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ABSTRACT 

 
The type 1 insulin-like growth factor receptor (IGF-1R) is a receptor tyrosine kinase 

that mediates diverse cellular functions including growth, differentiation, migration 

and apoptosis protection.  IGF-1R signalling has been implicated in tumorigenesis in a 

variety of cancers, and IGF-1R inhibitory drugs are currently undergoing clinical 

evaluation.  Previous work in our laboratory has shown IGF-1R over-expression in 

urological cancers at both the mRNA and protein level, thus making it a potential 

therapeutic target.  The first aim of this project was to develop a protocol for IGF-1R 

immunohistochemistry, investigate the expression and cellular distribution of the IGF-

1R receptor in clear cell renal cell carcinomas (ccRCC), and assess correlation with 

clinical parameters.  In tissue microarray analysis, IGF-1R was detected in ~90% of 

195 ccRCCs, with signal in the plasma membrane, cytoplasm and also in the nucleus.  

The presence of nuclear IGF-1R in up to 50% of ccRCCs and its association with 

adverse prognosis was a novel finding, and suggests that nuclear IGF-1R may 

influence ccRCC biology. Further investigations will clarify its role in the nucleus and 

its potential as a prognostic biomarker.  The second aim was to investigate effects of 

IGF-1R inhibition on radiosensitivity and DNA repair, following previous work in our 

laboratory showing that IGF-1R depletion enhances chemo- and radio-sensitivity, 

delays double strand break (DSB) resolution, and may play a role in the homologous 

recombination (HR) pathway of DNA DSB repair.  However, the repair defect seen in 

these early experiments was larger than could be entirely explained by a defect in HR.  

The current project used a small molecule IGF-1R tyrosine kinase inhibitor 

AZ12253801 (AstraZeneca), which blocked IGF-1 induced IGF-1R activation and 

inhibited cell survival.  AZ12253801 enhanced the radiosensitivity of prostate cancer 
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cells, which appeared to be independent of effects of IGF-1R inhibition on cell cycle 

distribution and apoptosis induction.  IGF-1R inhibition delayed the resolution of 

γH2AX foci, supporting a potential role for the IGF-1R in DSB repair.  This delay in 

focus resolution was apparent at early time-points (less than 4 hr), and was epistatic 

with DNA dependent protein kinase (DNAPK) inhibition in prostate cancer cells and 

DNAPK deficiency in glioblastoma cells.  These results suggest a role for the IGF-1R 

in the non-homologous end-joining (NHEJ) pathway of DNA DSB repair.  A cell-

based reporter assay in HEK-293 cells confirmed that IGF-1R inhibition suppressed 

DSB repair by NHEJ, helping to explain the radiosensitization demonstrated upon 

IGF-1R inhibition.  There was lack of support for a transcriptional effect, with no 

significant change observed in gene expression on microarray analysis.  Although the 

mechanism of this effect remains unclear, the observed inhibition of NHEJ has 

implications for the use of IGF-1R inhibitors in combination with DNA damaging 

agents in cancer treatment.   
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1 Chapter I: Introduction 

1.1 Urological cancers 

Urological cancers of the prostate, kidney and bladder account for considerable 

morbidity and mortality.  Prostatic adenocarcinoma is the most common cancer in 

men in the UK (2009), accounting for almost a quarter of newly diagnosed cases 

(http://info.cancerresearchuk.org/cancerstats).  It is the second most common cause of 

cancer death in men in the UK (2010).  Bladder cancer and kidney cancer are the 7th 

and 8th most common cancers in the UK respectively (2009, 

http://info.cancerresearchuk.org/cancerstats).  These urological cancers present 

considerable therapeutic challenge.  Treatment can be curative if diagnosed early, but 

metastatic cancer is incurable, and standard treatment options are limited both in the 

number of lines of treatment, and in the survival advantage they provide.  The 

following section reviews the current standard treatment options for patients with 

metastatic urological cancers, and then focuses on the insulin-like growth factor (IGF) 

axis as a potential treatment target.  

1.1.1 Prostate cancer 

Androgens are the primary stimulus to the growth of prostate cancer and the initial 

management of advanced prostate cancer is by achieving castrate levels of 

testosterone, utilising either leuteinising hormone releasing hormone (LHRH) 

analogues or by means of surgical castration (Parmar et al 1987).  When resistance to 

these agents emerges, combined androgen blockade can be achieved with the addition 

of androgen receptor (AR) antagonists such as bicalutimide, and a response can be 
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observed with a decline in levels of prostate specific antigen (PSA).  Inevitably the 

majority of tumours become androgen insensitive in a median of 18-24 months from 

achieving castrate levels of testosterone (Petrylak et al 2004).  Until recently, the 

survival in metastatic androgen insensitive disease was a median of 10-12 months, 

with palliative chemotherapies such as mitoxantrone offering no survival advantage 

(Petrylak et al 2004).  In 2004, docetaxel was shown to confer a survival advantage in 

the treatment of advanced hormone refractory prostate cancer, although median 

survival was prolonged by only 2-3 months when compared with mitoxantrone 

(Berthold et al 2008, Petrylak et al 2004, Tannock et al 2004).  Until recently, clinical 

management following docetaxel chemotherapy was mainly palliative in nature.  Now 

new treatments have expanded the repertoire of drugs demonstrating a survival 

advantage in patients with advanced prostate cancer.  In docetaxel pre-treated patients, 

the novel taxane cabazitaxel has shown an improved median overall survival of 2.4 

months compared to patients treated with mitoxantrone (de Bono et al 2010).  

However, 82% of patients on cabazitaxel had neutropenia, suggesting that toxicities 

including myelosuppression might limit the use of this second line treatment in 

advanced disease.   

Two new forms of endocrine therapy have also become available recently, and it 

has emerged that further suppression of androgen levels, even in previously ‘androgen 

insensitive’ cases, is not only possible but confers a significant survival advantage.  

Abiraterone acetate (Zytiga) is a CYP17 inhibitor which blocks the extra-gonadal 

biosynthesis of androgens.  In a Phase III trial of abiraterone versus placebo in 

docetaxel pre-treated, androgen insensitive cancers, a median survival advantage of 

3.9 months was seen with abiraterone (de Bono et al 2011).  Secondary end points of 

PSA decrease, time to PSA progression and radiographic progression-free survival 
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(PFS) were all significantly improved in patients taking abiraterone (de Bono et al 

2011).  MDV3100 (enzalutamide) is a potent androgen receptor antagonist and 

inhibitor of AR nuclear translocation and DNA binding.  This agent has also 

demonstrated a survival advantage of 4.8 months compared to placebo in a Phase III 

trial in docetaxel pre-treated patients (Scher et al 2012).  The optimal sequencing of 

these agents in relation to chemotherapy is not entirely clear.  However, despite these 

new developments, the survival of patients with advanced prostate cancer remains 

modest post docetaxel, and there is a need for further improvement in treatments.   

1.1.2 Renal Cancer 

Renal cancers are characteristically chemo- and radio-resistant (Lane and Kattan 

2005, Sfoungaristos et al 2011).  Prior to the emergence of targeted therapies, the 

standard of care was cytokine therapy with agents such as interferon alpha (INF-α) 

and interleukin-2 (IL-2).  Toxicity was often marked and response rates were modest, 

with poor overall survival benefit (Ravaud and Dilhuydy 2005).  Treatment options 

have improved through an understanding of the biology of the commonest form of 

renal cancer, clear cell renal cell carcinoma (ccRCC).  Mutations in the von Hippel-

Lindau (VHL) gene occur in up-to 75% of sporadic ccRCC tumours, leading to 

constitutive expression of hypoxia inducible factors (HIFs), which up-regulate pro-

angiogenic factors including vascular endothelial growth factor (VEGF), and platelet 

derived growth factor (PDGF) (Maxwell et al 1999).  These findings have led to the 

development of small molecule inhibitors targeting the HIF/VEGF/PDGF pathway 

(Maranchie et al 2002, Maxwell et al 1999, Shen and Kaelin 2013).  Four multi-

targeted tyrosine kinase inhibitors (TKIs) have been approved for use in advanced or 

metastatic ccRCC following evaluation in Phase III clinical trials.  The first was 

sorafenib, which was approved in 2005 following positive results in the TARGET 
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trial (PFS 5.5 months for sorafenib and 2.8 months for placebo) (Escudier et al 2009).  

In 2006, first-line treatment of patients with the multi-kinase inhibitor sunitinib 

clearly demonstrated the superiority of sunitinib over INF-α, thus changing the 

standard of care in ccRCC.  An improvement of 6 months in progression free survival, 

and a significant improvement in response rate (31% vs 6%) and quality of life was 

observed in the sunitinib-treated group, with a trend towards overall survival 

improvement (Motzer et al 2007).  Pazopanib, a TKI targeting VEGF, PDGF and c-kit 

was also approved for use in advanced or metastatic ccRCC in the first line setting 

(Sternberg et al 2010).  More recently axitinib, a selective second generation inhibitor 

of VEGF receptor 1, 2 and 3, has been licensed for second or third line treatment of 

ccRCC, following prior use of a TKI.  In the first direct comparison of two TKIs, 

axitinib demonstrated superior PFS (median PFS improvement of 2 months) and 

objective response rate (19% vs 9%) in comparison with sorafenib in the second line 

setting (Rini et al 2011).   

Inhibitors of the mammalian target of rapamycin (mTOR) have demonstrated 

superiority to INF-α  in the first-line setting, with the phase III ARCC study 

demonstrating a median PFS advantage of 2.4 months and a median overall survival 

benefit of 3.6 months with temsirolimus (Hudes et al 2007), which is licensed for first 

line treatment of poor prognosis patients.  Another mTOR inhibitor, everolimus, has 

shown an improvement in median PFS of 2.1 months compared with best supportive 

care in patients already treated with TKIs and cytokine therapy, thus establishing a 

place for this agent in the second line treatment of ccRCC (Motzer et al 2008).   

Overall, however, as with prostate cancer therapy, the PFS benefit is modest, even 

with the arrival of multi-kinase inhibitors and mTOR inhibitors, highlighting the need 

for development of new and improved treatments in patients with metastatic RCC.   
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1.1.3 Urothelial cancer 

Urothelial cancers are transitional cell carcinomas (TCCs) arising in the renal 

pelvis, ureter or bladder.  There have been no major advances in the treatment of 

metastatic urothelial carcinoma for many years, and overall life expectancy still 

remains low at around 14 months (Richter and Sridhar 2012).  First line chemotherapy 

utilises platinum agents in combination with gemcitabine, with response rates of 

around 50%, and a proven but modest survival advantage (von der Maase et al 2000).  

The combination regime of methotrexate, vinblastine, doxorubicin and cisplatin (M-

VAC) has a similar survival advantage to gemcitabine and cisplatin, but is more toxic, 

hence is reserved for second line treatment in the advanced or metastatic setting (von 

der Maase et al 2000).  Vinflunine and taxanes are also used in the second line setting, 

but response rates are poor, 8-10%, and toxicity with vinflunine limits its use 

clinically (Bellmunt et al 2009, Richter and Sridhar 2012).  Targeted treatments are 

undergoing evaluation but have not as yet shown benefit nor established themselves in 

routine practice (Choueiri et al 2012, Dreicer 2012), the principal reason for this being 

the failure to identify activating  or driver mutations within receptors or signalling 

pathways that would serve as therapeutic targets.  Development of novel agents in 

urothelial cancer is thus lagging behind the recent developments seen in prostate and 

renal cancers. 

This highlights an urgent need for better therapeutic options for patients with 

urological cancers, aiming to achieve significant improvement in patient survival and 

quality of life.  From this need has emerged an interest in further exploring tumour 

related signalling pathways to discover novel therapeutic targets that may be relevant 

both in the metastatic setting, and to prevent or delay the development of metastatic 
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disease.  The type 1 insulin-like growth factor receptor (IGF-1R) pathway is one 

potential target. 

1.2 Components of the IGF-1R axis 

The IGF-1R receptor axis comprises the IGF-1R, its principal ligands IGF-1 and 

IGF-2, insulin-like growth factor binding proteins 1-6 (IGFBP 1-6), IGFBP proteases  

and IGF-1R hybrid receptors formed with the insulin receptor (IR). 

1.2.1 IGF-1 and IGF-2 ligands 

The ligands of the IGF-1R are IGF-1 and IGF-2.  The IGF-1R binds IGF-1 with the 

highest affinity, followed by IGF-2 with five-times lower efficiency.  Insulin can also 

bind to the IGF-1R but at a five hundred to one thousand times lower affinity than 

IGF-1 (De Meyts et al 1994).  IGF-1 is secreted from the liver in response to pituitary 

growth hormone (GH), and is also produced locally in tissues where it exerts 

autocrine or paracrine effects (Cohick and Clemmons 1993).  IGF-2 is also produced 

in the liver and locally in tissues, but is not regulated by GH (Pollak et al 2004).     

1.2.2 The IGF-1R receptor and receptor hybrids 

The IGF-1R is almost ubiquitously expressed in normal tissues (Moschos and 

Mantzoros 2002).  It is a heterotetrameric receptor tyrosine kinase, comprising two 

extracellular alpha subunits and two trans-membrane beta subunits linked by 

disulphide bonds (Ullrich et al 1986).  The IGF1R gene is located on the long arm of 

chromosome 15, and encodes a 1367 amino acid polypeptide, the IGF-1R pre-

proreceptor.  The N-terminal signal peptide of the pre-proreceptor is cleaved co-

translationally to generate a 220kDa proreceptor containing the alpha and beta 
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subunits.  This proreceptor is then post-translationally glycosylated and dimerized in 

the endoplasmic reticulum (Adams et al 2000), followed by cleavage in the Golgi 

apparatus into the alpha (~135kDa) and beta (~96kDa) subunits, to form the mature 

heterotetrameric α2β2 receptor (Adams et al 2000).  The receptor is transported 

through the trans-Golgi network, and inserted into the cell membrane, with the 

extracellular alpha subunits containing the ligand binding domain of the receptor, and 

the beta subunits containing extracellular and trans-membrane regions, an intracellular 

tyrosine kinase domain, and a carboxy-terminal tail which may serve an anchorage 

and regulatory function (Kelly et al 2012, Ullrich et al 1986). 

