p21 was initially described as a DNA damaged-induced p53-dependent Cdk inhibitor 

that inactivates cyclin-associated cyclin-dependent kinases in the G1 phase (i.e., 

Cdk4–Cdk6–cyclinD1 and Cdk2–cyclin E complexes), thereby preventing 

hyperphosphorylation of the Rb protein and the release of E2F transcription factors 

(Hatakeyama et al., 1994; Lundberg and Weinberg, 1998; Mittnacht et al., 1994; 

Sherr and Roberts, 1995). p21 can also directly inhibit E2F-dependent transcription 

in a Cdk/pRb-independent manner (Delavaine and La Thangue, 1999). In the absence 

of p21, it is conceivable that DNA synthesis is promoted, as E2F1 transcriptional 

upregulation of S-phase-promoting proteins such as cyclin E, cyclin A and Cdc25A 

would be unopposed (Vigo et al., 1999). The level of E2F1 expression was similar in 
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wild-type and p21-null HCT116 cells (Figure 5.5A). In comparison with the wild-

type cell line, HCT116 p21-/- cells display transcriptional upregulation of cyclin A, 

cyclin E and Cdc25A, but not of Cdk2 or cyclin B1 (Figure 5.5B &C). Cyclin A 

expression is increased approximately 7-fold, cyclin E is increased 4-fold and 

Cdc25A is only slightly increased. Vigneron (2006) has also demonstrated that 

Cdc25A mRNA basal levels are similar between wild-type HCT116 and the isogenic 

p21-null derivative. However, increased gene expression does not necessarily 

correlate with increased protein level and activity. The levels of Cdc25A, cyclin A 

and Cdk2 proteins appear more abundant in the p21-null cell line compared with the 

parental cell line (Figure 5.5D). Cyclin B levels remained unchanged in the absence 

of p21. As described previously, initiation of DNA synthesis requires the appropriate 

activation of Cdk2-associated cyclins. Cdc25A is essential for embryonic 

development and for activation of Cdk4/cyclin D and Cdk2/cyclin E (Hoffmann et 

al., 1994; Jinno et al., 1994). Cdc25A overexpression can result in the removal of 

wee1- and myt1-dependent inhibitory phosphorylation at threonine-14 and tyrosine-

15, resulting in increased Cdk2 activity (Blomberg and Hoffmann, 1999). Although 

there is no difference in Cdk2 mRNA expression (Figure 5.5C), protein levels are 

approximately doubled in the absence of p21 (Figure 5.5D). Intriguingly, there is an 

increase in Cdk tyrosine-15 phosphorylation in the absence of p21, but a decrease in 

threonine-14 phosphorylation (Figure 5.6A). In contrast, there is no change in 

phosphorylation at the threonine 160 activation site, which is regulated by CAK. 

Differences in the inhibitory phosphorylation patterns can be explained by antibody 

specificity. The Cdk2 threonine-14 antibody is a specific rabbit monoclonal 

antibody, but the antibody used to detect Cdk tyrosine-15 (rabbit polyclonal 
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antibody; Cell Signalling #9111) also detects Cdc2/CDK1 tyrosine-15, CDK2 

tyrosine-15 and CDK5 tyrosine-15. The use of a specific antibody that detects only 

Cdc2/CDK1 tyrosine-15 (rabbit monoclonal antibody 10A11; Cell Signalling #4539) 

phosphorylation suggests that most tyrosine phosphorylation is attributable to 

Cdc2/CDK1 in the p21-null cell line (Figure 5.6B). This suggests that the G2/M 

checkpoint is activated in these cells. Next, immunoprecipitation experiments were 

undertaken to clarify whether differences in Cdk tyrosine-15 phosphorylation exist 

between the parental and p21-null cell lines. Cdk tyrosine-15 was 

immunoprecipitated from wild-type and p21-null cells (using #9111) and probed 

with the Cdk2 antibody. Tyrosine phosphorylation appeared to be higher in wild-type 

HCT116 cells than in p21-null cells (Figure 5.6C). A slower migrating form of Cdk2 

was observed in the parental cell line, suggesting that Cdk2 may be 

hyperphosphorylated and/or is subject to additional post-translational modifications 

in these cells. Collectively, these results suggest that Cdk2 has less inhibitory 

phosphorylation on threonine-14 and tyrosine-15 in the absence of p21, perhaps as a 

result of increased Cdc25A protein expression. Cdc25A protein overexpression, 

unscheduled activation of Cdk2 and overabundant cyclin A are all consistent with the 

promotion of radioresistant DNA synthesis in the p21-null cell line. 

 

5.2.3 Basal Cdc25A levels and DNA damage-induced degradation are affected by the 

loss of p21. 

The rapid reduction of DNA synthesis following low dose IR-induced DNA damage 

is primarily due to activation of the ATM-Chk2 pathway, which results in the 

degradation of the dual specificity phosphatase Cdc25A (Falck et al., 2001; Mailand 
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et al., 2000). Basal levels of Cdc25A are higher in the p21-null cells than in the 

HCT116 parental cell line (Figure 5.5C). Increased Cdc25A protein expression may 

be due to increased genetic transcription, altered mRNA processing, increased 

protein stability due to post translational modifications or reduced protein 

degradation by the proteosome. Cdc25A mRNA transcript expression was only 

slightly increased in the absence of p21 (Figure 5.5A). CDC25A gene expression is 

under the control of the myc proto oncogene and E2F (Galaktionov et al., 1996; Vigo 

et al., 1999) transcription factors. In addition, p21 has been reported to repress MYC 

and CDC25A transcription upon DNA damage (Vigneron et al., 2006). As p21 is 

upregulated later in the DNA damage response cascade (Figure 4.4), it may be 

responsible for transcriptional repression of Cdc25A at the 12 h time point, resulting 

in the reduction of Cdc25A protein seen in the wild-type cell line but not in p21-null 

cells (Figure 4.4). To determine whether the increase in Cdc25A protein was due to 

increased protein stability, the protein stability of Cdc25A was analysed using 

cycloheximide, a protein synthesis inhibitor. Exponentially growing cells were 

treated with 10 µg/ml cycloheximide and harvested at ten minute intervals. Although 

p21-null cells contained approximately three–four times more Cdc25A protein than 

did wild-type cells, the half-life of Cdc25A was shorter than in the parental cell line 

(Figure 5.7). Cdc25A levels are low following mitosis and increase gradually 

throughout G1, peaking in early S phase upon mitogenic stimuli. The basal turnover 

of Cdc25A is dependent on Chk1-dependent phosphorylation on serine-76 that 

targets the protein for ubiquitination by ANAPC/C
cdh1 

ubiquitin ligase complex, 

resulting in proteasome-mediated degradation (Donzelli et al., 2002; Zhao et al., 

2002). Degradation of Cdc25A following DNA damage is dependent on the SKP1-
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CUL1-F-box protein (SCF)β–TRCP E3 ubiquitin ligase -mediated complex that 

targets phosphorylated Cdc25A for degradation by the proteasome (Busino et al., 

2003; Donzelli et al., 2004; Jin et al., 2003). To determine whether there is a specific 

defect in DNA damage-induced Cdc25A degradation in p21-null cells, both wild-

types and p21-null cells were treated with 5 Gy IR and then with cycloheximide. 

Cdc25A was degraded within 10 min in the HCT116 parental cell line, but DNA 

damaged-induced degradation was delayed in p21-null cells (Figure 5.8). Pre-

incubation with an ATM inhibitor prevents DNA damage-induced Cdc25A 

degradation in wild-type HCT116 cells and in p21-/- cells (Figure 5.8) Damage-

induced Cdc25A degradation involves many steps, including Chk2 phosphorylation, 

recognition by ubiquitin ligases, nuclear export and proteasomal degradation. 

Leptomycin B inhibits Exportin 1, a nuclear export factor that mediates nuclear 

export signal-dependent protein transport. Leptomycin B treatment blocked DNA 

damage-induced degradation of Cdc25A in wild-type cells and, to a lesser extent, in 

p21-null cells (Figure 5.9). Cdc25A is degraded by the proteasome. Indirect analysis 

of proteasome function was undertaken using the specific proteasome inhibitor 

MG132. In both wild-type and p21-null cells, damage-induced Cdc25A degradation 

was blocked by proteasome inhibition, suggesting that the failure to degrade Cdc25A 

in the absence of p21 is not due to decreased proteasome activity (Figure 5.9). 

Cdc25A levels were analysed over a 24 h time course following 5 Gy IR in wild-type 

HCT116 cells and p21-/- cells without cycloheximide treatment. In wild-type cells, 

Cdc25A was biphasic: protein was degraded after 2 h, levels recovered after 4–12 h, 

and degradation again occurred after 24 h. In p21-/- cells, there was only a partial 

reduction in Cdc25A protein levels at 2 h, which recovered at 4–24 h. Thus, DNA 
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damage regulation of Cdc25A is altered in the absence of p21. Furthermore, 

pretreatment of cells with the ATM inhibitor prevented Cdc25A degradation in wild-

type HCT116 cells at 2 h (Figure 5.2), but this was less effective in p21-null cells, 

which is consistent with the radioresistant phenotype (Figure 5.1), supporting 

previous evidence that constitutive activation of the ATM–Chk2 pathway is unable 

to effectively induce S-phase arrest. Mechanistically, the overexpression and delayed 

reduction in DNA damage-induced Cdc25A degradation forms the basis for the 

radioresistant phenotype. 

Although not further examined in this study, enhanced Cdc25A stability may also 

influence the failure to arrest at G2/M in these cells (Busino et al., 2004; Mailand et 

al., 2002; Zhao et al., 2002). 

5.2.4 DNA damage-induced Cdc25A degradation is reduced in the p21-null 

background. 

To examine whether the reduced degradation of Cdc25A that occurs in the absence 

of p21 is specific to IR, other DNA damaging agents were also examined. 