The IGF-1R has approximately 70% homology to the insulin receptor (IR), with 

84% homology in the tyrosine kinase domain (Ullrich et al 1986).  This homology 

allows the formation of hybrids between the IGF-1R and IR in tissues expressing or 

over-expressing both receptors (Pandini et al 2002, Soos et al 1990).  The IR has two 

isoforms, IRA and IRB, generated by alternative splicing of exon 11 of the IR gene, 

and the IGF-1R can form hybrids with both IR isoforms.  IRB is the classical isoform, 

possessing exon 11, and mediating glucose uptake and metabolism in response to 

insulin.  Hybrids comprising half of the IGF-1R, and half of IRB are reported to 

behave similarly to the IGF-1R, by responding solely to IGF-1 but not to IGF-2 or 

insulin (Pandini et al 2002)  The IRA isoform lacks exon 11, and can bind IGF-2 or 

insulin and elicit a proliferative and anti-apoptotic response (Belfiore 2007, Belfiore 

et al 2009).  Hybrids comprising one half of the IGF-1R and one-half of IRA can bind 

both IGF-1, IGF-2 and insulin, and again, appear to have a similar function to IGF-1R  

homodimers in terms of eliciting proliferative and migratory responses (Belfiore et al 

2009, Pandini et al 2002).  
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1.2.3 Insulin-like growth factor binding proteins and IGFBP proteases 

The IGFBPs are found both in the circulation, where they control the transport and 

stability of IGFs, and at the tissue level where they influence the availability of the 

ligands to bind to their receptors, hence regulating receptor activity (Jones et al 1993a, 

Le Roith 2003).  Circulating IGF-1 forms a ternary complex with IGFBP3 and the 

acid labile subunit (ALS), protecting it from the action of proteases, and regulating its 

bioavailability (Rajaram et al 1997).  Thus the predominant effect of IGFBPs is to 

inhibit IGF actions, but some BPs promote IGF delivery to the IGF-1R and some are 

also known to have effects independent of the IGF axis (Jones et al 1993b, McIntosh 

et al 2010, Monzavi and Cohen 2002, Oh et al 1993, Rajah et al 1997).  The exact 

function of the numerous IGFBPs and their potential role in tumorigenesis, both in 

relation to the IGF-1R and separately, is still far from clear.  There are three 

recognised classes of proteases that can cleave IGFBPs, the kallikreins, matrix 

metalloproteinases (MMPs) and cathepsins (Rajah et al 1995).  Cleavage of IGFBPs 

by these proteases can increase the availability of IGFs and hence receptor activation 

and signalling.   

1.3 IGF-1R signalling 

Ligand binding to the IGF-1R results in a conformational change in the receptor, 

and autophosphorylation of tyrosine residues 1131, 1135 and 1136 in the kinase 

domain, followed by phosphorylation of juxtamembrane tyrosines and carboxy-

terminal serines (Adams et al 2000).  These phosphorylation events lead to 

recruitment of adaptor proteins including IR substrates 1 to 4 (IRS-1 to IRS-4), and 

Src homology and collagen domain protein (Shc), and subsequent signalling via two 

major pathways, the phosphatidylinositide-3-kinase (PI3K)-Akt pathway and the Ras-
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Raf-Mitogen-activated protein kinase (MAPK) pathway (Baserga et al 1997), outlined 

in figure 1.1. 

1.3.1 PI3K-Akt signalling 

Class IA PI3Ks are heterodimeric proteins, comprising a regulatory (p85) subunit 

and catalytic (p110) subunit (Engelman et al 2006).  The p85 subunit binds to 

activated IRS proteins via the Src homology 2 (SH2) domain (Carpenter et al 1993), 

allowing the p110 catalytic subunit to convert phosphatidylinositol 4,5-biphosphate 

(PIP2) into phosphatidylinositol 3,4,5-triphosphate (PIP3) at the plasma membrane 

(Courtney et al 2010).  Phosphastase and tensin homologue (PTEN) is a negative 

regulator of the pathway at this step by dephosphorylating PIP3 to PIP2 (De Luca et al 

2012), and inactivating mutations of PTEN are frequently seen in advanced prostate 

cancer (McMenamin et al 1999).  PIP3 recruits Akt to the plasma membrane and into 

close proximity with phosphoinositide-dependent kinase 1 (PDK1), which 

phosphorylates Akt at threonine 308 (Courtney et al 2010). The IGF-1R activates the 

mammalian target of rapamycin complex 2 (mTORC2), by an as yet unknown 

mechanism, resulting in Akt phosphorylation at serine 473.  It has been suggested that 

mTORC2 facilitates Akt phosphorylation at both ser 473 and Thr 308, and that 

phosphorylation at both sites is required for full activation of Akt (Bhaskar and Hay 

2007, Lang et al 2010, Sarbassov et al 2005).  The downstream effects of Akt 

phosphorylation include survival, cell growth and motility, as described below.   
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Figure 1.1: Signalling pathways of the IGF-1R 
The figure shows the components of the major signalling pathways involving IGF-1R and hybrid IGF-
1R-IR receptors.  Ligand binding to the IGF-1R leads to activat 
ion of two major pathways, the IRS-1-Akt pathway and the Ras-Raf-MAPK pathway.  The figure also 
shows the subsequent downstream effects of IGF-1R activation, which include protection from 
apoptosis, growth and proliferation, and motility and invasion.  The diagram combines information 
from different studies of IGF-1R signalling, and not all pathways operate in every cell.   
Green arrows = activation; red lines/arrows = inhibition; dashed lines represent negative feedback 
pathways; figure modified from Chitnis et al, 2008 (Chitnis et al 2008). 
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1.3.1.1 Cell survival 

PI3K-Akt signalling promotes cell survival by the inhibition of pro-apoptotic 

proteins, activation of anti-apoptotic proteins, and transcription of pro-survival genes 

(see figure 1.1).  Inhibitory phosphorylation of the pro-apoptotic protein B cell 

leukemia 2 antagonist of cell death (Bad) and the cysteine-aspartic protease 9 (caspase 

9) results in suppression of apoptosis (Cardone et al 1998, Datta et al 1997).  

Forkhead homolog (rhabdomyosarcoma) like 1 (FKHRL1 also known as FOXO3a) 

translocates to the nucleus and induces expression of pro-apoptotic genes including 

Fas ligand. Phosphorylation of FKHRL1 by Akt results in its cytoplasmic retention 

via association with 14-3-3 proteins, thus repressing expression of pro-apoptotic genes 

(Brunet et al 1999).  Transcription factors FOXO 1 and FOXO4 are also targets of 

Akt signalling (Manning and Cantley 2007).  A further survival mechanism involves 

suppression of p53 mediated apoptosis.  Human double minute 2 (Hdm2) binds to the 

transcriptional domain of p53, thus blocking p53 target gene expression (Haupt et al 

1997).  Hdm2 then shuttles p53 from the nucleus into the cytoplasm, where it acts as a 

ubiquitin ligase, targeting p53 for degradation (Honda et al 1997, Roth et al 1998).  

Akt promotes nuclear translocation of Hdm2, resulting in increased cytoplasmic 

relocation and degradation of p53 (Mayo and Donner 2001).  AKT also activates NF-

kB activity and hence expression of anti-apoptotic genes such as TNF receptor-

associated factor 1 and 2 (TRAF1 and TRAF2) (Kane et al 1999, Ozes et al 1999, 

Wang et al 1998). 

1.3.1.2 Cell growth and proliferation 

PI3K-Akt signalling activates the mammalian target of rapamycin complex 1 

(mTORC1) to promote cell growth.  The mechanism of mTORC1 activation is 



 Introduction 
 

12 

illustrated in figure 1.1.  Initially, Akt mediated inhibition of tuberous sclerosis 2 

(TSC2) disrupts the Ras homologue enriched in brain (Rheb)-GTPase activity of the 

tuberous sclerosis 1 (TSC1)/TSC2 complex, allowing Rheb to activate the mammalian 

target of rapamycin complex 1 (mTORC1) (Tee et al 2002).  Activated mTORC1 

phosphorylates p70 ribosomal protein S6 kinase 1 (S6K) and also eukaryotic 

translation initiation factor 4E-binding protein 1 (4EBP1), allowing 4EBP1 to 

dissociate from eukaryotic translation initiation factor 4E (eIF4E), resulting in 

transcription of growth promoting genes (Fingar et al 2002). Negative feedback loops 

exist between mTORC1 and S6K and IRS-1, to limit signalling via the IGF axis when 

mTOR is activated (Carracedo and Pandolfi 2008, O'Reilly et al 2006).   

IGF-1R signalling through the PI3K-Akt pathway can also affect cell proliferation 

by its effect on cell cycle regulatory proteins.  Numerous downstream targets of Akt 

can influence cell cycle progression including phosphorylation of the cyclin 

dependent kinase (CDK) inhibitors p21 and p27 (Liang et al 2002, Shin et al 2002, 

Zhou et al 2001).  Association of p21 and p27 with 14-3-3 proteins leads to cytosolic 

segregation,  thus attenuating their cell cycle inhibitory effects within the nucleus, and 

allowing progression through the G1 phase of the cell cycle into S phase (Sekimoto et 

al 2004).  Akt inhibition of the FOXO transcription factors can also reduce the 

expression of p27 (Medema et al 2000).  Similarly Hdm2 mediated p53 inhibition can 

reduce expression of the p53 target p21 (Mayo and Donner 2001).  Glycogen synthase 

kinase-3 beta (GSK3) is important in cell cycle regulation, phosphorylating cell cycle 

regulators cyclin D and cyclin E, and the transcription factors c-myc and c-jun, 

leading to their degradation.  Akt induces inhibitory phosphorylation of GSK3, 

stabilising these proteins, and allowing G1 to S phase progression in the cell cycle 

(Manning and Cantley 2007).  In addition, Akt, acting via mTORC1 and eIF4E, 
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promotes the translation of mRNAs critical for cell cycle progression, including cyclin 

D1 and c-myc (Mamane et al 2004). 

1.3.1.3 Motility, invasion and angiogenesis 

Activated IGF-1R can promote motility and invasion.  In colorectal cancer cells, 

phosphorylation of IRS-1 and β-catenin disrupts β-catenin/E-cadherin complexes at 

the plasma membrane, interrupting the connection of E-cadherin to the actin 

cytoskeleton and favouring cellular detachment and increased levels of nuclear β-

catenin (Playford et al 2000).  It was subsequently shown that β-catenin translocates 

to the nucleus in complex with IRS-1, promoting increased expression of β-catenin 

target genes (Chen et al 2005b).  Interaction of activated IGF-1R with αvβ3 integrin 

affects the proliferation and invasive potential of cervical cancer cells, and activation 

of the RhoA-Rho-associated kinase (ROCK)-MLC pathway in breast cancer cells 

promotes actin filament stability and myosin contractility, both of which enhance 

cellular migration (Shen et al 2006, Zhang et al 2005).  IGF-1R signalling can also 

assist invasion by the expression of matrix metalloproteinases (Zhang et al 2003).  

Both physiological and tumour associated angiogenesis can be stimulated by Akt via 

activation of endothelial nitric oxide synthase (eNOS) (Dimmeler et al 1999).  

Similarly, IGF-1R activation can lead to the increased expression of hypoxia 

inducible factor-1α (HIF1α) and expression of HIF1α gene targets such as VEGF 

which promote angiogenesis (Fukuda et al 2002, Gordan and Simon 2007).   

1.3.2 Ras-Raf-MAPK signalling pathway 

In addition to signalling via PI3K-Akt, IGFs are also capable in some cell types of 

activating ERK signalling.  This is initiated by recruitment of adapter proteins Shc 

and growth factor receptor-bound protein 2 (GRB2) to activated IGF-1R.  GRB2 
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recruits the guanine-nucleotide exchange factor son of sevenless (SOS) to the plasma 

membrane, leading to activation of the Ras proteins, namely K-Ras, N-Ras and H-Ras 

(Katz et al 2007).  This leads to the sequential activation of the MAPK kinase kinases 

(MAP3K), MAPK kinases (MAP2K) and MAPKs.  The best characterised pathway of 

activation is the Raf (B-Raf, A-Raf and c-Raf), MAP kinase/ERK kinase (MEK) 1 

and 2 and extracellular signal–regulated kinases (ERK) 1 and 2 pathway.  The chosen 

pathway of MAPK activation is cell and context dependent, mediating growth and 

proliferation via transcription of growth promoting genes (De Luca et al 2012).  ERKs 

can phosphorylate transcriptional targets including erythroblastosis virus E26 

oncogene homolog 1-like gene 1 (Elk-1), cAMP response element binding protein 

(CREB), c-Fos and c-Jun (De Luca et al 2012, Pearson et al 2001).  In addition, ERKs 

can affect cell cycle progression through G1 by promoting degradation of the CDK 

inhibitor p27 and inducing transcription of cyclin D1 (Kawada et al 1997, Lavoie et al 

1996).   

In addition to ERKs, there are two other sub-families of MAPKs namely the c-Jun 

NH2-terminal kinases (JNK 1, JNK 2, and JNK 3) and p38 (Johnson and Lapadat 

2002), and these are independently activated by specific MAP2Ks (Derijard et al 

1995).  JNK and p38 are activated predominantly by stress related stimuli, including 

UV irradiation, DNA damage and inflammatory cytokines, but responses can also be 

elicited via receptor tyrosine kinase activation (Katz et al 2007).  Downstream targets 

of JNK include c-Jun, part of the AP-1 transcription complex, and JNK can also 

regulate apoptosis in response to specific stimuli (Galvan et al 2003, Tournier et al 

2000).  The p38 kinases are responsible for the transcription of inflammatory 

cytokines, hence are important in immune regulation (Lewis and Spandau 2008).  
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Cross-talk exists at several levels between the IRS-1-Akt pathways and the Ras-

Raf MAPK pathway.  For example, PDK1 can activate MAPKs by phosphorylation of 

MEK 1 at Ser222 and MEK2 at Ser226, phosphorylation sites crucial for full activation 

(Sato et al 2004).  Ras is known to interact with PI3K via the p110 catalytic subunit, 

an interaction that is important in Ras driven transformation of cells (Castellano and 

Downward 2011).  ERK can activate mTORC1 via inhibitory phosphorylation of the 

TSC2 protein (Ma et al 2005a, Roux et al 2004).  Also, inhibition of mTORC1, for 

example by rapamycin, can lead to activation of signalling via MAPK or PI3K-Akt 

(Carracedo et al 2008, O'Reilly et al 2006).  These findings highlight the ability of cell 

signalling to compensate for inhibition of a single target, and emphasize the potential 

importance of inhibition of multiple pathways for effective anti-tumour therapy. 

1.4 IGF-1R signalling and tumorigenesis 

1.4.1 Role of the IGF axis in the risk of developing cancer 

Numerous epidemiological studies have shown a relationship between high 

circulating levels of IGF-1 and the development of common cancers including breast, 

prostate and bladder (Chan et al 1998, Hankinson et al 1998, Pollak et al 2004, Zhao 

et al 2003).  These associations were confirmed in a meta-analysis where high 

concentrations of IGF-1 were associated with an increased risk of prostate cancer 

(odds ratio comparing 75th with 25th percentile 1.49, 95% CI 1.14-1.95) and 

premenopausal breast cancer (1.65, 1.26-2.08).  Overall, however, the associations 

were more modest than individual reports had suggested.  Some studies have reported 

an association between high or low levels of IGFBP3 and cancer risk, particularly in 
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breast cancer, although any association now seems unclear (Renehan et al 2004, 

Renehan et al 2006, Roddam et al 2008)   

1.4.2 Aberrant expression of IGF axis components in cancer 

A well-established body of evidence, both direct and indirect, links IGF-1R 

signalling and cancer.  There are numerous levels at which the IGF-1R axis can be 

aberrantly activated:   

1.4.2.1 IGF-1R overexpression 

Overexpression of IGF-1R can result in increased IGF-1R signalling, either 

directly through the IGF-1R or via formation of IGF-1R:IR hybrid receptors (Belfiore 

2007, Seely et al 1995).  IGF-1R over-expression can be secondary to loss of tumour 

suppressor genes which normally suppress IGF-1R transcription, including breast 

cancer type 1 susceptibility protein (BRCA1), p53 and, in a report from our group, 

Von Hippel Lindau (VHL) (Maor et al 2000, Werner et al 1996, Yuen et al 2007).  

Conversely, IGF-1R expression can be promoted by activation of oncogenes including 

mutant p53 and c-myb (Reiss et al 1991, Werner et al 1996).  Thus, IGF-1R 

overexpression, while common in cancers, is usually secondary to an initiating 

mutation in another gene, and is rarely itself the driver event.  IGF-1R mutations are 

generally inactivating, causing growth retardation (Pfaffle et al 2011), and activating 

mutations have not been described.  However, some tumours do show IGF1R gene 

amplification, which is an increase in copy number of a restricted region on a 

chromosome, associated with overexpression of the amplified gene(s).  IGF1R gene 

amplification is present with variable frequency (between 2-6%) in a variety of 

tumours including small-cell lung carcinoma, thymomas and breast cancer (Badzio et 

al 2010, Mimae et al 2012, Spears et al 2009). 
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A large variety of tumours overexpress the IGF-1R, and it is now known that in 

many tumours  including renal, ovarian, gastric, oesophageal, pancreatic, colorectal 

and non-small cell lung cancer, overexpression confers a negative prognosis 

(Donohoe et al 2012, Kim et al 2013, Matsubara et al 2008, Parker et al 2002, 

Spentzos et al 2007, Takahari et al 2009, Valsecchi et al 2012, Yamamoto et al 2012). 

1.4.2.2 Activation of components of the IGF axis   

There are many levels at which IGF axis activation could occur.  Cancers 

frequently express IGF ligands, often IGF-2, as a consequence of IGF-2 gene 

amplification, which can be seen in colorectal carcinomas (Cancer-Genome-Atlas-

Network 2012).  Loss of maternal imprinting of the IGF2 gene in tumours, or 

inactivation of the anti-mitogenic IGF-2R, which binds to and degrades IGF-2, can 

increase the bioavailability of IGF-2 (Cui 2007, Hebert 2006).  This can then activate 

mitogenic signalling via the IGF-1R, hybrid receptors and the IRA.  Tumours can also 

secrete IGFs in an autocrine fashion, or can respond to IGF-1 produced by paracrine 

secretion from adjacent stromal cells, resulting in receptor activation (Arnaldez and 

Helman 2012, Tazzari et al 2007, Vitale et al 2009).   

The bioavailability of IGFs at the receptor is determined by the ability of IGFBPs 

to bind to the ligands and prolong their half-life in the circulation.  The relationship 

between IGFBPs and IGF-1R activation is more complex however, IGFBPs having 

both agonist and antagonist effects on receptor activation, which are thought to be 

context dependent (Wetterau et al 1999).   

Tumours can secrete IGFBP proteases which can cleave IGFBPs and increase the 

concentration of free ligand available for receptor activation. Prostate specific antigen 

(PSA or kallikrein-3), in addition to its normal physiological role, was one of the first 

identified IGFBP proteases (Cohen et al 1992).  PSA is overexpressed in prostate 
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cancer and has been implicated in releasing bio-active IGF in prostate cancer bone 

metastases by its cleavage of IGFBP5 (Maeda et al 2009, Rajah et al 1995).  

Cathepsin D, another IGF-BP protease is also overexpressed in prostate cancer 

(Stamey et al 1987). 

Finally, activating mutations in the IGF-1R signalling cascade such as loss of 

PTEN or activation of Ras or Raf can result in loss of negative feedback loops or 

constitutive activation of post-receptor signalling (Mulholland et al 2012, Wang et al 

2012).   

1.4.2.3  Role of the IGF axis in established cancers 

Early evidence on the importance of the IGF-1R axis in maintaining the malignant 

phenotype was provided by Renato Baserga’s group, who showed that IGF-1R null 

mouse fibroblasts (R- cells) are resistant to transformation and anchorage independent 

growth induced by known viral and cellular oncogenes (Sell et al 1993, Sell et al 

1994).  Re-introduction of the IGF-1R into these cells reverses the phenotype, 

allowing transformation (Sell et al 1994).  Down-regulation of the IGF-1R was shown 

to result in massive apoptosis in tumour cells in anchorage independent growth 

conditions in vitro, and in tumours grown in mice in vivo (Resnicoff et al 1998).  

Consistent with these data, overexpression of the IGF-1R results in tumorigenesis and 

metastasis in transgenic mouse models of pancreatic and breast cancer (Jones et al 

2007, Lopez and Hanahan 2002).  These data suggest that the IGF signalling axis has 

an important role in tumour biology, and also highlights the potential therapeutic 

impact of IGF-1R inhibition.  It is increasingly obvious that a detailed understanding 

of the pathway is essential to be able to achieve maximal therapeutic impact using 

IGF-1R inhibitors in the clinical setting, as will be discussed later. 
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1.5 The IGF-1R in urological cancer 

Work from our group and others has shown that the IGF-1R is over-expressed in 

prostate carcinomas, and is detectable in bone metastases at levels equivalent to those 

in the primary tumours (Hellawell et al 2002, Ma et al 2012, Metalli et al 2010).  Our 

group has also shown that IGF-1R expression in prostate carcinoma is upregulated or 

remains high throughout the course of progression to metastatic and/or androgen-

resistant disease (Turney et al 2010).  In advanced disease this is consistent with the 

reported ability of androgen receptor (AR) signalling to regulate IGF-1R gene 

expression (Pandini et al 2005).  IGF-1R is also up-regulated in bladder cancers, with 

significant increase in expression in muscle invasive tumours compared with benign 

bladder epithelium (Rochester et al 2007).  Furthermore, IGF-1R has been shown to 

promote motility and invasion of bladder cancer cells (Metalli et al 2010).   

In clear cell renal carcinoma (ccRCC), IGF-1R is reportedly detectable in tumours 

by IHC in 50% of cases and is associated with poor survival (Parker et al 2003, Parker 

et al 2004).  Work from our lab has shown that IGF1R expression is regulated at the 

RNA level by the VHL tumour suppressor, and IGF-1R over expression in ccRCC is 

secondary to loss of functional VHL (Yuen et al 2007).  This work highlighted a 

discrepancy between the proportion of ccRCC tumours expressing IGF-1R at the 

mRNA level (100%) and the reported 50% of tumours expressing IGF-1R protein as 

detected by IHC (Parker et al 2003, Parker et al 2002, Parker et al 2004).  This 

discrepancy warrants further investigation into the expression of the IGF-1R in 

ccRCC, and the clinical implications of this expression. 

In further work from our group, it has also been shown that ccRCC cells 

expressing mutant VHL and higher IGF-1R are more chemoresistant than cells 

expressing functional VHL (Yuen et al 2009). Depletion of the IGF-1R sensitises cells 
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to 5-fluorouracil and etoposide, effects that are significantly greater in ccRCC cells 

expressing mutant VHL.  These data support the hypothesis that IGF-1R up-

regulation makes a significant contribution to chemoresistance in ccRCC tumours 

harbouring VHL mutations (Yuen et al 2009).  These findings support the rationale 

for IGF-1R therapeutic targeting, and validate the IGF-1R as a target in urological 

cancers. 

1.6 IGF-1R Therapeutic Targeting 

IGF-1R targeting was first shown to inhibit tumour growth over 20 years ago, in a 

study demonstrating that IGF-1R antibody inhibits the growth of breast cancer 

xenografts (Arteaga et al 1989).  Subsequent research has focused on the validation of 

IGF-1R as a therapeutic target by assessing the effects of inhibiting expression or 

function of the receptor.  A wide variety of in vitro and in vivo models have shown a 

reduction in tumour growth and/or metastasis following blockade of IGF-1R 

signalling (Pollak et al 2004, Yuen and Macaulay 2008).  Strategies used in these 

preclinical models have included downregulation of the IGF-1R using antisense or 

small interfering RNA, or dominant negative IGF-1Rs, approaches that do not have 

clinical potential (Dunn et al 1998, Resnicoff et al 1994, Rochester et al 2005, 

Sachdev et al 2004, Yeh et al 2006).  Clinical testing of IGF-1R inhibitors has been 

relatively recent, and has been spurred on by the success of  trastuzumab (Herceptin, 

Roche) an antibody directed to the HER2 receptor in breast cancer (Hudis 2007, 

Rodon et al 2008). 
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1.6.1 Classes of IGF-1R inhibitor drugs 

Three approaches to IGF-1R inhibition are currently in clinical evaluation, the two 

main approaches being anti-IGF-1R antibodies and small molecule tyrosine kinase 

inhibitors (TKIs).  Neutralising antibodies against IGF-1 and IGF-2 have also 

commenced phase II evaluation (Gao et al 2011, Haluska et al 2011).  Anti- IGF-1R 

antibodies are selective for the IGF-1R receptor and IGF-1R-IR hybrid receptors, but 

do not bind to the IR (Pandini et al 2007).  Antibody binding to the IGF-1R results in 

signaling inhibition, followed by internalization and degradation of the receptor 

(Sachdev et al 2003).  Although these antibodies are selective for IGF-1R and hybrid 

receptors, it is postulated that the IR can also be internalized and degraded along with 

the IGF-1R on lipid rafts (Sachdev et al 2006), thus impacting on glucose 

homeostasis.  The class of antibody can also have therapeutic implications.  

Antibodies of the IgG1 or IgG3 isotype can induce immunological responses 

including antibody dependent cell-mediated cytotoxicity (ADCC), which can enhance 

the therapeutic effect of the antibody (Liu et al 2008).  ADCC may also result in 

bystander toxicity to normal tissues, and this could be an important consideration 

when targeting the IGF-1R, which is ubiquitously expressed in normal tissues 

(Moschos and Mantzoros 2002).   

Considerable effort has also been made in the development of small molecule 

inhibitors against the IGF-1R.  The majority of these are TKIs targeting the tyrosine 

kinase domain of the IGF-1R in different ways.  There are ATP binding competitors 

such as OSI-906 (OSI pharamceuticals) (Mulvihill et al 2009), or non-ATP 

competitive inhibitors of tyrosine phosphorylation in the activation loop, such as 

AXL-1717 (Axelar AB) and BMS-754807 (Bristol Myers Squibb) (Carboni et al 

2009, Vasilcanu et al 2004).  ATP binding competitors are the least selective for IGF-



 Introduction 
 

22 

1R over the IR, and inhibit the IR to varying degrees.  This is the result of the 

significant homology between the IR and IGF-1R, with 84% homology in the tyrosine 

kinase domain and 100% conservation of the ATP binding cleft (Ullrich et al 1986).  

Other potential small molecule inhibitors of the IGF-1R are substrate-competitive 

inhibitors, which are more selective for the IGF-1R due to the lower conservation of 

the substrate binding domains of the IR and IGF-1R.  However, this class of inhibitors 

is more challenging to design due to the open structure of the domains, and hence 

there are fewer drugs of this class in development, although a Src kinase inhibitor 

targeting the peptide substrate binding site has recently entered clinical trials (Han et 

al 2012, Levitzki and Mishani 2006, Naing et al 2013). 

TKIs have the advantage over antibodies of being administered orally.  Being 

small, they have the potential to penetrate the blood-brain barrier (Pan et al 2007).  

They also exhibit shorter half-lives than antibodies, hours as compared to weeks, 

hence allowing for much greater flexibility in scheduling of administration, especially 

in combination regimens with chemotherapeutic agents (Buck and Mulvihill 2011).  

Initial concerns regarding both therapeutic antibodies and TKIs centered on the 

potential toxicity to normal tissues as a result of IGF-1R inhibition, and the 

consequences of inhibition of the IR.  These concerns have been somewhat allayed 

from the results of early trials of IGF-1R blocking agents, which are generally well 

tolerated.  Hyperglycaemia has been mild and easily managed in the majority of cases, 

settling with drug withdrawal, or in a few cases with oral hypoglycaemic agents or 

insulin (Haluska et al 2007, Karp et al 2009, Lacy et al 2008, Tolcher et al 2008).  In 

fact, there is support for dual targeting of the IGF-1R and the IR in terms of anti-

tumour efficacy, in that the pro-tumorigenic effects of IGF-2 signalling via the IR 

splice variant IR-A may confer resistance to IGF-1R blockade (Bid et al 2012, Ulanet 



 Introduction 
 

23 

et al 2010).  Other concerns relate to the frequency of activating mutations 

downstream of the IGF-1R, such as Ras/Raf mutations or PTEN inactivation by 

deletion or mutation (Croce 2008), which may limit the efficacy of inhibition 

upstream of the mutation.  In some models, pathway activation downstream of the 

IGF-1R, involving mutations in B-Raf, K-Ras, N-Ras and PTEN, does not appear to 

induce resistance to IGF-1R inhibition or depletion (Ii et al 2011, Plymate et al 2007, 

Rochester et al 2005, Yeh et al 2006).  However, there are conflicting data; for 

example, in glioblastoma cells, where IGF-1R knockdown or inhibition is less 

effective in cells possessing either ligand-independent Akt phosphorylation or 

PIK3CA mutation, compared with cells in which the PI3K-Akt pathway is IGF-

responsive (Hagerstrand et al 2010).  Similarly, in a recent study in oesophageal 

cancer cells, expression of mutant Ras reduced sensitivity to the IGF-1R inhibitor 

NVP-AEW541 (Bao et al 2012).  