Neocarzinostatin is a radiomimetic drug that induces similar types of DNA damage 

as ionising radiation. Asynchronous cells were exposed to 200 ng/ml 

neocarzinostatin, and DNA synthesis and Cdc25A levels were analysed in 

combination with cycloheximide. In the wild-type cells, there was a steep decline in 

DNA synthesis, which stabilised after 4 h (Figure 5.10A); this was accompanied by 

Cdc25A degradation at 30 minutes (Figure 5.10B,C). In contrast, in the absence of 

p21 there is a minimal reduction of DNA synthesis after 30 min, although DNA 

synthesis is reduced thereafter, thus demonstrating a partial radioresistant phenotype. 
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In p21 null cells (Figure 5.10C) Cdc25A degradation appears to occur at a faster rate 

but the abundant Cdc25A protein is able to promote DNA synthesis in the presence 

of DNA damage. Altenatively, the overexpressed cyclinA (Figure 5.5) and 

uninhibited cdk2 (Figure 5.6) may also promote unscheduled DNA synthesis.  

p21-/- cells show basal Cdc25A overexpression. Following 5 Gy IR, Cdc25A levels 

remained high despite rapid Chk2 threonine-68 phosphorylation and Chk1 serine-317 

phosphorylation occurring at later time points (Figure 4.4). UV-induced DNA 

damage has been shown to preferentially activate the ATR–Chk1 pathway, resulting 

in Cdc25A degradation. Therefore, p21-null cells are expected to continue 

undergoing radioresistant DNA synthesis in the presence of UV damage. To test this, 

cells were subjected to 10 J/m
2
 UV radiation and assayed for both DNA synthesis 

and Cdc25A levels. Wild-type HCT116 cells showed a reduction in DNA synthesis 

throughout the time course (Figure 5.11A), accompanied by Cdc25A degradation 

(Figure 5.11B). However, in the absence of p21, there was no immediate (within 30 

min) reduction in DNA synthesis or although the degradation profile of Cdc25A was 

similar in the first 20 minutes (Figure 5.11A and B). However, DNA synthesis was 

reduced sharply thereafter. The degradation profile at 30 minutes between the cell 

lines may be explain the apparent lack of reduction in DNA synthesis in the HCT 

116 p21-/- cell line compared with the wild type cell line.  

As different forms of DNA damage are unable to degrade Cdc25A as effectively in 

the absence of p21, these data provide additional evidence that the S-phase 

checkpoint is defective at the level of S-phase-promoting proteins. 
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DNA topoisomerases are enzymes involved in resolving the DNA helical structure, 

thus enabling DNA synthesis. Type 1 topoisomerases cut one strand of the DNA 

helix to allow relaxation of supercoiled and reannealing. Type II topoisomerases cut 

both strands of DNA, which allows another double-strand of DNA to pass through, 

before religation (Bower et al., 2010b). Adriamycin is a DNA intercalator that has 

different effects depending on the concentration used. Its effect on S phase is 

dependent on the dosing schedule and tissue type. Low doses of adriamycin stabilise 

(or poison) the topoisomerase II–DNA complex after cleavage of the first strand, 

thereby trapping the enzyme, preventing cutting of the second strand and inhibiting 

DNA unwinding for replication, which therefore inhibits DNA synthesis. High doses 

of adriamycin intercalate with DNA, thus altering the molecular structure and 

preventing topoisomerase II from relieving DNA supercoils to allow DNA 

replication (Pommier et al.). This latter mode of action has been shown to generate 

DNA DSB (Bower et al., 2010a). Both wild-type and p21-null HCT116 cells were 

treated with 1 μM adriamycin (low dose). Interestingly, a DNA synthesis assay 

demonstrated similar time-dependent reductions in DNA synthesis following 

exposure to this dose of adriamycin, which correlated with Cdc25A accumulation in 

both cell lines (Figure 5.12). This suggests that adriamycin-induced reduction in 

DNA synthesis is independent of Cdc25A degradation. In order to clarify whether 

direct topoisomerase inhibitors delay DNA synthesis independently of Cdc25A (and 

DNA damage checkpoint activation), another more specific topoisomerase inhibitor 

was utilised. ICRF-193 inhibits the catalytic site of topoisomerase, trapping the 

enzyme on the DNA in a noncleavable complex (Fasulo et al.), and is associated 

with G2/M arrest (Chene et al., 2009). Topoisomerase II catalytic inhibitors have 
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been shown to prevent topoisomerase II-associated cleavage of DNA complexes and 

therefore appreciable numbers of DNA strand breaks (Bower et al., 2010a). 

Therefore, any reduction seen in DNA synthesis should occur after completion of S 

phase and reflects G2 arrest. Consequently, no changes in Cdc25A protein level are 

expected. In wild-type HCT116 cells, exposure to 10 μM ICRF-193 for 12 h did not 

activate a robust checkpoint response, which may be related to the low amount of 

DNA damage sustained. HCT116 cells have a functional deficiency of the MRN 

trimeric complex, which is necessary for the recognition of low levels of DNA 

damage (Lossaint et al., 2011). An alternative mechanism has been described by 

Bower et al. (2010b), in which ICRF-93 inhibition of topoisomerase induces ATM-

dependent phosphorylation of Chk2 and p53, mediators of the G2/M arrest 

independent of DNA damage as no γ–H2AX was detected. I therefore exposed wild-

type and p21-null HCT116 cell to 35 µm ICRF-193 and analysed DNA synthesis and 

Cdc25A levels, as previously described. Regardless of p21 status, normal levels of 

DNA synthesis took place up to 4 h following with drug treatment and only 

decreased at after 8 h; no acceleration in Cdc25A degradation was observed at these 

time points (Figure 5.13). Cell cycle profiles would clarify that the reduction in DNA 

synthesis represents accumulation of cells at the G2/M phase. These data confirm 

that ICRF 193 does not activate a DNA damage checkpoint in S phase but is more 

likely to activate the decatenation checkpoint prior to entry into mitosis by promoting 

the cytosolic sequestration of Cdk1/Cyclin B1(Deming et al., 2001). The 

decatenation checkpoint delays entry into mitosis until newly synthesised daughter 

DNA are released by DNA topoisomerase II and is distinct from the mitotic spindle 
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checkpoint that delays anaphase and telphase until metaphase has been completed 

(Andreassen et al., 2001; Deming et al., 2001). 

Measurement of DNA synthesis and Cdc25A levels after treating the HCT116 p21 

null cells with different types of DNA damage has clarified that the RDS phenotype 

of p21-null cells is associated with the less effective DNA damage-induced Cdc25A 

degradation. Ponceau stained membranes confirm that the differences in Cdc25A 

levels are not due to unequal protein loading (Figure 5.14). 

5.2.5 SiRNA-mediated Cdc25A knockdown leads to a reduction in DNA synthesis 

In the absence of p21, cells exhibit heightened Cdk activity and therefore short-term 

knockdown of Cdc25A was used to determine whether Cdc25A overexpression is 

indeed the reason for the radioresistant phenotype of p21-null cells. Short-term 

siRNA-mediated Cdc25A knockdown in p21-null cells leads to an increase in 

inhibitory phosphorylation of Cdk2 at threonine-14 (Figure 5.15A). There is very 

little enhancement in Cdc25A degradation following 5 Gy IR in siRNA-treated cells 

(Figure 5.15A; compare Cdc25A and Cdc25A irradiated), in line with my previous 

data (Figure 4.4). DNA synthesis is reduced in Cdc25A siRNA treated samples, 

confirming efficient knockdown of Cdc25A (Figure 5.15B). In line with previous 

data, there are no differences in Cdc25A levels and DNA synthesis between 

unirradiated and irradiated samples (Figure 5.15). DNA synthesis can be reduced in 

the p21-null cell line by a reduction in Cdc25A expression; confirming that the RDS 

phenotype seen in p21-null cells is secondary to Cdc25A overexpression (resulting 

from an inability to degrade Cdc25A), as opposed to overactive Cdk/cyclin 

complexes. 
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5.2.6 Chk2 is differentially localised in the absence of p21. 

Following DNA damage, Cdc25A degradation is mediated by the checkpoint 

kinases, Chk1 and Chk2. Cells deficient in ATM or Chk2 demonstrate a delay in 

Cdc25A degradation. However, Chk2 is not essential for this purpose, as Chk1 can 

compensate when Chk2 is depleted from wild type HCT116 cells (Jin et al., 2008) . 

The correct spatial organisation of DDR proteins is important for transducing the 

damage signal to downstream effectors (Lukas et al., 2004b). I therefore examined 

the possibility that p21 directly or indirectly influences the localisation of DDR 

proteins. Whole cell lysates were fractionated according to differential solubility of 

cell components in Triton X-100, and both soluble (cytoplasmic) and insoluble 

(nuclear) materials were collected by centrifugation. GAPDH is an abundant soluble 

protein, which was used to confirm the efficiency of cell fractionation (Figure 5.16). 

The soluble proteins were collected after lysing the cell membrane without disrupting 

the nuclear compartment. The insoluble fraction contained chromatin bound proteins. 

In untreated (control) wild-type HCT116 cells, Chk2 is present in the soluble fraction 

and treatment with 5 Gy IR, ATM inhibition for 24 h or a combination of both does 

not lead to a change in localisation. Cdc25A levels in the insoluble fraction appear to 

be reduced after 5 Gy IR with or without ATM inhibition. p53 stability is increased 

in the insoluble fraction in response to DNA damage, but this is reversed in the 

presence of ATM inhibition. In comparison, HCT116 p21-null cells express a slower 

migrating form of Chk2 in the soluble fraction and a small pool of faster migrating 

Chk2 in the insoluble chromatin compartment. Following 5 Gy IR, the amount of 

Chk2 in the insoluble fraction is unchanged, suggesting that it is not released from 

chromatin under these circumstances. The inability of p21-null cells to release a 
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small but significant pool of Chk2 from chromatin may partly explain the inefficient 

degradation of Cdc25A following DNA damage and subsequent radioresistant DNA 

synthesis. Incubation of p21-/- cells for 24 h with the ATM inhibitor leads to a loss 

of Chk2 from the insoluble compartment; this suggests that activation of additional 

upstream kinases leads to Chk2 release from chromatin. Combined treatment of cells 

with ATM inhibition and 5 Gy IR appears to lead a reduction in soluble Chk2 but not 

in insoluble Chk2. The reason for this difference is unclear but may represent 

unequal protein transfer. Cdc25A levels remain unchanged, regardless of treatment 

and the amount of insoluble p53 protein increased after 5 Gy IR. The GAPDH signal 

is slightly lower in p21-null compared with wild-type HCT116 cells, suggesting 

higher protein concentrations in the wild type HCT116 cells compared with the p21 

null cells. However, this does not detract from the observed differences, as no Chk2 

signal is apparent in the insoluble fraction in wild-type HCT116 cells. 

5.3 Discussion 

IR induced radioresistant DNA synthesis can arise from a deficiency in upstream 

DNA damage-dependent kinases or overexpressed and/or mutated forms of 

downstream S-phase-promoting proteins. The specific ATM inhibitor, KU-55993, 

abrogated the DNA damage-induced S-phase checkpoint in wild-type HCT116 cells 

(Figure 5.1); this effect was not observed in either the AT cell line (due to the lack of 

ATM) or the p21-null cell line. Furthermore, following irradiation, there was no 

reduction in Cdc25A protein levels in the wild-type HCT116 cell line, as was seen 

previously (compare Figure 5.2 with Figure 2.1). Inhibition of ATM for 1 h in the 

p21-null cell line resulted in Chk1 phosphorylation at serine-317; this was also 

apparent after 2 h in the wild-type cell line. This result suggests that additional 
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kinases are activated in p21-null cells upon ATM inhibition. ATM directly 

phosphorylates Chk2 at threonine-68, leading to activation. Activated Chk2 

phosphorylates Cdc25A on serine-134; however phosphorylation at this site has not 

been shown to be a prerequisite for ubiquitin-mediated degradation (Busino et al., 

2003; Donzelli et al., 2004; Jin et al., 2008). Inhibition of neither ATM nor Chk2 in 

p21-/- HCT116 cells attenuated the S-phase checkpoint; this suggests that the IR 

induced radioresistant DNA synthesis (RDS) phenotype is caused by factors 

downstream of these kinases. The inability to degrade Cdc25A appropriately in 

response to DNA damage has previously been shown to result in RDS (Falck et al., 

2001; Zhao et al., 2002). Basal Cdc25A turnover did not appear to be defective, 

although damage-induced degradation was slowed in the absence of p21. This 

response was specific to agents that induce the DNA damage-dependent S-phase 

checkpoint, including IR, neocarzinostatin and UV irradiation. DNA damage-

induced degradation of Cdc25A is dependent on checkpoint kinases and associated 

with phosphorylation on serine-76; additional phosphorylation at serines 82 and 88 

promote SCFβ
TRCP

-mediated degradation (Donzelli et al., 2002; Jin et al., 2008). 

Inhibition of topoisomerase II enzymes led to a reduction in DNA synthesis but there 

was no appreciable change in the levels of Cdc25A. Reasons for the delayed 

degradation of Cdc25A include mislocalisation of checkpoint kinases, kinase 

mutation and inactivation, Cdc25A mutation (Busino et al., 2003; Mailand et al., 

2000), Cdc25A overexpression (Falck et al., 2001), loss of protein ubiquitination and 

defects in ubiquitin/proteasome complex components (Busino et al., 2003) 

Cdc25A is considered to be an oncogene, with cancer-promoting properties that are 

linked to its role in sustaining progression through the cell cycle. Cdc25A 
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overexpression has been demonstrated in a variety of human cancers, including 

breast, colorectal, endometrial, liver and oesophageal cancers, and non-Hodgkin 

lymphomas (Boutros et al., 2007; Kristjansdottir and Rudolph, 2004), due to 

increased protein stability (Loffler et al., 2003); however, evidence for a specific role 

for Cdc25A in colorectal cancer is sparse. Cell culture models have identified 

Cdc25A downregulation in response to mesalazine therapy, which forms a protective 

mechanism against the development of inflammatory bowel disease-associated 

colorectal cancer (Stolfi et al., 2008). 

Mislocalisation of Chk2 may explain the reduced degradation of Cdc25A in p21-null 

cells. A slower migrating form of Chk2 was observed in the soluble fraction; this was 

absent in the insoluble chromatin-bound fraction in wild-type cells. This result 

suggests that soluble Chk2 protein is hyperphosphorylated or has undergone 

additional post-translational modification. In the absence of p21, there was a small 

pool of Chk2 associated with chromatin, which was unaffected by treatment with 

5 Gy IR but was lost after 24 h incubation with the ATM inhibitor. Li et al. (2005) 

demonstrated that a small pool of chromatin-associated hypophosphorylated Chk2 is 

activated and released from chromatin in response to DNA damage; in the presence 

of ionising irradiation, this is ATM dependent. Chk2 mobility is necessary for 

transducing the damage signal, and forced immobilisation at sites of double-strand 

breaks reduces p53 activation and subsequent p53 dependent transcription (Lukas et 

al., 2004b). Likewise, chromatin-associated viral proteins that bind to and sequester 

Chk2, thus hindering its release from chromatin, cannot induce an appropriate DNA 

damage response (Gupta et al., 2007). Notably, Jin et al. (2008) demonstrated that 

Cdc25A degradation in HCT116 cells is dependent on Chk1, but not on Chk2, in 
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response to 10 Gy IR. However, it is possible that the higher dose of irradiation has 

masked a subtle Chk2-mediated effect on Cdc25A degradation. In p21-/- cells, it is 

surprising that Chk1 cannot compensate for such a mechanism, suggesting that Chk2 

may be an important cofactor or directly responsible for Cdc25A degradation in this 

cell line. Alternatively, Chk1 may be inappropriately associated with chromatin, 

which may explain the similar profile in Cdc25A degradation following UV 

treatment (Figure 5.11). 

Protein overexpression or delayed degradation may be a global phenomenon in the 

p21-null background. Certainly, Cdc25A, Cdk2, Chk1, Chk2, and cyclin A and p53 

all appear to be overexpressed and/or more stable in p21-null cells. Cangi et al. 

(2008) showed that Cdc25A overexpression in primary human mammary epithelial 

cells results in unscheduled S phase entry and multiple firing of DNA replication 

origins within a single cell division cycle. Although, p21 has been shown to directly 

regulate the level and activity of S-phase proteins, such as PCNA (Guo et al., 1999) I 

was unable to confirm a direct role in the DNA damage induced intra-S-phase 

checkpoint. Equally surprising is the apparent mislocalisation of Chk2 in HCT116 

p21-null cells.  

In the HCT116 p21 null cells abrogation of the DNA damage induced checkpoints, 

overexpression of S phase promoting proteins, reduced DNA damage induced 

degradation of Cdc25A and protein mislocalisation all contribute to the IR induced  

RDS phenotype. Further detailed investigation is required in non-transformed cells to 

directly asses the relationship of p21 and the DNA damage induced intra-S-phase 

checkpoint. 
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Figure 5.1. ATM inhibition abrogates the S-phase checkpoint in wild-type HCT116 cells but not 

in isogenic p21-null cells. 

(A). Wild-type HCT116 cells pretreated with the ATM inhibitor (ATMi; broken line) demonstrate 

increased DNA synthesis following treatment with 5 Gy IR, compared with IR alone (solid line). This 

effect was not seen in (B) isogenic p21-null cells or (C) in AT cells. DNA synthesis was assayed as 

previously described. Error bars indicate standard deviation of the mean. 
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Figure 5.2. KU-55933 treatment abrogates the ATM-dependent DNA damage response in wild-

type HCT116 cells. 

Abrogation of the ATM-dependent DDR occurred in wild-type HCT116 cells but was less efficient in 

p21-null cells. Cells were exposed to 10μM of the ATM inhibitor KU-55933 for 1 h (-1 time point) 

and then treated with 5 Gy ionising radiation and harvested over a 24-h time course. Equivalent 

amounts of protein (40μg/lane) were analysed by immunoblotting on the same blot. GAPDH was used 

as a loading control. Antibodies were described in Figure 3.4. 
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Figure 5.3. Chk2 inhibition abrogates the IR-induced S-phase checkpoint in wild-type but not in 

p21-null HCT116 cells. 

Wild-type HCT116 cells pretreated with a Chk2 inhibitor (Chk II) demonstrate increased DNA 

synthesis 30 min after treatment with 5 Gy. This effect was not seen in p21-/- HCT116 or HCT15 

cells. DNA synthesis was analysed as previously described. Experiments were done in triplicate and 

error bars indicate standard deviation of the mean. 
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Figure 5.4. The radiosensitising agent, wortmannin, is unable to abrogate DNA synthesis in  

p21-/- HCT116 cells. 

Asynchronous cells were pretreated with 10 μM wortmannin and then exposed to 5 Gy ionising 

radiation. DNA synthesis was assessed at the indicated time points. Limited amount of drug precluded 

the same experiment in wild type cells. Experiments were done in triplicate and error bars indicate 

standard deviation of the mean. 
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Figure 5.5. S-phase cyclins are transcriptionally upregulated in the absence of p21 and show a 

corresponding increase in protein levels. See opposite page for legend details. 
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Figure 5.6. Reduction in inhibitory phosphorylation in CDK2 under basal conditions. 

(A). HCT116 p21-nulls display a reduction in the Cdk2 phosphorylation at the inhibitory threonine-14 

site. (B) Inhibitory phosphorylation on Cdc2 tyrosine-15 appears to be increased, but this may reflect 

poor antibody specificity (see text for details). (C) Cdk tyrosine-15 immunoprecipitated from cell 

lysates was probed with an antibody recognising total Cdk2. Equivalent amounts of protein 

(40 μg/lane) were analysed by immunoblotting. GAPDH was used as a loading control. Antibody, Ab; 

Control, C; Immunoglubulin control, Ig. 
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Figure 5.7. High basal Cdc25A expression in p21-/- HCT116 cells is not due to increased stabilisation. 

Loss of p21 does affect the half-life of Cdc25A (A). Lysates were prepared from wild-type and p21-/- HCT116 cells at ten minute intervals following treatment with 

10μg/ml cycloheximide. Equivalent amounts of protein (40μg/lane) were analysed by immunoblotting with an anti-Cdc25A antibody. (B) A cross-reacting band used 

as a loading control. (C) Cdc25A is degraded more rapidly in HCT 116 p21-/- cells compared with wild type cells despite the higher abundance.  
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Figure 5.8. 5Gy IR damage-induced Cdc25A degradation is reduced by p21. 

HCT116 p21-/- cells are unable to increase the degradation of Cdc25A after 5Gy IR. (A) Wild-type and (C) p21-/- HCT116 cells were treated with 5 Gy ionising 

radiation, 10 μg/ml cycloheximide, and harvested at 10 min intervals (solid red line). ATM inhibition delays Cdc25A degradation in both cell lines (broken line). 

(B,D)T he densitometry line graphs represent Cdc25A degradation over time in each cell line, respectively. Equivalent amounts of protein (40 μg/lane) were analysed 

by immunoblotting with an anti-Cdc25A antibody.  
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Figure 5.9. Nuclear export and proteasomal degradation of Cdc25A is unaffected by the loss of p21. 

Inhibiting damage-induced nuclear export and proteasome activity recovers Cdc25A in both wild-type and p21-null cells. (A) Wild-type and (C) HCT 116 p21-/- cells 

were treated with 5 Gy ionising radiation, followed by 10 μg/ml cycloheximide and either 2 nm leptomycin B or 25 μM MG132. (B,D) The densitometry line graphs 

represent Cdc25A degradation over time in each cell line, respectively.  