1.6.2 Preclinical testing of IGF-1R inhibitors 

In vitro and in animal models, IGF-1R inhibitory drugs are capable of blocking cell 

survival and inhibiting tumorigenesis, although some tumour models have been 

chosen or designed to be IGF-sensitive (Litzenburger et al 2009).  Several groups 

have shown the ability of IGF signalling to influence chemo and radio-sensitivity in 

pre-clinical models of lung, breast and colon cancer (Iwasa et al 2009, Perer et al 

2000, Turner et al 1997).  In head and neck cancer cells and xenografts, the anti-IGF-

1R antibody A12 has been shown to enhance radiosensitivity by induction of 

apoptosis up-to six days post treatment (Riesterer et al 2011).  The small  molecule 

TKI PQIP and its derivative OSI-906 have shown enhanced antiproliferative effects in 

colorectal cancer cell lines and xenografts in combination with chemotherapy 
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compared with chemotherapy alone.  The effects were mediated via cell cycle arrest 

as opposed to apoptosis induction (Flanigan et al 2010).   

1.6.3 Clinical trials of IGF-1R inhibitors 

Early trials of IGF-1R antibodies have shown dramatic activity in some uncommon 

tumours such as Ewing’s sarcoma, but very little single agent activity in common 

solid tumours (Haluska et al 2007, Olmos et al 2010, Tolcher et al 2008).  However, 

the importance of IGF-1R signalling in apoptosis protection provides a strong 

rationale for combining IGF-1R inhibitors with agents that induce apoptosis, as is the 

case with many chemotherapeutic agents and ionizing irradiation.  IGF-1R blocking 

antibodies have shown benefit  in combination with chemotherapy in Phase II clinical 

trials.  For example, Karp et al reported an improvement in the response rate and 

prolongation of progression free survival (PFS) in non-small cell lung cancer 

(NSCLC) patients treated with figitumumab (Pfizer) in combination with carboplatin 

and paclitaxel, compared with chemotherapy alone (Karp et al 2009).  The 

improvement in response was particularly striking in the sub-group of NSCLC 

patients with squamous histology, although absolute numbers of patients in this group 

were small.  However, a subsequent phase III trial (ADVIGO 1016) of figitumumab 

in combination with carboplatin and paclitaxel in unselected patients with non-

adenocarcinoma NSCLC was prematurely discontinued in late 2009, due to failure of 

the combination arm to prolong time to progression compared with chemotherapy 

alone (Jassem J et al 2010).  A similar fate was met by the IGF-1R antibody 

dalotuzumab (Merck) in combination with cetuximab and irinotecan in a phase II/III 

trial in K-Ras wild-type colorectal carcinoma (Watkins et al 2011).  In fact, the 

patients receiving the highest dose of dalotuzumab in the trial fared worse than those 

in the placebo group.  Similarly, there have been negative results from Phase II trials 
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testing the combination of anti-IGF-1R monoclonal antibodies R1507 (Roche) with 

erlotinib in unselected NSCLC patients (Ramalingam et al 2011) and ganitumab 

(Amgen) with hormone therapy in postmenopausal women with breast cancer 

(Kaufman et al 2010).  A Phase II trial in patients with pancreatic cancer indicated 

that the addition of ganitumab to gemcitabine prolonged the 6-month survival and 

overall survival (Kindler et al 2012), but a larger Phase III study (GAMMA) based on 

the same trial design terminated in August 2012 due to failure of the combination to 

prolong overall survival in an interim analysis.  These disappointing Phase II/III trial 

results have led to some pharmaceutical companies discontinuing their IGF-1R 

targeting programmes, although others continue to develop and evaluate anti-IGF-1R 

agents in phase II/III trials, because of the undoubted activity of these agents in a 

subset of patients (Basu et al 2011, Yee 2012) 

The failure of these clinical trials highlights two important issues.  Firstly there are 

currently no validated biomarkers to predict response to IGF-1R inhibition, which 

would enable the identification of a group of patients likely to benefit from these 

drugs.  Potential bio-markers have been identified, and include tumour histological 

sub-types, circulating IGF-1 levels or tumour IGF-1R expression.  Unlike the situation 

in breast cancer therapy, where HER2 levels predict a response to trastuzumab, there 

is currently no robust evidence that IGF-1R levels are a predictive biomarker 

correlating with response to treatment (Gualberto et al 2010).  Overexpression of IGF-

1R is common in tumours, and as mentioned earlier, can result in the formation of 

IGF-1R:IR hybrid receptor (Pandini et al 2002).  It is possible that the levels of insulin 

receptors or hybrid IGF-1R:IR receptors may correlate with response or resistance to 

IGF-1R therapeutics (Bid et al 2012, Ulanet et al 2010).  It is also possible that 

response to IGF-1R antibodies could be influenced by subcellular IGF-1R 
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localization, and there is some preliminary evidence to support this.  Kim et al 

showed that aberrant N-linked glycosylation of the IGF-1R resulted in a failure of 

IGF-1R to localize to the cell membrane, and correlated with figitumumab 

insensitivity in gastric and hepatocellular carcinoma cell lines (Kim et al 2012).  This 

may suggest that glycosylation may have value as a predictive biomarker, and also 

highlights the possibility that IGF-1R sub-cellular localization might be a candidate 

predictive biomarker warranting further investigation.   

The second important point highlighted by the failure of large phase III trials 

combining IGF-1R inhibitors with standard treatments is the need to understand how 

IGF-1R inhibition influences the response to chemotherapy and radiotherapy.  For 

example, if IGF-1R inhibition results in cell cycle arrest in G1, it would not be 

advantageous to combine an IGF-1R inhibitor with a chemotherapeutic agent acting in 

S-phase of the cell cycle, or one dependent on continued cycles of replication for cell 

killing.  Indeed, the sequence of administration of anti-IGF-1R agents in relation to 

chemotherapy has been shown to influence the degree of sensitisation that results 

(Khatri et al 2012, Zeng et al 2012).  Therefore, there is clearly a need for a better 

understanding of the IGF-1R receptor pathway and its effects on the response to 

damage induced by cancer treatments in order to guide the rational design of 

therapeutic combinations.   

1.7 IGF-1R and DNA Damage Repair 

DNA double strand breaks (DSBs) are highly cytotoxic lesions that are induced by 

gamma irradiation and agents such as etoposide.  After sensing the DSB, the cell may 

respond in a number of ways, by inducing cell cycle arrest and DNA repair, cellular 

senescence or apoptosis (Burma et al 2006, Shibata et al 2010).  The protein Ataxia 
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Telangiectasia Mutated (ATM) has a central role in the complex process of sensing 

DSBs (figure 1.2) (Bakkenist and Kastan 2003, Bensimon et al 2011, Shiloh 2006, 

Shiloh and Ziv 2012).  ATM phosphorylates histone protein H2AX (γH2AX) at the 

site of DSBs and initiates a cascade of events required for the activation of cell cycle 

checkpoints, DSB repair and/or apoptosis induction.  The MRN complex, comprising 

MRE11, Rad50 and Nbs1, is also rapidly recruited to the site of the DSB and, in 

concert with ATM, initiates the complex process of DSB repair (Lavin 2007, Lee and 

Paull 2007, Lee et al 2010).   

There are two major pathways for the repair of DNA DSBs in mammalian cells, 

homologous recombination (HR) and non-homologous end-joining (NHEJ), 

illustrated in figure 1.2.  HR is a high fidelity process that requires a DNA template to 

repair strand breaks, and occurs in late S/G2 phase of the cell cycle when there is a 

sister chromatid present (Branzei and Foiani 2008, Kass and Jasin 2010).  The initial 

step in HR involves 5ˈ-3ˈ processing to yield a 3ˈ-single-stranded (SS) overhang, 

involving proteins including the MRN complex, C-Terminal Binding Protein 

Interacting Protein (CtIP), BRCA1, EXO-1 nuclease and Bloom syndrome protein 

(BLM) (Chen et al 2008a, Nimonkar et al 2008, Sartori et al 2007).  Replication 

protein A (RPA) binds to the SS 3ˈ overhang, preventing secondary structure 

formation (figure 1.2A), and this is required for subsequent breast cancer type 2 

susceptibility protein (BRCA2) and deleted in split hand/split foot protein 1 (DSS1) 

assisted loading of Rad51 onto the DNA (Yang et al 2002) (figure 1.2B).  The 

association of BRCA 2 with BRCA 1 via partner and localizer of BRCA2 (PALB2) 

appears important in this regard, as interference with this interaction  results in 

defective HR (Sy et al 2009, Zhang et al 2009a).  Rad51 then mediates SS invasion 

into homologous duplex DNA, forming a displacement loop (D-loop), following 
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which the invading 3ˈ strand is extended by a DNA polymerase (Chen et al 2008b, 

Yuan et al 1999) (figure 1.2C).  HR is completed by synthesis dependent strand 

annealing, or resolution of Holliday junctions, to give crossover or non-crossover 

products (Klein and Symington 2009) (figure 1.2D) .  

The majority of DSBs are repaired in mammalian cells by the more rapid but error-

prone NHEJ pathway (Mahaney et al 2009, Mao et al 2008).  NHEJ mediated repair 

initially involves binding of Ku 70/80 heterodimer to DNA ends (figure 1.2E) 

(Walker et al 2001, Zhang et al 2004).  The DNAPK catalytic subunit (DNAPKcs) is 

autophosphorylated at two major clusters, or by ATM at Thr2609 (Chen et al 2007, 

Ding et al 2003, Meek et al 2007, Uematsu et al 2007), resulting in recruitment to the 

Ku proteins to form the DNAPK holoenzyme (Cary et al 1997, Falck et al 2005).  

Phosphorylation of DNAPKcs results in conformational changes in the DNAPK 

complex, and allows end-processing enzymes and other repair proteins to access the 

DNA DSB (Mahaney et al 2009).  The complexity of irradiation induced DSBs 

requires efficient end-processing mechanisms to remove overhangs, fill in gaps and 

remove blocking end- groups and secondary structures at the DSB (Mahaney et al 

2009).  The nuclease Artemis has 5ˈ-3ˈ exonuclease activity and can remove both 

overhangs and 3ˈ-phosphoglycolate groups from DNA ends (Ma et al 2005b, Povirk 

et al 2007).  Similarly, polynucleotide kinase (PNK) may play a role in NHEJ in the 

removal of blocking end-groups (Chappell et al 2002, Karimi-Busheri et al 2007).  

Aprataxin and pink like factor (APLF) and Werner’s syndrome protein (WRN) are 

also known to play a role in DSB end-processing during NHEJ (Kusumoto et al 2008, 

Macrae et al 2008).  Gaps resulting from cleavage during end-processing are filled by 

the polymerases Polµ and Polλ, belonging to the PolX family, and terminal 

deoxyribonucleotidyltransferase (TdT) (Davis et al 2008, Ma et al 2004, Moon et al 
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2007) (figure 1.2F).  It is the end-processing occuring prior to ligation of the DSB that 

accounts for the more error-prone nature of NHEJ compared with HR (Mahaney et al 

2009) (figure 1.2H).  Following completion of end-processing, direct ligation of the 

breaks is achieved by DNA ligase IV, via an XRCC4-DNA Ligase IV complex, with 

XLF acting as a catalyst for the reaction (Calsou et al 2003, Gu et al 2007, Riballo et 

al 2009) (figure 1.2G).   

Several studies have shed light on the processes that determine which DNA repair 

pathway is initiated following a DSB.  As cells need to be in late S/G2 in order for HR 

to occur, HR must be restricted in G1, and this is achieved by cyclin-dependent kinase 

(CDK) activity throughout the cell cycle (Ira et al 2004).  For example, levels of CtIP, 

required for end-resection in HR, are up-regulated in S/G2 both by inhibition of G1 

associated CtIP degradation, and by activating phosphorylations of CtIP in S/G2 (Buis 

et al 2012, Chen et al 2008a, You and Bailis 2010, Yu and Chen 2004).  More 

recently, BRCA 1 and p53 binding protein (53BP1) are emerging as key regulators in 

determining the repair fate of a cell, by regulating the initiation of DNA end-

processing required for HR (Chapman et al 2012b).  53BP1 is recruited to DSBs 

throughout the cell cycle, and in G1 can exert an inhibitory effect on end-processing, 

thus promoting NHEJ (Bothmer et al 2010, Bunting et al 2010, Chapman et al 2013, 

Nakamura et al 2006).  Conversely, BRCA1 expression in S/G2 is likely to remove 

53BP1 from the DSB, inhibit 53BP1 function, or prevent enrichment of 53BP1 at the 

DSB by inhibiting interaction of 53BP1 with chromatin, thus allowing HR to proceed 

(Bouwman et al 2010, Bunting et al 2010, Chapman et al 2012a, Lukas et al 2011, 

Mallette et al 2012).   
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Figure 1.2: The cellular response to DNA double strand breaks 
Simplified diagram of the DSB repair response.  DSBs or altered chromatin structure are sensed by 
ATM and result in autophosphorylation of ATM on Ser1981 and dissociation of the ATM oligomers to 
monomers (Bakkenist and Kastan 2003).  ATM phosphorylates both the MRN complex (MRE11, Rad 
50, NBS1) and histone protein H2AX (γH2AX) at the site of a DSB. This initiates a cascade of events 
required for the activation of cell cycle checkpoints, DSB repair and/or apoptosis induction.  
Phosphorylation of checkpoint kinase 2 (Chk2) and p53 results in cell cycle arrest, apoptosis or 
senescence (Chen et al 2005a, Lehmann et al 2007, Lobrich and Jeggo 2005).  Inactivating 
phosphorylation of KAP-1 (KRAB-associated protein1) induces relaxation of chromatin structure to 
facilitate repair in areas of heterochromatin (Goodarzi et al, 2008).  DSB repair occurs via two main 
pathways, homologous recombination (HR) and non-homologous end joining (NHEJ).  For a more 
detailed explanation on steps A) - H) refer to text. 
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The ability of IGF-1R inhibition to influence chemo- and radio-sensitivity has 

largely been attributed to apoptosis induction (Baserga 2005, Karasic et al 2010, Luk 

et al 2011, Pollak et al 2004, Riesterer et al 2011, Rodon et al 2008).  However, a role 

for the IGF-1R is emerging in a more direct effect on DNA DSB repair.  In an early 

report of immunohistochemical analysis in primary breast tumours, high levels of 

IGF-1R staining correlated strongly with early ipsilateral recurrence within the 

irradiated site, following breast surgery and radiation therapy (Turner et al 1997).  