 

 

A 

C 

0 1
0

2
0

3
0

4
0

5
0

6
0

1
2

0

Control

5Gy  

HCT 116 P21 -/-

MG132

Lep B  

Time (m)

5Gy 

0 1
0

2
0

3
0

4
0

5
0

6
0

1
2

0HCT 116

MG132

Lep B 

Time (m)

Control

0 1
0

2
0

3
0

4
0

5
0

6
0

1
2

0

Control

5Gy  

HCT 116 P21 -/-

MG132

Lep B  

Time (m)
0 1
0

2
0

3
0

4
0

5
0

6
0

1
2

0

Control

5Gy  

HCT 116 P21 -/-

MG132

Lep B  

Time (m)

5Gy 

0 1
0

2
0

3
0

4
0

5
0

6
0

1
2

0HCT 116

MG132

Lep B 

Time (m)

Control

5Gy 

0 1
0

2
0

3
0

4
0

5
0

6
0

1
2

0HCT 116

MG132

Lep B 

Time (m)

Control

0 20 40 60 80 100 120
0

25

50

75

100

125

150

175 HCT 116 basal

HCT 116 5Gy

HCT 116 MG132

HCT 116 Lep B

Time (m)

C
d

c
2
5
A

D
e
n

s
it

o
m

e
tr

y
 U

n
it

s

0 20 40 60 80 100 120
0

25

50

75

100

125

150 HCT 116 p21-/- basal

HCT 116 p21-/- 5Gy

HCT 116 p21-/- MG132

HCT 116 p21-/- Lep B

Time (m)

C
d

c
2
5
A

D
e
n

s
it

o
m

e
tr

y
 U

n
it

s

D 

B 



 184 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. HCT 116 p21-/- cells demonstrate a partial radioresistant phenotype in the presence of 200ng/ml neocarzinostatin. 

(A) Wild-type HCT 116 cells can suppress DNA synthesis and degrade Cdc25A. In the absence of p21, cells are less able to inhibit DNA synthesis and (B) degrade 

Cdc25A less effectively. Cells were treated with 200 ng/ml neocarzinostatin (NCS); DNA synthesis was measured as described previously and cells harvested at 10 

min intervals in the presence of 10 μg/ml cycloheximide. (C) The densitometry line graphs calculated from (B) represent Cdc25A degradation over time. 
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Figure 5.11. HCT116 p21-null cells demonstrate a partial radioresistant phenotype following treatment with 10 J/m
2
 ultraviolet radiation. 

(A) Wild-type HCT116 cells can suppress DNA synthesis appropriately and (B) induce degradation of Cdc25A following ultraviolet radiation damage. These responses 

were attenuated in the absence of p21. Cells were treated with 10 J/m
2
 ultraviolet radiation; DNA synthesis was measured as described previously

 
and harvested at 10 

 min intervals in the presence of cycloheximide 10 μg/ml. (C) The densitometry line graphs calculated from (B) represent Cdc25A degradation over time. 
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Figure 5.12. 1 μM Adriamycin-induced reduction in DNA synthesis is independent of Cdc25A degradation. 

Cells were treated with adriamycin to induce DNA damage. No difference (A) in the reduction of DNA synthesis was observed between cell lines and (B,C) the 

kinetics of Cdc25A degradation were not accelerated in either cell line. Cells were treated with 1 μM adriamycin: DNA synthesis was measured as described 

previously and harvested at 10  min intervals in the presence of cycloheximide 10 μg/ml. 
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Figure 5.13. 35 μM The ICRF-193-induced reduction in DNA synthesis is independent of Cdc25A degradation 

Cells were treated with the ICRF-193 topoisomerase II catalytic inhibitor. There was no difference in (A) the reduction of DNA synthesis between cell lines and (B,C) 

no acceleration in the rate of Cdc25A degradation in either cell line. 

0 2 4 6 8 10
0

20

40

60

80

100
HCT 116

HCT 116 P21-/-

Time (h)

D
N

A
 s

y
n

th
e
s
is

 [
3
H

]/
[1

4
C

] 
ra

ti
o

(%
 o

f 
u

n
tr

e
a
te

d
 c

o
n

tr
o

ls
)

HCT 116 P21-/-

0 1
0 2
0

3
0

4
0

5
0

6
0

1
2
0

HCT 116

Time (m)

HCT 116 P21-/-

0 1
0 2
0

3
0

4
0

5
0

6
0

1
2
0

HCT 116

Time (m)

A 

B 

0 25 50 75 100 125 150
0

25

50

75

100

125
HCT 116 ICRF-93

HCT 116 p21-/- ICRF-93

Time (m)
C

d
c
2
5
A

D
e
n

s
it

o
m

e
tr

y
 U

n
it

s

C 



 188 

 

 

A             B 

       

 

 

 

 

 

C             D 

 

 

 

 

 

 

E             F 

 

 

 

 

 

G             H 

 

 

 

 

 

 

Figure 5.14 Ponceau-stained membranes corresponding to Figures 5.10–5.13. 

Ponceau-stained membranes showing comparable protein loading between wild-type and p21-null cell 

lines following  (A-B) neocarzinostatin, NCS; (C-D) ultraviolet, UV; (E-F) Adriamycin and (G-H) 

ICRF-93 treatment of wild type HCT116 and p21 null cells.  
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Figure 5.15. Cdc25A siRNA inhibits DNA synthesis in p21-null cells. 

(A) HCT116 p21-/- cells were treated with Cdc25A siRNA or control siRNA for 48 h and then with 5 

 Gy; (B) Treatment with Cdc25A siRNA reduces DNA synthesis. Equivalent amounts of protein 

(40μg/lane) were analysed by immunoblotting. *, a cross-reacting band was used as loading control. 

Antibodies used have been described elsewhere. DNA synthesis was 30 min after treatment with 5Gy. 
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Figure 5.16. Differential localisation of Chk2 in HCT116 p21-null cells. 

Cells were treated with 5 Gy ionising radiation, an ATM inhibitor for 24 h or a combination of 

treatments and harvested after 2 h. For (A) wild-type cells, 10 μl of the soluble (cytoplasmic) fraction 

and 15 μl of the insoluble (nuclear) fraction were loaded; for (B) p21-null cells, three times as much 

sample was loaded. W, whole cell lysate; S, soluble fraction; I, insoluble fraction. 
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Chapter 6. Constitutive Activation of the ATM-Dependent DNA 

Damage Response is a Negative Predictor of Successful ATM 

Inhibitor Therapy 

6.1 Introduction 

The ATM gene, located on chr11q22.3, is mutated in the autosomal recessive 

disorder ataxia-telangiectasia (AT), which is characterised by extreme sensitivity to 

radiation (and other agents causing DSB) and susceptibility to developing 

malignancies especially those of lymphoid origin (Savitsky et al., 1995). Cells from 

AT patients are defective in the processing of DSB and in DNA damage checkpoint 

controls (Shiloh, 2003). This phenotype has prompted investigations into the use of 

ATM inhibition to increase the therapeutic effect of irradiation and DSB-inducing 

chemotherapy. Hickson et al. (2004) identified a specific small molecule ATM 

inhibitor, KU-55933, which sensitises U20S osteosarcoma cancer cells to 

camptothecin (a topoisomerase I inhibitor), etoposide (a topoisomerase II inhibitor), 

doxorubicin and ionising radiation. However, this inhibitor had no appreciable effect 

on the response to alkylating (cisplatin, melphalan, chlorambucil) and cross-linking 

(mitomycin B) agents. There is a reduction in IR-induced phosphorylation of CHK1, 

H2AX, Nbs1 and SMC1 (known targets of ATM) in the presence of KU-55933 and 

cells accumulate in G2-M phase, similar to ATM-deficient cells. In addition, KU-

55933 was also able to additionally sensitise DNA-PK-deficient cells to etoposide. 

However, AT cells (lacking ATM protein) showed no significant increase in 

radiosensitivity when exposed to the specific ATM inhibitor, suggesting that ATM 

expression and activation is necessary for ATM inhibitor activity. Cowell et al. 



 192 

(2005) demonstrated a reduction in breast cancer cell survival (in a colony formation 

assay) after ionising radiation therapy (1–5 Gy) in cells pretreated with the same 

compound. Mukhopadhyay et al. (2005) used short hairpin siRNAs to down regulate 

ATM and reported increased sensitivity of prostate cancer cells containing mutant 

p53 to the DNA damaging agent, doxorubicin. Disruption of the G2 checkpoint by 

ATM inhibition in cells containing mutant p53 is thought to render cells more 

sensitive to DNA damage (Eastman, 2004; Guha et al., 2000; Shiloh, 2003). 

Importantly, reducing ATM gene expression in normal human fibroblasts does not 

appear to increase the cytotoxicity of doxorubicin; suggesting competent parallel 

pathways and/or checkpoints will prevent damage to normal cells. Antisense gene 

therapy and small interference RNA silencing against ATM has also been 

successfully used to increase the radiosensitivity of brain tumour cell lines (Guha et 

al., 2000), human cervical cancer cells (Li et al., 2006) and prostate cancer cell lines 

(Collis et al., 2003). 

Normal cells have multiple overlapping processes that serve to sense and repair DNA 

damage. If a cancer is defective in some checkpoint controls and/or repair 

mechanisms, then inhibiting the remaining functional pathways may be sufficient to 

trigger the apoptotic machinery or promote mitotic catastrophe. This could be an 

effective method of increasing the specificity of treatments for cancer cells, thus 

reducing the cytotoxic effect on normal tissues. Selective targeting of cancer cells by 

taking advantage of somatic mutations that occur in DNA damage repair pathways 

during cancer development is an attractive concept and could create a significant 

therapeutic index for ATM inhibitors (Bartek and Lukas, 2007; Bartek et al., 2007). 

However, to date no criteria have been established that allow the rational use of this 
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novel approach in human cancers. Similarly, no pharmacodynamic or therapeutic 

endpoints have been developed to assess the efficacy of small molecule inhibitors of 

the DNA damage response and repair pathways. 

This chapter shows that basal Chk2 threonine-68 phosphorylation may be a marker 

for the deregulated ATM DNA damage response. As such, the use of an ATM 

inhibitor in an ATM-deficient background may have limited efficacy in cancer 

treatment. 