Several other reports, including work from our group, have linked IGF-1R signalling 

and DNA repair.  An initial report in mouse fibroblasts demonstrated that the IGF-1R 

plays a role in repair of ultraviolet-induced DNA damage, mediated via the p38-

MAPK signaling pathway (Heron-Milhavet et al 2001).  A functional IGF-1R has also 

been reported to be required for HR in mouse embryonic fibroblasts, regulating an 

interaction between IRS-1 and RAD51 (Trojanek et al 2003).  IRS-1 reportedly binds 

to Rad51 in the cytoplasm, and phosphorylation of IRS-1 by IGF-1R results in the 

release of Rad51, allowing its nuclear translocation and binding to sites of DNA 

damage (Trojanek et al 2003).  This phenomenon was also thought to be responsible 

for the ability of IGF-1 stimulation to enhance HR in murine mesangial cells 

following hyperglycaemia-induced DNA damage (Yang et al 2005).  A functional 

IGF-1R was also reported to be required for the proper function of ATM in a murine 

melanoma model (Macaulay et al 2001), suggesting a potential interaction between 

the IGF-1R and DNA damage sensing via ATM, either via a direct effect on ATM, or 

indirectly, via an effect on its numerous downstream effectors (Figure 1.2).   

In human cells, a role for IGF-1R signalling in DSB repair was supported by 

preliminary data suggesting that siRNA depletion of IRS-1 and AKT-2 in MCF7 

breast cancer cells led to a reduction in damage-induced CHK2 phosphorylation 
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(Riedemann and Macaulay unpublished), suggesting that the IGF-1R may influence 

ATM signalling via the IRS-1-PI3K-AKT pathway.  In prostate cancer cells, IGF-1R 

gene silencing enhanced cellular sensitivity to DNA damaging cytotoxic drugs and 

ionising radiation, but not to cytotoxic drugs that kill without damaging DNA 

(Rochester et al 2005), suggesting that apoptosis induction alone is an unlikely 

mechanism for chemosensitization.  This is supported by data in VHL mutant ccRCC 

cells where IGF-1R depletion was shown to induce greater chemosensitization to the 

topoisomerase II inhibitor etoposide compared with the antimetabolite 5-fluorouracil 

(Yuen et al 2009).  A previous clinical research fellow in our group, Ben Turney, 

showed that IGF-1R knockdown in prostate cancer cells induced a delay in the 

resolution of radiation induced γH2AX foci, and also caused a delay in DSB repair 

measured by pulsed-field gel electrophoresis (PFGE), with 30-40% excess unrepaired 

breaks at 24 hr (DPhil 2008) and  (Turney et al 2012).  This effect was associated with 

a modest reduction in HR, measured using a repair reporter assay (Pierce et al 1999, 

Turney et al 2012).  Given that ATM-deficient or HR-deficient cells show only subtle 

DSB repair defects (Goodarzi et al 2008, Lundin et al 2005), it seems unlikely that 

defective HR or ATM could account for the significant difference in DSB repair 

kinetics seen on PFGE, leading to the hypothesis that the IGF-1R may also influence 

DNA repair via NHEJ. 

A role for IGF-1R in NHEJ was not clearly established at the time of initiation of 

this project.  Assessment of DSB repair in mouse fibroblasts had shown no effect of 

IGF-1 stimulation on protein levels of Ku70 and Ku80 and no effect on NHEJ 

mediated plasmid ligation in vitro utilising a cell-free NHEJ assay (Trojanek et al 

2003).  Similarly, IGFs did not influence the NHEJ pathway in response to 

hyperglycaemia induced DNA damage (Yang et al 2005).  Once again protein levels 
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of Ku70 and Ku80 were unaffected, suggesting that any effect on repair was unlikely 

to result from a transcriptional response to IGF-1R activation (Yang et al 2005).  In 

contrast, in radioresistant human NSCLC cells, IGF-1R inhibition resulted in a 

decrease in radiation-mediated binding of Ku 70/86 to a synthetic oligonucleotide 

substrate, and a reduction in the levels of the Ku 86 (Ku80) protein but not Ku70 

(Cosaceanu et al 2007).  This effect was mediated via the IGF-1R-p38 pathway and 

was independent of effects of IGF-1R on PI3K-Akt signaling, although inhibition of 

both pathways separately resulted in radiosensitization.  This study did not directly 

demonstrate that IGF-1R or p38 signalling influence rejoining by NHEJ in an NHEJ 

assay, although an effect on Ku proteins is likely to impact on this repair pathway.  In 

contrast, it has been hypothesized that IGF-1R can inhibit NHEJ repair in cervical 

carcinomas, where overexpression of IGF-1R is associated with increased expression 

of major vault protein (MVP) (Lloret et al 2008).  Both IGF-1R and MVP expression 

are reported to correlate with reduced levels of Ku70/80 and BAX, and shorter long-

term control following radiochemotherapy (Lloret et al 2008, Lloret et al 2009).  This 

apparent association between IGF-1R, MVP upregulation and Ku70/80 

downregulation has been hypothesized to suppress NHEJ (Lloret et al 2009), but this 

has not as yet been demonstrated.  It has also been suggested that MVP, by virtue of 

inhibiting PTEN, may work in concert with IGF-1R in upregulating Bcl-2.  Bcl-2 has 

been shown to interfere with Ku binding to DNA, and inhibits NHEJ (Lloret et al 

2009, Wang et al 2008).  Although plausible associations, the cellular mechanism of 

these links has not been shown, nor has a direct effect on NHEJ per se been 

demonstrated. 

Thus, IGF-1R appears to play a role in the cellular response to DSBs, but the 

evidence is conflicting, perhaps due to the different experimental models and methods 
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that have been used.  However, underlying this is a novel and potentially 

therapeutically important role of the IGF-1R which needs to be clarified.   

1.8 Aims of the Project 

The introduction has highlighted IGF-1R signalling as an important pathway in the 

pathogenesis of urological cancers.  It has also highlighted the need to better 

understand the IGF-1R axis in terms of receptor expression and distribution in 

different cancers, and also its signalling pathways, effectors and functions.  This 

information may reveal new aspects of the role of the IGF-1R axis that may have 

implications for patient management.  Specifically, the aim is to allow novel and 

rational treatment combinations to be designed, predictive and prognostic biomarkers 

to be evaluated, and maximal therapeutic impact to be achieved in the clinical setting.   

This project has two general aims, related to the distribution and function of the 

IGF-1R in urological tumours.  The first aim relates to the discrepancy observed 

between data from our group on IGF-1R expression at the mRNA level in ccRCC 

(Yuen et al 2007), and IGF-1R expression by immunohistochemistry observed by 

others (Parker et al 2003, Parker et al 2002, Parker et al 2004). 

1) To investigate the cellular distribution of the IGF-1R receptor in ccRCC, and 

assess correlation with clinical parameters.   

The second aim was related to previous work carried out in our group in prostate 

cancer cells, which had used IGF-1R depletion to explore effects on DNA repair: 

2) To investigate effects of IGF-1R inhibition on radiosensitivity and DNA 

repair.   

 



 Introduction 
 

35 

A small molecule inhibitor of the IGF-1R kinase was obtained from AstraZeneca 

for use in this project, aiming to proceed along the following lines of investigation: 

a) To characterize effects of IGF-1R inhibition on receptor phosphorylation, 

downstream signalling and clonogenic survival in prostate cancer cells. 

b) To assess effects of IGF-1R inhibition on radiosensitivity in a panel of prostate 

cancer cell lines. 

c) To determine the extent to which any effects on radiosensitivity are 

attributable to known properties of IGF-1R in regulating cell cycle progression 

and cell survival. 

d) To investigate the hypothesis that the IGF-1R is involved in DNA repair, 

assessing effects of IGF-1R inhibition on the cellular response to DSBs, and 

investigating a putative role in the NHEJ pathway of DSB repair. 

 

The ultimate objective of the project is to gain a better understanding of the role of 

IGF-1R signalling, aiming to guide the development of early phase clinical studies in 

patients with urological cancer. 
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2 Chapter II: Materials and Methods 

2.1 Immunohistochemistry of paraffin-embedded tissues 

Paraffin embedded whole mount renal tumour sections and renal tumour tissue 

microarrays (TMAs) were  stained for IGF-1Rβ, using a modification of the method 

described in Turney et al (Turney et al 2010) with further optimisation as described in 

chapter 3.  Human tissue comprised specimens that had been collected between 1983 

and 2002, and was used under National Research Ethics study no. 04/Q1606/96, 

which covered the use of archival tissue. 

Slides were dewaxed in Citroclear (TCS Biosciences Ltd., UK) for 5 min followed 

by rehydration in graded ethanol (100%, 95%, 80%, 70% and 50%) for 2 min 

intervals and distilled water for 10 min.  Antigen retrieval was performed in 

Tris/EDTA retrieval buffer (50mM Trisma base, 2mM EDTA; adjust pH to 9 with 

NaOH) using a Decloaking Chamber (DC2002, Biocare Medical, USA) at 125°C for 

2 min and 85°C for 10 min.  Cooled slides were washed in Tris-buffered saline with 

0.05% Tween-20 (TBST) and then blocked with 1.5% peroxide for 30 min.  Slides 

were washed once for 1 min in TBST and blocked  for 1 hour in 5% goat serum/1% 

bovine serum albumin (BSA)/TBST and incubated overnight with primary IGF-1Rβ 

antibody (#3027, Cell Signaling Technology) at a 1:75 dilution of antibody in 1% 

BSA/TBST.  Slides were then washed four times for 1 min each in TBST and 

incubated for 1 hr at room temperature with biotinylated secondary antibody at a 

1:200 dilution in 1% BSA/TBST.  Slides were washed in TBST four times for 1 min 

each followed by incubation with R.T.U. Vectastain Elite ABC reagent (Vector 

Laboratories, USA) for 30 min at room temperature.  DAB substrate (Envision 
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Detection System, Dako UK Ltd.) was applied for 5 min followed by counterstaining 

for 30sec with Mayer’s haematoxylin (Vector Laboratories, USA).  Slides were 

washed in tap water and dehydrated in graded ethanol (50%-100%) followed by 

Citroclear for 5 min, and mounted using DePex mounting medium (VWR 

International, UK). 

Staining controls included pre-incubation of primary antibody with an excess of 

peptide to which the antibody was raised (Cell Signalling Technology), and slides in 

which primary antibody was omitted.  Optimisation was performed with the help of 

Helen Turley (Nuffield Department of Clinical Laboratory Sciences).  IGF-1R 

staining was scored in a semi-quantitative manner, incorporating both the intensity 

and extent of staining (demonstrated in table 2.1).  TMA scoring was verified by Dr. 

Gareth Turner, consultant urological histopathologist.   

 

 Intensity Extent 

0 No staining Negative (0% of cells) 

1 Weak but detectable above control Focal (1-10% of cells) 

2 Moderate staining Moderate (10-50% of cells) 

3 Strong staining  Extensive (>50% of cells) 

 

Table 2.1: Scoring of IGF-1R staining:  
Criteria for quantification are based on the original analysis by McCarty et al (Kinsel et al 1989). 
 

The clinical data for the TMA cases were compiled by Uro-oncology Database 

manager Neviana Kilbey, and the analyses were carried out by statistician Cheng Han, 

both of the CRUK Department of Medical Oncology, Oxford Cancer Centre. 

Contingency tables were analysed using Pearson’s χ2 test to assess relationships 

between staining of IGF-1R and clinical parameters.  Survival curves were estimated 
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using the Kaplan-Meier method.  Prognostic factors were evaluated in multivariate 

analysis by Cox proportional hazards regression using the STATA package v11.0 

(Stata Corporation).  Relationships between outcome and clinical or 

immunohistochemical features were summarized with hazard ratios and 95% CI. 

2.2 Cell Lines 

The DU145 prostate cancer cell line was originally derived from a metastasis in a 

patient with prostate cancer (Stone et al 1978).  The PC3 cell line originated from a 

bone metastasis in a 62 year old patient with prostatic adenocarcinoma (Kaighn et al 

1979).  22-Rv1 cells originated from the serial propagation in mice of androgen-

dependent CWR22 prostate cancer xenografts, following castration induced remission 

and then relapse (Sramkoski et al 1999).  LNCaP-LN3 were generated from the 

parental LNCaP prostate cancer cell line following serial orthotopic implantation of 

tumour cells from a lymph node metastasis into the mouse prostate (Pettaway et al 

1996).  DU145 and PC3 prostate cancer cells were obtained from Cancer Research 

UK Laboratories, Clare Hall, Hertfordshire, UK.  22Rv1 and LNCaP-LN3 prostate 

cancer cells were obtained from the laboratory of Sir Walter Bodmer (Weatherall 

Institute of Molecular Medicine, University of Oxford, UK).  Cells lines were 

authenticated using the DNA fingerprinting service provided by Cancer Research UK 

Cell Services, utilising STR (short tandem repeat) analysis.  IGF-1R–null murine 

fibroblasts (R− cells) and isogenic R+ cells stably transfected with the CVN-IGF-1R 

plasmid expressing human IGF-1R cDNA under control of an SV40 promoter were 

from Renato Baserga (Kimmel Cancer Center, Thomas Jefferson University, 

Philadelphia, PA) (Rubini et al 1997, Sell et al 1993).  M059J and M059K 

glioblastoma cell lines were obtained from Dr. Anne Kiltie (Gray Institute for 
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Radiation Oncology and Biology, University of Oxford, UK).  All cell lines were 

regularly tested for mycoplasma infection using the MycoAlert ® detection kit (Lonza, 

UK).  DU145, 22Rv1 and LNCaP-LN3 cell lines were maintained in RPMI-1640 at 

37°C in 5% CO2.  PC3 prostate cancer cells were grown in Ham’s F12 medium at 

37°C in 5% CO2.  R- and R+ cells. were maintained in Dulbecco’s Modified Eagle 

medium (DMEM) at 37°C in 10% CO2.  M059J and M059K cells were grown in 1:1 

Ham’s F12:DMEM with 1% pyruvate (Gibco/Life Technologies Ltd., UK) and 1% 

non-essential amino acids (Gibco/Life Technologies Ltd., UK), at 37°C in 10% CO2.  