6.2 Results 

6.2.1 Functional ATM DDR is a pre-requisite for successful ATM inhibitor therapy  

Robust activation of the DNA damage response pathway has been demonstrated in 

precancerous lesions and becomes attenuated during cancer progression. The 

presence of an activated DDR in human cancers may represent continuous DNA 

damage signalling or persistently activated DNA repair mechanisms. However, a 

constitutively active ATM DDR pathway, in the absence of p21, represents a 

nonfunctional or ineffective pathway, as cells with this defect display IR induced 

radioresistant DNA synthesis. The radioresistant phenotype is likely to be due to 

activation of Cdk/cyclin complexes in the absence of p21, increased expression of 

the dual specificity phosphatase Cdc25A and its delayed degradation following DNA 

damage. Cdc25A is targeted for degradation upon phosphorylation by Chk2 and 

Chk1 in response to the ATM and ATR kinases. AT cells treated with the ATM 

inhibitor and 5 Gy IR demonstrated no change in cell cycle profile (Figure 6.1A) and 

no increase in radiosensitivity (Figure 6.1B). These data suggest that a functionally 

active ATM kinase is required for the ATM inhibitor to be efficacious. 
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Pretreatment of wild-type HCT116 cells for 1 h with the ATM inhibitor resulted in 

abrogation of Chk2 threonine-68 phosphorylation following 5 Gy IR (Figure 6.2). 

DNA damage-induced Cdc25A degradation is rescued after a further 2 h (compare 

with Figure 4.4). p53 serine-15 phosphorylation and increase p53 protein expression 

are inhibited for the first 4 h; thereafter, p53 serine-15 phosphorylation and increased 

p53 protein are evident. However, these changes do not result in p21 induction, 

suggesting that ATM activity is also required. Interestingly, Chk1 becomes robustly 

phosphorylated at serine-317 after 2 h when cells are damaged in the presence of 

ATM inhibition; however, there is a delay in Cdc25A degradation until the 12 h time 

point. This suggests that following DNA damage a threshold level of Chk1 activity 

must be reached before Cdc25A degradation is induced when the ATM–Chk2 axis is 

inhibited. Collectively, this suggests that an ATM-independent mechanism of p53 

and Chk1 phosphorylation exists, which results in Cdc25A degradation after 12–

24 h. Importantly, this result also indicates that cells can adapt to ATM inhibition by 

inducing the activity of another kinase. Wild-type HCT116 cell cycle analysis 

demonstrates that abrogation of the G1 and S-phase checkpoint occurs after 12–24 h; 

cells appear to accumulate in G2 phase of the cell cycle (Figure 6.3A). Presumably, 

activation of Chk1 enforces the G2 arrest when ATM is inhibited. Prolonged DNA 

damage-induced G2 arrest in cancer cells is associated with reduced survival. When 

cell survival is examined following ATM inhibition in the presence of 5 Gy IR, wild-

type cells demonstrate a reduced number of colonies after 2–4 h of ATM inhibition 

and a complete absence of colonies at later time points (Figure 6.3B). 

In the absence of p21, pretreated with the ATM inhibitor for 1 h leads to Chk1 

phosphorylation at serine-317 in the absence of DNA damage; Chk2 threonine-68 



 195 

and p53 serine-15 phosphorylation are also present, as described previously (Figure 

5.2). ATM inhibition in combination with 5 Gy IR resulted in loss of Chk2 

threonine-68 phosphorylation after 2, 4 and 12 h, but a reappearance after 24 h; this 

coincided with Cdc25A degradation. p53 serine-15 phosphorylation and protein 

expression were unaffected by ATM inhibition. Despite rapid Chk1 serine-317 

phosphorylation, Cdc25A is not effectively degraded at the early time points. This 

suggests that an additional upstream kinase is responsible for phosphorylation of 

Chk1, Chk2 and p53 and the subsequent Cdc25A degradation. Wild-type HCT116 

cells treated with the ATM inhibitor resulted in abrogation of the S-phase checkpoint 

(Figure 5.1A), which correlated with the reduced degradation of Cdc25A. In p21-null 

cells, there was no abrogation of DNA synthesis (Figure 5.1B), reflecting unchanged 

Cdc25A protein expression. 

In the absence of p21, the G1 checkpoint is compromised and this is enhanced by 

ATM inhibition for 12 h (Figure 6.4A). The G2 checkpoint is also compromised 24 h 

following 5 Gy IR in the p21-null cell line; however, this appears to be restored in 

the presence of the ATM inhibitor and may represent a Chk1- or p53-dependent 

function. Lossaint et al. (2011) provided evidence that p21 and Chk1 cooperate in 

nontransformed cells to induce G2 arrest following DNA damage. When p21 was 

depleted, DNA damage-induced Chk1 phosphorylation increased but was unable to 

induce G2 arrest. These findings confirm that the ATM inhibitor is capable of 

abrogating the G1- and S-phase DNA damage-induced checkpoints in wild-type 

HCT116 cell line; this function is partially lost in the p21-null cell line. 

Phosphorylation of Chk1 serine-317 and p53 serine-15 and induction of a G2 arrest 

in both wild-type and p21-null background suggest that the activation of additional 
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kinases can compensate for ATM inhibition. p21-null cells are extremely 

radiosensitive compared with wild-type cells (Figure 4.10); they are also 

hypersensitive to other forms of DNA damage. In contrast, there is no additional 

effect of ATM inhibition on IR-induced colony formation in the absence of p21 

(Figure 6.4B). This suggests that ATM and p21 are components of a linear pathway 

and that the phenotype of the HCT116 p21-/- lineage resembles that acquired by 

ATM inhibition in wild-type HCT116 cells. 

ATM inhibitor therapy was developed as a mean of increasing the 

radio/chemosensitivity of current therapeutic agents. As such, ATM inhibitor therapy 

may have a limited role in cancers that are already sensitive to DNA damage-

inducing treatments and/or have a deregulated DDR pathway. Abrogation of the G1- 

and S-phase DNA damage checkpoints and prolonged G2 arrest appear to correlate 

with radiosensitivity. A RDS phenotype may aid in the prediction of response to 

ATM inhibitor therapy. 

6.2.2. Multiple modes of deregulation of the DNA damage response in colorectal 

cancer 

Cancers are inherently heterogeneous and it may be necessary to assess the 

functionality of the DNA damage response pathway in individual tumours prior to 

using therapy that targets components of these ubiquitous systems. Takemura et al. 

(2006) reported that many of the commonly used cancer cells lines are defective in 

Chk2 activation following replication-associated DSB. The expression and activity 

of specific components of the ATM DDR pathway were profiled in commonly used 

cell lines (Figure 6.5). HCT116 cells are MMR-deficient and have reduced levels of 
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the MRN complex; consequently, this leads to a less effective but not altogether 

absent Chk2 activation in response to IR. This phenotype is similar in the p53-null 

cells, but the opposite is seen in p21-null cells: p21-null cells exhibit basal 

phosphorylation of ATM serine-1981, Chk2 threonine-68 and p53 serine-15, yet 

display radioresistant DNA synthesis. Evidence presented in the previous chapter 

indicates that this may be due to an inability to dissociate chromatin-bound Chk2, the 

overexpression and delayed degradation of the Cdc25A protein in response to DNA 

damage, and increased Cdk activity. HCT-8 and HCT15 cells are also MMR-

deficient; however, levels of the MRN proteins are comparable with those of the 

HCT116 p21-null derivative. These cell lines express a truncated, mutant, labile 

Chk2 protein. Wu et al. (2001) demonstrated that low levels of mutant Chk2 in 

HCT15 cells fail to undergo ATM-dependent phosphorylation. In addition, HCT-8 

harbours wild-type p53 protein, whilst p53 is mutated in HCT15. SW-620 is the 

metastatic lineage of SW480 cells; these cells are MMR proficient and express high 

levels of the MRN complex and low levels of Chk2 protein. SW-620 cells have 

reduced levels of the DNA repair enzyme, MGMT (O-6-methylguanine DNA 

methyltransferase), which is necessary for the removal of the toxic methylation 

adduct, 06-meGua. This phenotype renders SW-620 cells highly sensitive to the toxic 

adducts N-methyl-N-nitrosourea and N-Methyl-N'-Nitro-N-Nitrosoguanidine. 

Finally, HT29 cells express detectable levels of MRN complex components and 

Chk2 protein, as well as mutated p53 protein. 

To assess the functionality of the ATM DNA damage response, these commonly 

used cell lines, including the HCT116 isogenic panel, were irradiated with 20 Gy IR 

and analysed after 2 h (Figure 6.6). The dose of 20Gy (and not 5Gy) was used to 
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overcome any cell line specific deficiencies that may prevent activation of the ATM 

DDR pathway at low doses. Wild-type HCT116 cells demonstrated IR-induced 

phosphorylation of ATM serine-1981, Chk1 serine-317, Chk2 threonine-68, NBS 

serine-343 and p53 serine-15, and no p21 induction was observed at this early time 

point. The NBS serine-343 phosphorylation signal was less pronounced than that 

observed with the other proteins. The HCT116 p53-null derivative differed from the 

wild type only by a failure to induce p53 serine-15 phosphorylation and elevated 

basal p21. The HCT116 p21-null cell line exhibited basal phosphorylation of ATM, 

Chk2 and p53, as described previously. There was no increase in the ATM serine-

1981 signal following IR, but there was an increase in Chk2 threonine-68 and p53 

serine-15 phosphorylation after 2 h. As expected, no p21 was detected. HCT-8 and 

HCT15 cell lines have inactivating mutations of the Chk2 protein resulting in a labile 

protein; therefore no Chk2 threonine-68 signal is detected. The other proteins 

showed similar phosphorylation to that of wild-type cells, with robust 

phosphorylation of NBS serine-343 suggesting the presence of a compensatory 

mechanism. The SW480 and SW-620 cell lines are derived from the same 

adenocarcinoma lineage. Both cell lines have a missense mutation in codon 273 in 

the p53 gene (Liu and Bodmer, 2006) and  yet SW480 appear to retain DNA damage 

induced p53 functions (Rochette et al., 2005) whilst SW-620 cells are unable to 

induce the p53 mediated DDR (O'Connor et al., 1997). Interestingly, SW-620 

displays basal Chk2 threonine-68 phosphorylation, which is increased after IR, 

similar to the HCT116 p21-null cell line. It also shows prominent NBS serine-343 

phosphorylation, similar to HCT-8 and HCT15 cells that lack functional Chk2. This 

increase in NBS serine-343 may be functionally important when Chk2 is inactivated. 
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HT29 is an adenocarcinoma cell line that harbours the same p53 mutation as SW-

620, which results in the expression of a stable mutant protein. This cell line does not 

show basal phosphorylation in any of the proteins examined; in response to IR, 

normal levels of ATM, Chk1, Chk2 and p53 are seen, although there is a reduction in 

Nbs phosphorylation (Figure 6.6). 

Despite MRN deficiency, HCT116 cells can induce a DNA damage response at the 

doses of IR used in this study. Clearly, the p53-dependent DDR is defective in 

HCT116 p53-/- cells and data has been presented that supports deregulation of the 

DDR in p21-/- HCT116 cells. HCT-8 and HCT15 cells lack Chk2, a main effector of 

the DDR, and basal levels of Chk2 threonine-68 phosphorylation in SW-620 cells 

suggest that the DRR is deregulated. Therefore, SW480 and HT29 may be the only 

cell lines in this study considered to have an intact ATM–Chk2-dependent DDR in 

response to IR. 

6.2.3. Constitutive Chk2 threonine-68 phosphorylation represents a deregulated 

DNA damage response  

In the HCT116 p21-null cell line, basal Chk2 threonine-68 phosphorylation reflects 

deregulation of the ATM-dependent DDR pathway and the inability to abrogate the 

S-phase DNA damage checkpoint using ATM inhibitor therapy. This model predicts 

that the ATM–Chk2 axis is deregulated in cells in which basal Chk2 threonine-68 is 

detected. Furthermore, ATM inhibition will be unable to abrogate the ATM 

dependent intra-S-phase checkpoint. SW-620 and HT29 cell lines harbour the same 

p53 missense mutation in codon 273 (O'Connor et al., 1997). Previous reports 

suggested that Chk2 is less functional in SW-620, which appears to rely on the Chk1 
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protein to execute DDR roles (Parsels et al., 2004). SW-620 cells were irradiated 

with 5 Gy IR and DNA synthesis was assessed as described in Chapter 4. In response 

to IR damage, SW-620 cells downregulate DNA synthesis in a time-dependent 

manner. However, pretreatment with the ATM inhibitor does not abrogate the S-

phase checkpoint (Figure6.7A). This result suggests that the reduction in DNA 

synthesis demonstrated in SW-620 cells is independent of ATM–Chk2 axis. In 

contrast, the ATM inhibitor treatment abrogates DNA damage-induced inhibition of 

DNA synthesis in the HT29 cell line (Figure 6.7B). Combined ATM inhibition and 

IR therapy is more efficacious in reducing colony formation in HT29 cells compared 

with SW-620 cells (Figure 6.8).  

6.3 Discussion 

Constitutive activation of the DDR and repair pathways has been demonstrated in 

various solid tumours. Previous reports have hypothesised that this may reduce the 

efficacy of conventional cancer therapies and that inhibition may improve 

therapeutic outcomes. In this chapter, evidence has been presented to suggest that 

basal Chk2 threonine-68 phosphorylation may reflect a deregulated ATM DNA 

damage response, checkpoint adaption or engagement of DNA repair processes 

essential for cancer survival. ATM orchestrates a G1- and S-phase cell cycle arrest 

directly through the ATM–Chk2–p53–p21 and the ATM–Chk2–Cdc25A pathways 

respectively, and indirectly augments G2/M arrest through upregulation of p53-

dependent genes. The DNA synthesis process is precisely regulated to permit DNA 

replication only once and with high fidelity in each cell cycle. Each origin of 

replication is initiated only once at specific nucleotide sites, termed replicons, and 

eukaryotic DNA has many individual replicons per chromosome. Following DNA 
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damage, DNA synthesis is inhibited, initially by inhibiting replicon initiation and 

subsequently by inhibiting DNA chain elongation. The inability to inhibit DNA 

synthesis within an hour of experiencing DNA damage is termed radioresistant DNA 

synthesis and occurs when the upstream components of the ATM DDR pathway are 

inhibited through various mechanisms or when S-phase proteins are overexpressed 

and/or contain activating mutations. The radioresistant phenotype represents a 

spectrum which can be complete or partial. Classically, cells from patients with the 

inherited condition ataxia telangiectasia, in which the ATM protein is mutated, 

demonstrate complete radioresistance, whereas deregulation of components 

downstream of ATM causes partial radioresistance. In such a situation, inhibition of 

ATM is unlikely to lead to an additional increase in radiosensitivity, as demonstrated 

when AT cells are treated with caffeine, wortmannin or a specific ATM inhibitor (as 

in this study). ATM inhibition and gamma irradiation combined treatment in parental 

HCT116 cells resulted in ablation of the ATM–Chk2–Cdc25A and ATM–Chk2–

p53–p21 signalling cascades (Figure 6.1), radioresistant DNA synthesis (Figure 5.1), 

abrogation of G1 cell cycle arrest (Figure 6.2) and reduced colony formation (Figure 

6.4). However, at later time points, these combined treatments also induced ATM-

independent Chk1 serine-317 and p53 serine-15 phosphorylation, Cdc25A 

degradation and G2/M arrest. This indicates the activation of additional kinases 

targeting ATM substrates and is reminiscent of cells derived from patients with 

ataxia-telangiectasia, thus confirming the specificity of the ATM inhibitor. In 

radiosensitive p21-null derivative cells, combination therapy reduced ATM-

dependent Chk2 threonine-68 phosphorylation (Figure 6.1) and enhanced the 

compromised G1 arrest response (Figure 6.3), but had no effect on radioresistant 
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DNA synthesis (Figure 5.1) or radiosensitivity (Figure 6.4). In this situation, there is 

an uncoupling of the DDR signal generated and downstream effects on DNA 

synthesis and supports previous evidence that radiosensitivity is associated with IR 

induced radioresistant DNA synthesis. Activation of additional kinases related to 

ATM was also apparent in p21-null cells, resulting in Chk1 serine-317, Chk2 

threonine-68 and p53 serine-15 phosphorylation, and degradation of Cdc25A in the 

presence of an ATM inhibitor. Interestingly, the compromised DNA damage-induced 

G2/M arrest was also restored by ATM inhibition (Figure 6.3A bottom panel). 

Despite the latter, the radiosensitivity phenotype was not rescued, indicating the 

importance of p21 expression for sustained G2/M arrest and/or senescence. It is 

likely that treatment with ATM inhibitors may be more effective in cancers that have 

a functional ATM–Chk2–Cdc25A DDR and a parallel defect in the DNA repair 

machinery. Jiang et al. (2009) have proposed a framework for selecting patients for 

treatment with ATM inhibitors, based on ATM protein expression and p53 status. 

Using ARF- and p53-deficient murine embryonic fibroblasts, they reported 

chemosensitisation to doxorubicin and cyclophosphamide by ATM downregulation 

or chemical inhibition. They concluded that in a p53-deficient background cancer 

cell survival following DNA damage is dependent on ATM-directed cell cycle arrest. 

Hence, ATM inhibition abrogates cell cycle arrest, forcing the cells towards mitotic 

catastrophe. In contrast, suppression of ATM or Chk2 in p53-proficient MEFs treated 

with cisplatin or doxorubicin conferred a survival advantage by preventing p53-

dependent apoptosis. They validated this data in different cell lines and xenograft 

models. Based on this framework, the wild-type HCT116 and the LoVo (wild-type 

p53) cell line (Hickson et al., 2004) should not be sensitive to ATM inhibition; 
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however, Hickson et al. and this thesis show increased radiosensitivity with IR-

induced DNA damage and ATM inhibition. Both HCT116 and LoVo cell lines have 

defects in the DNA MMR machinery, affecting hMLH1 and hMSH2, respectively; 

indicating that these cell lines depend on ATM-directed DNA repair mechanisms. 

The results generated using HT29 and SW-620 cell line harbouring the same p53 

mutation support the proposed Jiang framework to some extent. HT29 cells treated 

with a combination therapy comprising IR and ATM inhibition show a reduction in 

colony formation, but this effect is lower in SW-620 cells. SW-620 cells demonstrate 

IR induced radioresistant DNA synthesis, a mutant p53 status and a reduced level of 

the MGMT DNA repair enzyme. This may constitute an ATM- and p53-deficient 

cancer, which may benefit from inhibiting ATM-independent DNA repair pathways 

(such as the DNA-PK pathway, as suggested by the authors) in combination with 

DNA damage-inducing therapies. 

Previous reports have proposed that the cancer-limiting properties of the DDR is 

circumvented during the development of cancer and therefore that assessment of the 

ATM DDR would have to be integrated into a framework for recommending 

inhibitor therapy. Two cell lines that exhibit basal Chk2 threonine-68 

phosphorylation, HCT116 p21-/- and SW-620, were unable to abrogate the S-phase 

checkpoint when treated with an ATM inhibitor, thus confirming a IR induced RDS 

phenotype. p21-/- HCT116 cells display abrogation of all three DNA damage 

checkpoints and are extremely sensitive to all forms of DNA damage. Pang (Pang et 

al., 2011) demonstrated that p53 is functionally inactivated (Aneja et al., 2007) in the 

HCT116 p21-null cell line due to cellular mislocalisation and that SW-620 cells 

contain mutant p53 protein. Collectively, this indicates that p53 mutations or 
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functionally inactivated p53 are associated with constitutive activation of the ATM-

dependent DDR pathway. However, it may be difficult to ascertain whether (1) DDR 

activation resulted in a selective pressure for p53 mutations/genetic instability and 

cancer progression or (2) functionally inactivated p53 resulted in activation of the 

DDR through replication stress. What is clear, though, is that the cancer has been 

able to overcome these complex constraining signals and progress despite activation 

of the DDR. In the SW-620 cell line, Chk2 is expressed at low levels and there is 

some additional evidence to suggest that S-phase checkpoint is independent of Chk2 

and Chk1 in this particular cell line. Falck (Falck et al., 2002) reported that two 

parallel pathways regulate the intra-S-phase checkpoint: ATM–Chk2–Cdc25A and 

ATM–NBS. Interestingly, HCT-8 and HCT15 have a mutant labile Chk2 and SW-

620 cells in which the ATM-Chk2 axis appears to be deregulated, demonstrate more 

pronounced phosphorylation of Nbs serine-343, suggesting that compensatory 

activation of this pathway may occur. HT29 cells, which harbour the same p53 

mutation as SW-620 cells, do not display basal Chk2 threonine-68 phosphorylation 

and ATM inhibition results in abrogation of the IR-induced reduction in DNA 

synthesis. Zoppoli et al. (2012) interrogated the National Cancer Institute 60 cell line 

panel using Chk2 genomic and proteomic assays. They revealed that Chk2 threonine-

68 phosphorylation is associated with p53 inactivation, and downregulation of 

proteins involved in HR and Fanconi repair proteins. p21-/- HCT116 cells are 

defective in MMR due to silencing of the MLH1 gene and SW-620 express low 

levels of the MGMT enzyme responsible for removing toxic 06-methyl Guanine 

adducts. Constitutive activation of the ATM DDR may therefore represent a 

deregulated ATM DDR and compensatory DNA repair mechanisms. Exploiting 
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cancer-dependent DNA repair pathways may allow selective targeting of cancer by 

ATM inhibitors; normal tissues will be protected by a full complement of redundant 

DNA repair processes. 