All media were supplemented with 10% fetal bovine serum (FBS), 100 units/ml of 

penicillin and 0.1mg/ml streptomycin.  In addition, the medium for the R- and R+ 

cells contained 50µg/ml geneticin sulphate (G-418, Gibco/Life Technologies Ltd., 

UK).  HEK-293 cells used in the assays for NHEJ/HR were obtained from the 

laboratory of Dr. Niedzwiedz (Weatherall Institute of Molecular Medicine, University 

of Oxford, UK) with permission from Professor Jeremy Stark (Beckman Research 

Institute of the City of Hope, CA) (Bennardo et al 2008).  They were grown in phenol 

red free DMEM with charcoal stripped 10% FCS, 100 units/ml of penicillin, 

0.1mg/ml streptomycin, 1µg/ml puromycin (prepared as 10mg/ml stock in MilliQ 

water and stored at -20°C) and 5µg/ml blasticidin (prepared as 10mg/ml stock in 

MilliQ water and stored at -20°C).  For routine passage, cells were disaggregated 

using 3mM EDTA in PBS, washed in complete medium and reseeded. 
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2.3 Cell Treatments 

2.3.1 siRNA knockdown of the IGF1R 

IGF1R (Hs_IGF1R_1, Qiagen) and All Stars negative control (Qiagen) 20µM 

siRNA stocks were stored at -20°C and thawed on ice.  Cells were seeded at 68 x 104 

cells/10cm dish and 24 hr post seeding were transfected with 50nM of the appropriate 

siRNA using Oligofectamine (OF) transfection reagent (Invitrogen/ Life 

Technologies, UK).  Briefly, for cells seeded in 10cm dishes, 6.8µl siRNA was mixed 

with 1.5ml Opti-MEM® (OM, Invitrogen/ Life Technologies, UK) and incubated for 

10 min at room temperature.  In addition, 12.3µl OF was separately incubated for 10 

min with 409µl of OM.  The OF was added to the siRNA mix and incubated together 

for 25 min at room temperature.  Cells were washed twice in PBS, and then 1.9ml of 

the siRNA complexes in addition to 777µl of OM were added to the cells in a 

dropwise fashion and incubated at 37°C for 4 hr.  Dishes were then topped up to 

10mls with media containing FCS, and additional FCS was added to make the final 

concentration of FCS in the dishes to 10%. 

2.3.2 Small Molecule Inhibitors 

AZ12253801 is a small molecule inhibitor of the IGF-1R tyrosine kinase that was 

obtained from AstraZeneca in powder form. This was reconstituted in DMSO to a 

stock concentration of 10mM and stored in aliquots at -20°C.  Aliquots were diluted 

in media to a working concentration of 1µM.  The remaining chemical inhibitors were 

all commercially available in powder form, and were dissolved in DMSO as follows:  

the DNAPK small molecule inhibitor NU7441 (#3712, Tocris Bioscience, Missouri, 

USA) at 5mM; ATM kinase inhibitor (#118500, Calbiochem, UK) at 10mM; PI3-

Kinase ATP binding site inhibitor LY294002 (#440202, Calbiochem, UK) to 20mM; 
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the p38 kinase inhibitor SB203580 (#559389, Calbiochem, UK) to 5mM stock and the 

MEK 1/2 inhibitor U0126 (#662005, Calbiochem, UK) to 10mM stock.  Single use 

aliquots of all the inhibitors were stored at -20°C for the recommended duration. 

2.3.3 Ionising radiation 

Cells were either mock-irradiated or irradiated at doses of between 1-10 Gy in an 

IBL 637 irradiator (CIS Bio International, France) containing four caesium-137 

sources of 50 TBq each (located in Biomedical Sciences, John Radcliffe Hospital).  

The approximate dose rate was 3.26 Gy/min. 

2.4 Western Blotting 

Monolayer cells were treated with solvent or active agent as the experiment 

dictated.  Cells were washed twice with chilled PBSA and collected by scraping in 

lysis buffer, either IGF-1R lysis buffer (containing 1%Triton X-100, with protease 

and phosphatase inhibitors, see appendix), RIPA buffer (containing 0.1% sodium 

dodecyl sulphate [SDS], with protease and phosphatase inhibitors, see appendix) or 

SDS lysis buffer (containing 1% SDS, with protease and phosphatase inhibitors, see 

appendix).  Lysates were incubated on ice for 30 min followed by centrifugation at 

13,000rpm for 15 min at 4°C to pellet insoluble debris.  SDS lysates were sonicated 

on ice for 10sec continuously at maximum output (Sonopuls GM70 with MS72 

microsonotrode, Bandelin, Germany) to shear DNA.  Soluble protein was quantified 

against BSA standards using the Pierce Bicinchoninic Acid (BCA) assay (Thermo 

Fisher Scientific, UK) or Bio-Rad protein assay (Bio-Rad, Life Technologies Ltd, 

UK) based on the principles of the Bradford assay (Bradford 1976), and analysed on a 

plate reader (μQuant Universal Microplate Spectrophotometer, NorthStar Scientific, 
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UK) at 562 nm and 595nm respectively. Equal amounts of protein were denatured in 

3X Laemmli Buffer (70 mM Tris pH 6.8, 5% (v/v) β-mercaptoethanol, 40% (v/v) 

glycerol, 3% (w/v) SDS, 0.05% (w/v) Bromophenol Blue) at 95°C for 5 min and 

separated by SDS polyacrylamide gel electrophoresis (SDS-PAGE) on 5% to 15% 

polyacrylamide gels depending on the size of proteins to be detected.  Proteins were 

transferred to nitrocellulose membrane (Hybond C Extra®, Amersham Biosciences, 

UK), at 35mA per 10 x 8cm gel, using the semi-dry transfer method (TE 77 PWR 

Semi-Dry Transfer Unit, Amersham Biosciences UK Ltd.) and blocked for 1 hour at 

room temperature using 5% non-fat dairy milk or 5% BSA in TBST.  Membranes 

were incubated at 4°C overnight with primary antibody, washed three times in TBST 

for 5 min on a rocker, and then secondary antibody, either HRP-conjugated goat anti-

rabbit or goat anti-mouse (Dako UK Ltd, UK) was applied for one hour at room 

temperature.  Following a further three washes in TBST for 5 min each, protein bound 

antibodies were detected by enhanced chemiluminescence (ECL+, Amersham 

Corporation, UK). 

2.5 Immunofluorescence 

Cells were grown to 80% confluence on sterile coverslips in 6-well plates, treated 

with solvent or experimental agent for 4 hours followed by irradiation at 3Gy.  This 

dose of irradiation was optimised to allow accurate counting of γH2AX foci and foci 

formed by other DNA damage repair proteins, namely 53BP1.  At specific time points 

post irradiation cells were fixed for 20 min in 4% paraformaldehyde, 0.1% Triton-X-

100 in PBS at room temperature.  Cells were permeabilised for 10 mins with 0.5% 

Triton in PBS, washed in PBS three times, blocked for 60 min in 5% BSA, 5% FCS in 

PBS at room temperature, and incubated in primary antibody in blocking solution 
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overnight at 4°C.  Negative control cells were incubated in blocking solution with no 

primary antibody.  The following day, cells were washed three times in PBS for 5 min 

with gentle rocking.  Plates were covered in foil and incubated for 1 hr with Alexa 

Fluor 488-conjugated secondary antibody (Invitrogen Molecular Probes A11029 

[mouse] or A11034 [rabbit]) at a 1:2000 dilution.  Some dual-staining experiments 

used Alexa Fluor 594-conjugated secondary antibodies (Invitrogen Molecular Probes 

A11032 [mouse] or A11037 [rabbit]).  Following three further PBS washes, 

coverslips were mounted with Fluoromount G (Southern Biotech) with DAPI (final 

concentration 2µg/ml) and allowed to dry at room temperature prior to storage in the 

dark at 4°C until analysis.  Foci were imaged and counted on an Axioskop 2 Zeiss 

microscope (Carl Zeiss Ltd., UK).   

2.6 Clonogenic Survival Assay 

2.6.1 Following small molecule inhibitor treatment 

Cells were seeded at 1000 cells/ 6 well plate, or 3000 cells /10cm dish.  Dishes 

were seeded in triplicate and the following day were treated with solvent or 

experimental drugs depending on the particular study undertaken.  After 4 hr 

incubation, dishes were irradiated and cells were incubated at 37°C in either 5% (for 

DU145, 22Rv1, PC3 and LNCaP-LN3 cells) or 10% CO2 (for M059J, M059K, R-, R+ 

cells) for between 9-11 days until discrete colonies of at least 50 cells had developed.  

Colonies were fixed in methanol:acetic acid 3:1 for 40 min and stained overnight in 

0.1% crystal violet (Sigma, UK).  Colonies were counted either manually for 6-well 

plate assays, or using a Colcount automated colony counter (Oxford Optronix, UK) 

for 10cm dishes.   
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2.6.2 Following siRNA knockdown 

siRNA transfection was carried out as described (section 2.3.1), and 48 hr post 

transfection cells were disaggregated and seeded at 3000 cells /10cm dish.  After 6 hr 

to allow adherence, cells were irradiated and incubated at 37°C for 9-11 days.  

Clonogenic survival was measured as above (section 2.6.1) 

2.7 Immunoprecipitation (IP) 

Monolayer cells were washed twice with chilled PBSA and lysed by scraping into 

IGF-1R lysis buffer.  Lysis was completed on ice for 30 mins followed by 

centrifugation at 13000rpm for 15 min at 4°C.   For Co-IP experiments, typically 1 

mg of soluble protein was pre-cleared by adding 20µl of 50% slurry of agarose-

conjugated protein A and protein G beads (Sigma) for 20-30 min at 4oC.  Beads were 

collected by centrifugation at 6500 rpm for 30sec at 4oC,  and precleared lysates were 

incubated overnight at 4°C, on a rotating wheel, with antibody at an appropriate 

concentration as recommended by the manufacturer.  IPs were collected with 30μL of 

50% slurry of agarose-conjugated protein A or protein G beads, for one hour at 4°C.  

Following three washes in IGF-1R lysis buffer, samples were boiled for 5 min in 3X 

Laemmli buffer and separated by SDS PAGE.  Proteins were transferred to 

nitrocellulose membrane and detected by western blotting as described above (section 

2.4). 

2.8 Chromatin fractionation 

Cells were grown to 80% confluence in 15cm dishes.  Monolayer cells were treated 

with either solvent or AZ12253801 for 4 hr followed by irradiation at 3Gy.  At chosen 
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time-points following irradiation cells were washed twice in ice-cold PBS, harvested 

with a cell scraper and centrifuged at 2000rpm for 3 min at 4 °C.  The supernatant was 

removed and the pellet resuspended in 180µl hypotonic Buffer A (10 mM HEPES pH 

7.9, 10 mM KCl, 1.5 mM MgCl2, 340 mM sucrose, 10% glycerol, 1mM dithiothreitol 

(DTT), 1x EDTA-free Protease Inhibitor Cocktail (Roche)).  Triton X-100 was added 

to a final concentration of 0.1% and samples were vortexed briefly.  Cells were 

incubated on ice for 5 min, centrifuged at 1,300 x g for 5 min, and the supernatant 

(cytoplasmic components) was separated from the pellet (nuclei).  The nuclear pellet 

was washed in 180µl Buffer A (10mM HEPES pH 7.9, 10mM KCl, 1.5mM MgCl2, 

340mM sucrose, 10% glycerol 1mM DTT, protease inhibitor cocktail) and 

centrifuged at 1,300 x g for 5 min.  The pellet was resuspended in 100µl of Buffer B 

(3mM ethylenediaminetretracetic acid [EDTA], 0.2 mM ethylene-glycol tetraacetic 

acid [EGTA], 1 mM DTT, Protease inhibitor cocktail), lysed on ice for 30 min and 

centrifuged at 1,700 x g for 5 min to separate the supernatant (nucleoplasmic proteins) 

from the pellet (chromatin).  The chromatin pellet was washed once with Buffer B and 

then resuspended in 100µl urea/Tris buffer (UTB: 50 mM Tris-HCl pH 7.5, 8.5 M 

urea, 150 mM β-mercaptoethanol).  Samples were sonicated for 10sec continuously at 

maximum output prior to carrying out a Bradford assay for protein quantification 

(section 2.4).  Samples were stored at -20°C, and analysed by western blotting. 

2.9 Apo-ONE® Homogeneous Caspase-3/7 Assay (Promega) 

The Apo-ONE® Homogeneous Caspase-3/7 Assay measures the activities of 

caspase-3 and 7, which are key effectors of apoptosis in mammalian cells.  The 

substrate for caspase-3/7, rhodamine 110, bis-(N-CBZL-aspartyl-L-glutamyl-L-valyl-

L-aspartic acid amide; Z-DEVD-R110), exists as a profluorescent substrate.  Caspase 
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3-like proteases are aspartate-specific cysteine proteases; cleavage occurs at the C-

terminal side of the second aspartate residue of the sequence DEVD (Asp-Glu-Val-

Asp).  Sequential cleavage and removal of the DEVD peptides by caspase-3/7 

activity, and excitation at 499nm results in intense fluorescence of the rhodamine 110 

leaving group, the intensity of which is in proportion to the amount of caspase-3/7 

cleavage activity present in the sample. The emission maximum is at 521nm.   

Cells were seeded in black 96-well plates.  Each plate included blank, solvent 

control and assay samples.  Wells with medium alone provided values for background 

fluorescence.  Cells were treated with solvent (0.0003% DMSO in complete media) or 

AZ12253801 and 4 hr later were irradiated (3Gy).  Caspase substrate (100x) and Apo-

ONE® Caspase-3/7 buffer were thawed and mixed in a 1:100 ratio to make Apo-

ONE® Caspase-3/7 Assay Reagent.  At specific time points, the reagent was added to 

wells in a 1:1 (reagent: sample volume) ratio, and gently mixed on a plate shaker at 

300-500 rpm for one hour.  Fluorescence was measured at an excitation wavelength of 

499nm and an emission wavelength of 521nm using a fluorescence plate reader 

(FLUOstar Optima, BMG LabTech, Germany).  Background fluorescence was 

measured on wells containing cell culture medium minus cells, and this value was 

subtracted from the other readings.  Values of fluorescence were expressed as % 

increase over solvent treated control values [(treated- solvent)/ solvent x 100].   