A predictive model is proposed that integrates functionality of the ATM–Chk2 axis, 

p53 mutation status and defects in DNA repair pathways when considering ATM 

inhibitor therapy. Assessing the functionality of the ATM DDR pathway is essential 

for maximising the therapeutic potential of ATM inhibition. The functional status of 

the ATM pathway can be determined by dividing human biopsy (and/or resection) 

specimens and treating one part with IR (or chemotherapeutic drugs) ex vivo, while 

leaving the other as an untreated control; both treated and control samples should be 

paraffin-embedded and assayed for Chk2 threonine-68 phosphorylation, γ-H2AX 

and/or other DNA damage markers (Nuciforo et al., 2007). This type of ex vivo 

treatment and analysis of cancer tissue will also retain the cancer–stromal interaction, 

which is often lost in homogenised tissue samples. Evaluating differential staining 

between the control and treated samples will allow an assessment of functionality of 

the ATM DDR. Simultaneously, p53 IHC staining (with strict criteria for reporting 

the staining pattern) and/or genetic analysis can inform the p53 mutation status. 

Analysis of DNA repair proteins can be dictated by the type of cancer studied, e.g., 

BRCA for breast cancers and MMR proteins for right-sided colon cancers. 

Cancers that have both a functional ATM DDR and p53 mutations will benefit from 

ATM inhibitor therapy (e.g., HT29 and MSS colorectal cancers), although this may 

promote genetic instability in normal tissues which retain wild-type p53. Cancers 

that have both a functional ATM DDR and a wild-type p53 status may benefit from 
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ATM inhibitor therapy if other DNA repair pathways are deregulated (e.g., HCT116, 

LoVo and MSI colorectal cancers). ATM inhibitor therapy would not be 

recommended for cancers that have a functional ATM DDR and wild-type p53 

status, as the potential for inducing genetic instability maybe far greater than the 

potential benefit. 

If the ATM DDR is defective, p53 status becomes less important and targeting 

ATM-independent DNA repair pathways may provide greater benefit. Such an 

approach would be more powerful if other DNA repair pathways were deregulated in 

addition to ATM. 

It is conceivable that ATM inhibitors may be used to potentiate the effects of 

chemoradiotherapy at all stages of disease and this combination will have to be tested 

in preclinical models.  

For example, in this study using Chk2 threonine 68 staining as a biomarker of a 

deregulated ATM DDR identified 22% of MSS and 33% of MSI colorectal cancers 

who would not benefit from ATM inhibitor therapy. This means that 78% of MSS 

and 67% of MSI cancers have a functional ATM-Chk2 pathway and will potentially 

benefit from ATM inhibitor therapy alongside adjuvant chemotherapy. Further 

stratification of the 78% (118) MSS cancers will identify 57 patients who are likely 

to have wild type p53 for whom this therapy is not recommended and 61 patients 

who are likely to have p53 mutational status (Figure 6.9A). The latter patient cohort 

accounts for 40% of the MSS cancers who have a functional ATM-Chk2 axis and 

p53 mutations that will benefit from the use of an ATM inhibitor.  Similarly, MMR 

deficient cancers may be inherently sensitive to inhibitors of ATM directed DNA 
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repair therefore potentially all of these patients would benefit from combination 

therapy of an ATM inhibitor and chemoradiotherapy regimens. If the predictive 

model was utilised 9 patients would be immediately excluded as the cancer is 

positive for Chk2 threonine 68 staining. Of the remaining 18 patients all could 

benefit from ATM inhibitor therapy but perhaps those with higher p53 staining 

would benefit the most (Figure 6.9B). 

In this chapter, the predictive model based on preclinical data allows a framework to 

be established whereby potential outcomes of therapy can be modelled integrating 

genetic and functional array analysis from murine models or large scale human 

cancer collaborations. This will become more challenging as our understanding of 

the underlying pathogenesis of cancer and response to therapy are discovered.  
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Figure 6.1. Cell cycle analysis of AT fibroblasts following combination therapy of KU-55933 and 

5 Gy ionising radiation. 

ATM inhibitor therapy (KU-55933) has no effect on the (A) cell cycle profile or (B) colony formation 

in AT fibroblasts, either alone or in combination therapy with ionising radiation. The x axis (A) 

represents propidium iodide staining i.e., DNA content; 2N, diploid chromosomes; 4N, tetraploid 

chromosomes. Error bars indicate the standard deviation of the mean. Cells were preexposed for 1 h to 

KU-55933, irradiated with 5 Gy in the presence of KU-55933 and harvested at the indicated time 

points. **No colonies survived after 5Gy and KU-55933 + 5Gy treatment. 
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Figure 6.2. ATM inhibition (KU-55933) abrogates DNA damage-induced checkpoints in wild-

type cells and reduces colony formation. 

(A) ATM inhibitor therapy (KU-55933) abrogates the G1 and S-phase checkpoint in wild-type 

HCT116 cells and induces a G2/M arrest. The x axis represents propidium iodide staining i.e., DNA 

content; 2N, diploid chromosomes; 4N, tetraploid chromosomes. Error bars indicate the standard 

deviation of the mean. 

(B). Colony survival is reduced following ATM inhibitor/ionising radiation combination therapy Cells 

were preexposed for 1 h to KU-55933, irradiated with 5 Gy ionising radiation in the presence of KU-

55933 and analysed at the indicated time points. *No colonies survived. 
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Figure 6.3. ATM inhibition (KU-55933) restores the G2/M arrest in the p21-null cells but does 

not enhance the radiosensitive phenotype. 

(A) ATM inhibition (KU-55933) enhances the defective G1 arrest in p21-null cells but (B) has no 

additional effect on cell survival. Cells were treated as described in Figure 5.3. **No colonies 

survived for assessment.  
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Table 6. 1. Summary of DNA damage response and DNA repair characteristics of colorectal cancer 

cell lines 

 

Cell Line ATM-Chk2 

axis 

p53 

Status 

DNA Repair Defect 

HCT116 Normal Normal MMR MLH1 

HCT116 p53-/- Normal Absent MMR MLH1 

HCT116 p21-/- Abnormal Inactive MMR MLH1 * 

HCT-8 Abnormal Normal MMR MSH2 

HCT15 Abnormal Mutated MMR MSH2 * 

SW480 Normal Normal _ 

SW-620 Abnormal Mutated ↓MGMT * 

HT29 Normal Mutated _ 

 

Summary of the DNA damage response and DNA repair characteristics of commonly used colorectal 

cancer cell lines. *, cell lines that have defects in all three components of DDR and DNA repair. 

Sources: (Giannini et al., 2002; Takemura et al., 2006; Wheeler et al., 1999) (Branch et al., 1995; 

Gayet et al., 2001; O'Connor et al., 1997; Pang et al., 2011; Zoppoli et al., 2012) 
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Figure 6.4. Characterisation of the DNA damage response proteins in colorectal cancer cell 

lines. 

Lysates from exponentially growing cells were analysed by electrophoresis. Equivalent amounts of 

protein (20 μg/lane) were analysed by immunoblotting and actin was used as a loading control. 

Antibodies used have been are described in the Materials and methods chapter. 
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Figure 6.5. Induction of the DNA damage response pathway following treatment of a panel of commonly used colorectal cancer cell lines with 20 Gy ionising 

radiation. 

HCT116 p21-null and SW-620 cells display constitutive Chk2 threonine-68 phosphorylation. Exponentially growing cells were treated 

with 20 Gy ionising radiation (IR) and harvested after 2 h. Equivalent amounts of protein (20 μg/lane) were analysed by immunoblots. 
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Figure 6.6. Basal Chk2 threonine-68 phosphorylation is associated with an inability to abrogate  

the DNA damage-induced reduction in DNA synthesis by ATM inhibition. 

(A) ATM inhibition is unable to abrogate DNA damage-induced reduction in DNA 

synthesis in SW-620 cells that display basal Chk2 threonine-68 phosphorylation. 

(B)ATM inhibition abrogates DNA synthesis in HT29 cells. The DNA synthesis 

assay was described previously.  
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Figure 6.7. Colony formation in HT29 and SW-620 cells following combination therapy of 

ionising radiation and ATM inhibition (KU-55933). 

Combination therapy (ATM inhibitor/5 Gy ionising radiation) reduces colony formation in HT29 cells 

but has a limited effect in SW-620 cells. Cells were treated as described in Figure 5.7 and replated for 

the assessment of colony formation. Error bars represent standard deviation of the mean.  
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Figure 6.8. Framework for rationalising ATM inhibitor therapy. 

A framework was constructed for rationalising ATM inhibitor therapy with reference to p53 status and the function of DNA repair mechanisms in tumours.  

See text for detailed discussion. 
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Table 6. 2. TNM staging for colorectal cancer. 

 

 

 

 

 

 

 

 

The 7
th

 edition of the TNM staging for colorectal cancer proposed by the American Joint Committee for Cancer (Edge and Compton, 2010).  

M1: Distant metastases present. Any T, any N.any T, any N, M1Stage IV

N2: Metastasis to 4 or more regional lymph nodes. Any T.any T, N2 M0Stage III-C

N1: Metastasis to 1 to 3 regional lymph nodes. T3 or T4.T3-4 N1 M0Stage III-B

N1: Metastasis to 1 to 3 regional lymph nodes. T1 or T2.T1-2 N1 M0Stage III-A

T4: Tumor invades adjacent organs or perforates the visceral peritoneumT4 N0 M0Stage II-B

T3: Tumor invades subserosa or beyond (without other organs involved)T3 N0 M0Stage II-A

T2: Tumor invades muscularis propriaT2 N0 M0Stage I

T1: Tumor invades submucosaT1 N0 M0Stage I

Tis: Tumor confined to mucosa; cancer-in-situTis N0 M0Stage 0
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Tis: Tumor confined to mucosa; cancer-in-situTis N0 M0Stage 0
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Figure 6.9. Stratification of human colorectal cancers from Chapter 3 by proposed predictive model. 