2.10 Beta galactosidase senescence assay 

The assay was carried out using the Senescence Beta Galactosidase Staining Kit 

(Cell Signalling) using the manufacturers recommendations.  Briefly, cells were 

seeded into 6-well plates and treated with solvent or AZ12253801 for 4 hr, followed 

by irradiation.  At time-points following irradiation, cells were washed once in 2ml 
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PBS, fixed with 1ml fixative solution (20% formaldehyde, 2% glutaraldehyde in PBS) 

for 10-15 min at room temperature, washed twice with 2ml PBS, and incubated 

overnight with 1ml staining solution at 37°C.  The staining solution contained (per 

ml), 930µl Staining solution (400mM citric acid/sodium phosphate pH 6.0, 1.5 M 

NaCl, 20mM MgCl2), 10µl Staining supplement A (500mM potassium ferrocyanide), 

10µl Staining supplement B (500mM potassium ferricyanide), and 50µl 20mg/ml X-

gal in dimethylformamide (DMF).  Cells were examined under an Axiovert 135 

(Zeiss) microscope (10x or 32x magnification) for development of blue colour, 

indicating expression of β galactosidase.  Primary renal cancer cells (provided by Mrs. 

Olga Perestenko, IGF Group, Weatherall Institute of Molecular Medicine) which were 

senescent following 4-5 passages in culture, were used as a positive control in the 

assay. 

2.11 Flow cytometric analysis of cell cycle distribution 

Monolayer cells grown in 10cm dishes were treated with solvent or AZ12253801, 

with or without irradiation.  At pre-defined timepoints the cell medium was aspirated 

and cells disaggregated with 3mls of warm PBS/ 3mM EDTA.  Cells were collected 

in a further 7mls of medium and centrifuged in 15ml falcon tubes at 1,500 rpm for 5 

min at room temperature (RT) to obtain a cell pellet.  Cells were resuspended by 

flicking the cell pellet and then adding 200µl of PBS and pipetting 8-10 times.  Cells 

were fixed by adding 1ml of ice cold 80% ethanol to the falcon tube whilst on slow 

vortex to avoid cell clumping. Fixed cells were stored at -20°C until further analysis if 

not performed immediately.  For flow cytometric analysis of cell cycle distribution, 

cells were re-hydrated in 4mls of PBS containing 1% BSA (PBSB) and centrifuged  at 

2,000 rpm for 5 min at RT.  The pellet was resuspended in 1ml of PBSA containing 
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0.25% Triton X-100 and placed on ice for 10 min.  Then, 5mls of PBSB were added 

and the cells centrifuged again at 2000rpm for 5 min at RT.  The pellet was washed 

twice with PBSB and resuspended in 200µl PBSA containing 10µg/ml propidium 

iodide (PI) (from 1mg/ml stock in water) and 100µg/ml RNAse (from 10mg/ml stock 

in 50mM Tris-HCl, pH 7.4, and 50%glycerol) and transferred to flow tubes.  Samples 

were incubated at RT for 30 min, 300µl PBS was added and then stored at 4°C for up 

to one hour until analysis.  Cells were analysed using the CyAn ADP Analyzer 

(Beckman-Coulter, UK) with FlowJo 7.6.5 software cell cycle analysis programme 

(www.flowjo.com). 

2.12 RNA Extraction 

The RNeasy® kit (Qiagen, UK) was used according to manufacturer’s 

recommendations to extract total RNA.  Approximately 106-107 cells grown in 

monolayer in 15cm dishes were washed with PBS and lysed in Buffer RLT containing 

β-mercaptoethanol (Sigma, St. Louis, MO, USA). The resulting highly viscous lysate 

was homogenised by passage through a 20-gauge needle a minimum of 5 times.  

Following homogenisation, 1 volume of 70% ethanol was added to the lysate before 

applying the lysate to a silica-membrane column.  After centrifugation for 15s at 

13,000rpm, the silica-bound RNA was washed once with Buffer RW1 and an on-

column DNA digestion with DNase (RNase-free DNase set, Qiagen, UK) was 

performed.  The column was washed twice with Buffer RPE with added ethanol, 

following which total cellular RNA was eluted from the column with 30µl of RNase-

free water.  RNA concentration was assessed by spectrophotometry, by measuring the 

UV absorbance at 260nm using the ND-1000 spectrophotometer (Nanodrop 

Technologies, Wilmington, DE, USA) supported with NanoDrop version 3.5.2 

http://www.flowjo.com/
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software.  Spectrophotometric RNA quantification was carried out using a 

modification of the Beer-Lambert equation,  

c = (A x e)/b 

where c is the nucleic acid concentration in ng/microliter, A is the absorbance in AU, 

e is the wavelength-dependent extinction coefficient (RNA: 40 ng-cm/µl) and b is the 

path length in cm.  Purity was determined by the ratio of absorbance at 260nm versus 

280nm, ideally ~2.0 for RNA.  The 260/230 absorbance ratio was used as a secondary 

measure of RNA purity, with values often higher than the 260/280 ratio, and in the 

range 1.8-2.2.  An appreciably lower 260/280 or 260/230 ratio might indicate the 

presence of contaminants.  RNA was stored at -80°C.  

2.13 Gene Expression Microarray analysis 

Monolayer cells in 15cm dishes were treated with solvent or 60nM AZ12253801.  

After 4 hr incubation, half the dishes were irradiated at 5Gy.  At 4 hr post irradiation 

(8 hr post treatment) RNA was extracted from the cells as described above (section 

2.12).  Microarray analysis was performed at the Cancer Research UK Paterson 

Institute Microarray Service (Paterson Institute for Cancer Research, University of 

Manchester, UK), using the Affymetrix GeneChip® Human Exon 1.0 ST Array 

platform.  The analysis required 500ng of total RNA with a minimum concentration 

of 100ng/µl.  The quality of the RNA was checked at the Paterson Institute on an 

Agilent bioanalyser (Agilent Technologies UK Limited, Cheshire, UK).  Expression 

data were uploaded onto the online microarray database MIAME VICE.  Data 

analysis was performed by Stephen Taylor, (Head of Computational Biology 

Research Group, Weatherall Institute of Molecular Medicine, Oxford, UK), to 

generate a  list of transcripts regulated by radiation and/or AZ12253801, filtered by 
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their B-value, the log-odds that a gene is differentially expressed between the 

conditions.  A B-value >3 is equivalent to a >95% chance that the gene is 

differentially expressed.   

2.14 Reverse Transcription (RT) 

cDNA was synthesised by reverse transcribing total RNA using the High Capacity 

cDNA Kit (Applied Biosystems/Life Technologies Ltd., UK) according to the 

manufacturer’s instructions.  Briefly, 2µg of total RNA was added to nuclease-free 

water to a final volume of 10µl in each PCR tube.  A reaction mastermix was 

prepared, comprised of 2µl of 10x RT Buffer, 2µl of 10x Random Primers, 0.8µl of 

25x dNTPs, 1.0µl of reverse-transcriptase and 4.2µl of nuclease-free water per 

reaction, and 10µl of mastermix was added to each PCR tube. A negative control 

reaction containing RNA but no reverse transcriptase was also set up.  Reactions were 

placed in a DNA Engine Dyad® Peltier Thermal Cyler (MJ Research, Waltham, MA, 

USA) and incubated at 25°C for 10 min, 37°C for 2 hours, 85°C for 5 min and then 

4°C until storage of the cDNA at -20°C prior to further analysis.   

2.15 Real time quantitative Polymerase Chain Reaction (qRT-

PCR) 

2.15.1 Primer design 

Primers for qRT-PCR were designed and their specificity checked using the web-

based National Centre for Biotechnology Information (NCBI) Primer BLAST (Basic 

local alignment search tool) programme (www.ncbi.nlm.nih.gov/tools/primer-blast/).  

NCBI mRNA reference sequence accession numbers (RefSeq) were used for the 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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generation of primers for each gene of interest.  Primers were designed to have a GC 

content of 50-60%, melting temperature (Tm) of between 50°C and 65°C, and 

avoidance of long (>4) repeats of single bases and 3ˈ complementarity.  Amplicon 

length was between 75-200 bases.  The primers were synthesised by Invitrogen (Life 

Technologies Ltd., UK) and the sequences (5ˈ→3ˈ) were as follows: 

Short-chain dehydrogenase/reductase 3  (DHRS3)  

RefSeq: NM_004753.4 

Forward primer GCGCGCTGGTGATGTTCCCT 

Reverse primer: CGACAGGTCCCGCAGCTTGG 

 

Kinesin family member 20A (KIF20A)  

RefSeq: NM_005733.2 

Forward primer: TGTGCTCTGCGGCTGCGAAA 

Reverse primer CAAGCCCGCTGGCGGAGAAA 

 

Primers used to quantify expression of housekeeping genes (HKG) were previously 

designed and used in the laboratory: 

 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

RefSeq: NM_002046.4 

Forward primer: AGCCACATCGCTCAGACAC 

Reverse primer: GCCCAATACGACCAAATCC 

 

Tubulin alpha 1c (TUBA 1c) 

RefSeq: NM_032704.3 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&doptcmdl=GenBank&term=NM_004753.4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&doptcmdl=GenBank&term=NM_005733.2
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Forward primer: CCCCTTCAAGTTCTAGTCATGC 

Reverse primer: ATTGCCAATCTGGACACCA 

 

Hypoxanthine phosphoribosyltransferase 1 (HPRT1) 

RefSeq: NM_000194.2 

Forward primer: TGACCTTGATTTATTTTGCATACC 

Reverse primer: CGAGCAAGACGTTCAGTCCT 

2.15.2 qRT-PCR  

qRT-PCR was performed on the Rotor Gene 3000® qPCR System (Corbett 

Research, Sydney, Australia) using the SensiMixTM SYBR kit (Bioline Ltd., UK).  The 

Mastermix was provided as a 2x mix containing SYBR® Green I dye, dNTPs, heat 

activated DNA polymerase and MgCl2 (6mM).  The PCR reaction consisted of 10µl of 

the Mastermix, 1µl (0.5µM final concentration) each of forward and reverse primers, 

2µl (20ng) template cDNA and nuclease free water to a final volume of 20µl.  

Conditions for the PCR were 2 min at 50°C, 10 min at 95°C and then 40 cycles, each 

consisting of 15 seconds at 95°C, and 1 min at 60°C.  All reactions were carried out in 

triplicate.  A no-template control (NTC) using nuclease-free water instead of cDNA 

was used as a negative control to exclude cross-contamination of reagents and 

surfaces.  A mock reverse transcription reaction excluding reverse transcriptase 

enzyme (section 6.13) served as a ‘no amplification control’ (NAC) to exclude 

contaminating genomic DNA from RNA preparations.  
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2.15.3  qRT-PCR Optimisation 

The most stable HKG was screened and selected from a panel of 3 commonly used 

HKGs, GAPDH, TUBA 1c and HPRT1, using Normfinder software, based on 

analysis previously described (Andersen et al 2004).  PCR amplification efficiency 

was compared for both the HKG and the target gene of interest, by carrying out a PCR 

reaction with 10-fold serial dilutions of the template cDNA covering a range from 50 

to 0.5ng.  The CT values were plotted against the log10 RNA dilution; slopes of the 

resultant lines were compared by nonlinear regression analysis and a p-value for the 

difference was generated. 

2.15.4 Relative quantification of levels of mRNA of the target genes of interest 

Relative quantification was carried out using the 2-∆∆CT method (Livak and 

Schmittgen 2001) to express a fold-difference in levels of the target nucleic acid in 

treated samples versus controls.  mRNA expression levels of a reference HKG were 

used as a normalizer to account for differences in loading between samples.  Solvent 

treated samples were used as the calibrator against which fold-changes in expression 

levels were measured.  In brief, first the threshold cycle (CT) of the target gene was 

normalised to that of the reference (ref) gene, for both the test sample and the 

calibrator sample: 

∆CT (test) = CT (target, test) – CT (ref, test) 

∆CT (calibrator) = CT (target, calibrator) – CT (ref, calibrator) 

Then, the ∆CT of the test sample was normalized to the ∆CT of the calibrator. 

∆∆CT  = ∆CT (test) – ∆CT (calibrator) 
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Finally, the expression ratio was calculated as: 

2–∆∆CT  = Normalized expression ratio 

2.16 Reporter assays for NHEJ and HR 

2.16.1 Transient transfection reporter assay 

The firefly luciferase reporter plasmid pGL2-control (Promega, Madison, WI) was 

utilised to measure the rejoining of linear DNA, adapted from the method of Bau et al 

(Bau et al 2004).  This plasmid contains a luciferase reporter gene and a beta-

lactamase (Ampicillin resistance) gene (figure 2.1).  For the NHEJ assay, linearization 

of the plasmid was achieved utilizing two different restriction enzymes. Bam HI 

cleavage results in 4 base pair long overhangs at the 5ˈ end.  pGL2 plasmid digestion 

with Bam HI results in linearization away from the luciferase reporter which remains 

intact, and this serves as a control for transfection efficiency within the assay.  Hind 

III cleavage also results in 4 base pair long 5ˈ overhangs, and linearization with Hind 

III between the luciferase promoter and coding sequence results in interruption of the 

expression of luciferase.  Both forms of linear plasmid were transiently transfected 

into cells.  Rejoining of the promoter and the coding sequence by NHEJ resulted in 

restoration of luciferase signal, which was detected by luminometry.  HR cannot be 

utilized for repair of the break as there is no sequence homologous to the luciferase 

reporter plasmid present in the human genome (Bau et al 2004).   
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Figure 2.1: pGL2 luciferase reporter plasmid used in the NHEJ assay 
Diagrammatic representation of the 6074 base pair pGL2 plasmid showing the unique restriction sites 
for Bam HI and HindIII, and the ampicillin resistance gene.  Other restriction enzyme digestion sites 
are also present but have been omitted for clarity.  Modified from ‘pGL2 Luciferase Reporter Vectors’ 
technical manual, Promega. 