The predictive model was used to stratify the colorectal cancers studied in Chapter3; (A) MSS cancers and (B) MSI cancers. . 
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Chapter 7. Discussion and Further Work 

7.1 Deregulation of DNA Damage Response in Colorectal Cancer 

DNA damage response pathways are considered to be anti-cancer barriers: cancer 

develops and progresses by circumventing these constraining mechanisms. The 

inherent ability of cells to sense and repair DNA damage is deregulated in cancer; 

however, knowledge of these abnormal signalling networks can be exploited to 

improve cancer therapeutics. An elegant example is the killing of BRCA-deficient 

cells with PARP inhibitors, demonstrating the concept of synthetic lethality, whereby 

cancer-specific defects result in dependency on the remaining redundant processes. 

DNA damage response signalling cascades, which confer the ability to sense and 

repair DNA damage, are deregulated in colorectal cancer. MSI and chromosomal 

instability appear to be mutually exclusive during the early stages of colorectal 

cancer development. Activation of the ATM-dependent DDR, as assayed by Chk2 

threonine-68 phosphorylation, was found in a higher proportion of sporadic 

colorectal cancers harbouring MSI than in MSS colorectal cancers. This is not 

surprising as, conversely, a higher proportion of MSS cancers exhibit p53 

stabilisation, reflecting the expression of mutant p53 protein. This may reflect the 

increased burden of genomic instability or activation of compensatory DNA repair 

processes in MSI cancers. Bartkova et al. (2005b) demonstrated that the DDR 

becomes attenuated (or circumvented) as the level of genomic instability increases, 

as shown by genetic mutation or loss of heterozygosity in the ATM–Chk2–p53 axis. 

The data presented in this thesis support this observation, i.e., the DDR increased 

with increasing p53 expression. Improvements in our ability to monitor and assess 
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DDR activation in human cancer samples using conventional IHC and 

proteomic/genomic arrays will complement our understanding of cancer 

development, an essential prerequisite for designing tailored therapies. An analysis 

of cancer biopsy and resection specimens ex vivo for basal activation and induction 

of the DDR cascade will identify potential molecular targets for improving 

chemo/radio therapy. This could be done by dividing tissue specimens and then 

treating one part with DNA damaging agents and monitoring the DNA damage 

response with specific markers including γ-H2AX and RAD foci, as well as 

phosphorylated forms of Chk2 and Chk1 proteins. Examination of cancer samples ex 

vivo will also preserve the surrounding tissues, thus providing important information 

on cancer–stromal interactions which is often lost when analysing retrospective 

stored samples. For example, a microarray analysis of fresh colorectal cancer stromal 

tissue identified two novel microRNAs that downregulated target genes involved in 

cytokine interaction and cellular adhesion promoting cancer progression (Iwaya et 

al., 2012; Nishida et al., 2012; Yamashita et al., 2012). In addition to dissecting the 

pathogeneisis of cancer-stromal interactions, novel therapeutic targets can also be 

identified. In a recent report, the production of angiogenesis promoting interleukin 6 

(IL6) by fresh human colon cancer fibroblasts was confirmed. The investigators then 

proceeded to inhibit IL6 function by a targeted antibody to IL6 receptor on stromal 

cells and demonstrated greater anti-tumour activity than targeting the IL6 receptor on 

the colon cancer cells(Nagasaki et al., 2014).   

7.2 ATM–p21 Interaction 

The ATM protein has a pivotal role in implementing the DNA damage response and 

repair networks by controlling the activity of effectors that coordinate cell cycle 
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arrest, DNA repair, apoptosis and cellular senescence. The p21 protein is an 

important molecule in this signalling cascade, which executes GI/S-phase arrest by 

inhibiting and modulating S-phase-promoting proteins and directly contributing to 

G2/M arrest. In cancer, attenuated p21 function is usually associated with p53 

deficiencies; indeed, a negative association was confirmed between p53 and p21 

expression levels in this study. p21 loss of function studies support a tumour 

suppression role, although this is specific to both tumour type and tissue type. p21 

deficiency results in an incompetent G1/S-phase arrest and an inability to sustain G2 

arrest after DNA damage. The role of p21 in the S-phase arrest is poorly defined. 

This report has identified a radioresistant DNA synthesis phenotype using an 

established isogenic colorectal cancer cell line panel. Although the direct molecular 

mechanism by which p21 contributes to the phenotype remains undefined, it may be 

related to the aberrant Chk2 localisation contributing to inefficient DNA damage-

induced degradation of the abundant Cdc25A protein. Pang et al. (2011) 

demonstrated that p53 is aberrantly localised and transcriptionally inactivated in the 

same isogenic cell panel. Abrogation of all three DNA damage-induced cell cycle 

checkpoints by p21 deficiency provides further evidence that ATM and p21 are 

components of a single pathway and resembles the AT phenotype. Complementation 

of p21 in the p21-/- HCT116 cell line and siRNA-mediated p21silencing in the wild-

type HCT116 cell line would clarify whether this is a direct effect of loss of p21. 

Further validation of this effect in a noncancer cell model would further clarify the 

specific role of p21 in DNA damage-induced inhibition of DNA synthesis. Murine 

embryonic fibroblasts in which p21 has been genetically disrupted are available; 
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analysis of the IR-induced S-phase checkpoint in these cells would confirm whether 

p21 has a direct role in regulating both Chk2 localisation and Cdc25A protein levels. 

The loss of p21 appears to stimulate the ATM DDR, although it is unclear whether 

this predominantly reflects the sensing of continuous DNA damage or the active 

repair of damaged DNA. Gamma (γ-)H2AX is a sensitive marker of an acute DNA 

damage response and numbers of γ-H2AX foci this were similar in both wild-type 

and p21-/- backgrounds; however, γ-H2AX is downregulated during of cancer 

progression. Combined with the inability to reduce DNA synthesis, this may 

primarily reflect DNA repair in the p21-null cells. In cells displaying constitutive 

activation of the ATM-dependent DDR, I was unable to abrogate IR-induced S-phase 

arrest using the ATM inhibitor; suggesting deregulation of the ATM–Chk2–Cdc25A 

axis. In HCT116 colorectal cancer cells, Cdc25A is overexpressed and Chk2 is 

mislocalised in the absence of p21. Further work should be undertaken to determine 

the mechanism of Cdc25A overexpression. Cdc25A transcription is slightly 

upregulated in the absence of p21, which may reflect unopposed activation of the c-

myc and E2F transcription factors. Despite Cdc25A overexpression, I was unable to 

identify a role for p21 in promoting basal protein degradation, suggesting that Chk1-

mediated ANAPC/C
cdh1

ubiquitin-mediated degradation was unaffected by p21 status. 

A more striking abnormality was the delay in degradation of Cdc25A following 

DNA damage in the absence of p21. In response to low dose IR, this is primarily an 

ATM-Chk2-dependent process. I identified potential aberrant localisation of Chk2 in 

p21-/- HCT116 cells, but not of Cdc25A. Mislocalisation of Chk2 may be more 

clearly defined using more precise methods of separating the cellular compartments. 

If Chk2 is immobilised onto chromatin, then micronuclease treatment of cells may be 
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able to restore Cdc25A degradation in p21-null cells following IR. The studies 

presented in this thesis have been undertaken in an in vitro model which will not 

account for any additional contributions by the cancer microenvironment. This could 

be investigated by using in vivo models of cancer in the form of xenografts or tissue 

specific murine cancer models. An exciting development is the organoid tissue 

culture which may improve on the inherent difficulties of both in vivo and in vitro 

models of studying disease. 

7.3 Implications for Inhibitors of the DNA Damage Response 

Activation of the DDR machinery has been identified in precancerous lesions and 

appears to be attenuated during the progression to invasive cancer. As the DDR 

signalling cascade is considered to be an anti-cancer barrier, inhibition of these 

components in isolation may promote tumorigenesis when applied during the early 

stages of cancer development. Therefore, therapeutic strategies combining DNA 

damaging agents and/or DDR inhibition maybe more efficacious in these 

circumstances. Chk2 threonine-68 is a surrogate marker for activation of the ATM-

dependent DDR pathway and reflected an IR induced RDS phenotype in both cancer 

cell lines analysed (p21-/- HCT116 and SW-620). No additional abrogation of DNA 

damage-induced S-phase arrest was induced by the use of a specific ATM inhibitor. 

However, p53 status may have influenced the outcome: p21-/- HCT116 cells express 

transcriptionally attenuated p53 and SW-620 express mutant p53. In the two cell 

lines that lack basal Chk2 threonine-68 phosphorylation (HCT116 and HT29), 

abrogation of the IR-induced reduction in DNA synthesis was possible following 

ATM inhibition, which resulted in a further reduction in colony formation compared 

with IR therapy alone. This effect was independent of p53 status, but may have been 
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mediated by a defective MMR system in the HCT116 cells. The role of the MMR 

system can be tested by complementation of human MLH1 to the HCT 116 wild type 

cells (Brown et al., 2003). Confirmation of these effects can be undertaken using 

xenograft models of the cancer cell lines in nude mice. This would permit an in vivo 

assessment of the effects of ATM inhibition in cancers that display constitutive 

activation of the ATM-dependent DDR. 

A framework for rationalising the use of ATM inhibitors was constructed, which 

incorporates an assessment of ATM-Chk2 axis functionality, p53 mutational status 

and DNA repair defects (Figure 6.8). This framework requires to be validated 

integrating molecular markers of response to therapy. ATM inhibitor therapy could 

potentially exploit the concept of synthetic lethality when used in combination with 

standardised drug regimens (discussed in section 1.5.2) in cancers that harbour p53 

mutations or mismatch repair defects. Controversially, they could also be used 

following DNA damage induced senescence to force senescent cells to re-enter the 

cell cycle. The latter regimen is not without risk as it may unwittingly promote 

cancer progression.  

7.4 Conclusion 

Cancer is caused by deregulation of an intricate network of signalling cascades, 

resulting in uncontrolled cellular proliferation. Attenuation of cellular DNA damage 

response mechanisms is necessary for the development of cancer. Targeting DNA 

damage response pathways will only be therapeutically beneficial if these pathways 

are essential for cancer cell survival. This study has discovered that p21 loss results 

in radioresistant DNA synthesis, despite constitutive activation of the ATM–Chk2 
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DDR. The RDS phenotype is related to Cdc25A overexpression. Constitutive 

activation of the DDR in cancers may represent deregulated DDR or DNA repair, 

limiting the efficacy of therapies targeting DDR proteins. Analysis of the DDR 

pathway function in cancers will help to tailor specific therapies to individual 

patients, thus allowing a rational approach to personalised therapy and limiting 

toxicity to normal tissues. 
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Appendix A EC50 ATM Assay Cell Lines 
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