 

2.16.1.1 Bacterial Transformation 

Bacteria are readily transformed by circular DNA, but extremely inefficiently by 

linear DNA, which is rapidly degraded by native exonucleases (Biswas et al 1995, El 

Karoui et al 1999).  E. coli JM109 competent cells (Promega, Madison, WI) were 

thawed on ice, and 1ng of pGL2 plasmid DNA was mixed with 200µl competent cells 

and incubated on ice for 20 min.  The cells were heat-shocked at 42°C for 45sec and 

transferred immediately to ice for 5 min.  The mixture was added to 1ml lysogeny 

broth (LB) and incubated with shaking at 37°C for 60 min, and then 100 µl of the 

incubation mixture (10% plate) was plated out on LB agar containing 100µg 

ampicillin.  The remaining 900µl was centrifuged at 13,000 rpm for 30sec, the pellet 

was re-suspended in 200µl LB and spread onto a second agar plate (90% plate).  

Plates were incubated at 37°C overnight and the following day an individual colony 

was selected for inoculation of a starter culture for a maxi prep, for plasmid DNA 

purification. 
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2.16.1.2 Plasmid DNA purification using Qiagen Plasmid Maxi kit  

Plasmid DNA was purified using the Qiagen EndoFree Plasmid maxi Kit. An 

individual bacterial colony containing the pGL2 plasmid was used to inoculate a 

starter culture of 10mls of LB containing 60µg/ml of ampicillin, the selective 

antibiotic.  The culture was incubated for approximately 8 hr at 37°C, with vigorous 

shaking at 300rpm.  This culture was diluted 1/1000 into LB medium containing 

60µg/ml ampicillin and grown at 37°C for 12-16 hr with vigorous shaking at 300rpm.  

Bacterial cells were harvested by centrifugation at 6000 x g for 15 min at 4°C, and 

resuspended in 10ml of buffer P1containing 100µg/ml RNase A.  The suspension was 

resuspended completely by vortexed to ensure no clumps remained.  10ml of buffer 

P2 was added to the suspension, and the lysate mixed thoroughly by vigorously 

inverting the tube 4-5 times, followed by incubation at room temperature for 5 min.  

10ml of chilled buffer P3 was added to the lysate to precipitate genomic DNA, 

proteins and cell debris, mixed by vigorously inverting 4-5 times, and then poured 

into the barrel of a QIAfilter cartridge.  The cartridge was incubated at room 

temperature for 10 min.  The cap was removed from the cartridge nozzle and the cell 

lysate was filtered into a 50ml tube, to which 2.5ml of buffer ER was added, mixed by 

inverting and incubated on ice for 30 min.  The filtered lysate was applied to a 

equilibrated Qiagen-tip, and allowed to enter the resin by gravity flow.  The tip was 

washed twice with 30ml of buffer QC to remove all contaminants, followed by elution 

of the resin-bound DNA with 15ml buffer QN.  DNA was precipitated by the addition 

of 10.5ml of room temperature isopropanol, mixed, and centrifuged immediately at 

≥15.000 x g for 30 min at 4°C.  The supernatant was decanted carefully, the DNA 

pellet washed with 5ml of endotoxin-free 70% ethanol at room temperature, followed 

by centrifugation at ≥15.000 x g for 10 min.  The supernatant was decanted carefully, 
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the DNA pellet was air-dried for 5-10 min followed by dissolution in 300µl of 

endotoxin-free buffer TE.  DNA concentration was determined by UV 

spectrophotometry at 260nm and qualititative analysis on agarose gel.  

2.16.1.3 Restriction enzyme digestion for linearization of pGL2 plasmid 

For linearization of circular plasmid, the restriction digests contained 50µg of 

plasmid DNA, 10x buffer appropriate to restriction enzyme (5µl), 100x BSA (for Bam 

HI only, 0.5µl, final concentration 0.05µg/ml), restriction enzyme (Bam HI or 

HindIII, 5µl) and distilled water to make up total volume to 50µl.  The digest was 

incubated at 37°C for 6 hr and subsequently 1µl was analysed by agarose gel 

electrophoresis on a 1% agarose gel to confirm complete digestion.  The remainder 

was aliquoted and stored at -20°C until gel purification.   

2.16.1.4 Gel extraction and purification of linearized plasmid 

The QIAquick gel extraction kit (Qiagen, UK) was utilized according to the 

manufacturer’s protocol.  Briefly, the restriction digest was analysed by 

electrophoresis on multiple wells of a 1% agarose gel, and linearized DNA fragments 

were carefully excised with a clean scalpel trimming off any excess agarose.  The 

fragments were weighed in a colourless eppendorf tube up to a maximum of 400mg 

per extraction column.  Three volumes of buffer QG were added to one volume of gel 

(100mg ~100µl).  Tubes were incubated at 50°C for 10 min, vortexing every 2-3 min 

during the incubation to help dissolve the gel.  Once dissolved completely, the colour 

of the mixture was yellow, indicating a pH of ≤7.5, at which adsorption of DNA to the 

QIAquick membrane was optimal.  One gel volume of isopropanol was added to the 

mixture, which was applied to a QIAquick spin column in a 2ml collection tube and 

centrifuged at 13,000 rpm for 1 min.  The flow-through was discarded and 0.5ml of 
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buffer QG was added to the column and centrifuged for 1 min.  To wash, 0.75ml of 

buffer PE was added to the column, allowed to stand for 2-5 min, and centrifuged for 

1min at 13,000 rpm.  The flow-through was discarded and a further 1 min 

centrifugation performed.  For elution of the DNA, 50µl of buffer EB (10mM Tris-Cl, 

pH 8.5) was added to the centre of the QIAquick membrane, allowed to stand for 1 

min, then centrifuged for 1 min at 13,000 rpm.  DNA concentration was determined 

by UV spectrophotometry (Nanodrop) evaluation and the samples were stored at -

20°C.  Bacterial transformation was carried out as in section 2.16.1.1 to determine any 

contamination of linearized plasmid with uncut circular plasmid.  Bam HI linearized, 

Hind III linearized and circular pGL2 plasmid were all plated out on 10%  and 90% 

plates separately.  Plates were incubated at 37°C overnight and the following day, 

colonies were counted and expressed as number of colony forming units (cfu)/µg of 

DNA. 

2.16.1.5 Transfection of linearized plasmid  

DU145 cells were seeded in a 6-well plate at 11.25 x 104 cells per well.  The 

following day, a 50nM siRNA transfection was carried out into triplicate wells of a 6-

well plate as described in section 2.12, with volumes adjusted for a 6-well plate 

format.  A further 48 hr later, linearized plasmid DNA was transfected into cells.  

Briefly, 4µl of TransIT reagent (Mirus, ratio of DNA:reagent 1:2) was added to 200µl 

Optimem and incubated for 15 min.  Then 2µg of the appropriate linearized plasmid 

was added and incubated for a further 15 min, followed by 4µl of TransIT boost 

reagent (ratio of DNA:boost reagent 1:2) and incubated for 15 min.  The complexes 

were added dropwise onto the cells, and luciferase assays were performed 24 hr later. 
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2.16.1.6 Luciferase assay  

The Promega Luciferase Assay System (Promega, Madison, WI) was used as per 

manufacturer’s guidelines.  Briefly, medium was aspirated off the cells, which were 

washed once in 0.5ml PBS.  Then 100µl passive lysis buffer was added to each well, 

and the plates vigorously rocked at room temperature for 45 min.  Lysates were 

pipetted vigorously to break up clumps of cell debris, and 20µl samples of each lysate 

were transferred to the wells of white opaque 96-well plates (Corning).  Following 

addition of 50µl luciferase assay reagent (LAR), the luminescence was measured on a 

luminescence plate reader (FLUOstar Optima, BMG LabTech, Germany).  A protein 

assay was performed on each lysate (as in section 2.4) and the luminescence values 

were corrected for protein content.  The results were expressed as: 

 

The remaining lysates were used for western blot analysis to confirm knockdown 

of target proteins. 

2.16.2 Integrated Reporter assays 

NHEJ and HR reporter HEK293 cell lines each contained an integrated GFP 

reporter: EJ5-GFP for the NHEJ assay or DR-GFP for the HR assay, and stable 

expression of the TST fusion protein for inducible I-Sce I activation.  The reporters 

had been designed in such a way that repair of I-Sce-I endonuclease induced DSBs by 

either NHEJ or HR restored GFP expression, which could be detected by flow 

cytometry.  The generation of the plasmids used for these assays and the methodology 

have been previously described (Bennardo et al 2008) and in figure 2.2, and 
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permission was obtained from Professor Jeremy Stark (Beckman Research Institute of 

the City of Hope, CA) for use of these NHEJ and HR reporter HEK293 cell lines.   

Cells were grown in 6cm dishes to approximately 60% confluence, and were 

treated with solvent (control), AZ12253801 or the DNAPKcs inhibitor NU7441 for 4 

hours, the latter being used as an inhibitor of NHEJ.  The tamoxifen analogue 4-

hydroxytamoxifen (4OHT) was added for 24 hours, then removed and replaced with 

fresh medium containing either AZ12253801 or NU7441, and 72 hours after the 

addition of 4OHT, cells were collected in 1x trypsin/PBS/EDTA.  Cells were pelleted 

and fixed by re-suspending in 1ml of 4% paraformaldehyde for 10 min at room 

temperature.  Cells were centrifuged at 2,000 rpm for 5 min, re-suspended in 1ml 

PBSA to wash, centrifuged again, resuspended in 500µl PBSA and transferred to flow 

tubes.  Flow cytometric analysis was carried out on a CyAn ADP Analyzer 

(Beckman-Coulter) using FlowJo 7.6.5 software (www.flowjo.com). 

 

http://www.flowjo.com/
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Figure 2.2: Plasmids used in the NHEJ/HR assay for DNA repair  
A) The TST expression vector was designed for inducible activation of I-Sce-I.  It comprises a mutant 
form of the oestrogen receptor ligand binding domain (TAM) fused to both ends of I-Sce-I (TAM-I-
Sce-I-TAM or TST).  In the absence of 4-hydroxytamoxifen (4OHT), I-Sce-I cannot bind and cut 
DNA, but can in the presence of 4OHT.  The TST expression plasmid had been co-transfected with a 
blasticidin resistance plasmid when generating stable cell lines. B) The total NHEJ reporter plasmid 
EJ5-GFP contains a promoter and  GFP coding sequence separated by a puromycin (puro) resistance 
gene, which is flanked by two I-Sce-I restriction sites in the same orientation. Induction of I-Sce-I 
expression leads to excision of the puro gene and repair of the cut ends by NHEJ, joining the promoter 
to GFP cDNA allowing expression of GFP. C) The HR reporter DR-GFP comprises two differentially 
mutated GFP genes orientated as direct repeats, and separated by a puro resistance gene.  In repeat 
SceGFP, 11bp of wild type GFP sequence is substituted by a I-Sce-I site.  The substituted base pairs are 
flanked by stop codons to terminate transcription and inactivate the protein.  When a DSB is generated 
in SceGFP, homologous sequence in the downstream repeat iGFP allow repair by HR, restoration of 
the GFP coding sequence and green fluorescence.  Diagrams and descriptions adapted from (Bennardo 
et al 2008, Pierce et al 1999).  
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2.17 Statistical analysis 

Data were analysed using Office Excel 2003 (Microsoft) and GraphPad Prism 5 

(GraphPad Software Inc, USA).  Statistical significance was determined using either a 

t-test for differences between two separate treatment groups, one-way ANOVA for 

differences between three or more treatment groups, or a two-way ANOVA for trends 

between treatment curves.  A p-value for significance was calculated.   
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3 Chapter III: Expression and subcellular distribution of 

the IGF-1R in Clear Cell Renal Cell Carcinomas 

3.1 Introduction 

The presence and level of expression of the IGF-1R in ccRCC is reported to confer 

a poor prognosis (Parker et al 2003, Parker et al 2002).  A previous study from our 

group had investigated the effects of VHL on IGF1R expression and had found that 

VHL suppresses IGF1R transcription, principally via sequestration of Sp1.  In that 

study, IGF1R mRNA was detected in all tested samples of ccRCC, and was present at 

levels significantly higher than benign kidney (Yuen et al 2007).  This was in contrast 

with previous studies reporting that 40-50% of ccRCCs lack IGF-1R by 

immunohistochemistry (Parker et al 2003, Parker et al 2002, Parker et al 2004).  The 

study of Yuen et al had not examined IGF-1R at the protein level.  Therefore it was 

decided to investigate this apparent inconsistency by assessing a larger panel of 

ccRCCs than had been previously investigated by Yuen et al, for IGF-1R by 

immunohistochemistry. 

3.2 Results  

3.2.1 Optimisation of IGF-1R immunostaining: 

Conditions for immunostaining were carefully optimised on whole mount ccRCC 

specimens prior to staining of ccRCC tumour microarrays (TMAs).  The initial 

conditions were based on optimisation performed in our laboratory (Turney et al 

2010), with further testing of a range of primary antibody concentrations and 
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conditions for antigen retrieval.  Appropriate controls were included namely omission 

of primary antibody to exclude non-specific staining attributable to the secondary 

antibody, utilisation of peptide block to assess quenching of signal from the primary 

antibody (figure 3.1) and comparison of signal from control or cells with siRNA 

induced IGF-1R depletion, to determine specificity of staining (figure 3.2).   

 

 

Figure 3.1: IGF-1R immunohistochemistry: signal attenuated by peptide block.   
A) Staining of a ccRCC tumour with IGF-1R antibody (Cell Signaling Cat.no. 3027) using the final 
optimised protocol.  B) Staining of an adjacent section of the same ccRCC, following pre-absorption of 
the IGF-1R antibody by incubation with excess of blocking peptide corresponding to the epitope to 
which the antibody was raised (obtained from Cell Signalling).  (10x objective) 
 

 
 
Figure 3.2: IGF-1R immunohistochemistry: staining of MCF7 control cells and cells with siRNA 
mediated IGF-1R depletion 
A) Positive staining of control MCF7 cells stained with IGF-1R antibody (Cell Signaling Cat.no. 3027, 
concentration 1:75) B) Reduced staining of MCF-7 cells following IGF-1R knockdown using the same 
antibody. (20x objective) 
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The optimal conditions for IGF-1R staining were selected with the help of 

Uropathologist Dr. Gareth Turner.  The chosen protocol was capable of discriminating 

between control and IGF-1R depleted MCF7 cells (figure 3.2).  These conditions 

(section 2.1) were used to stain 198 cases of ccRCC on three TMAs (TA38, TA71 and 

TA74).  In total, 89% of tumours stained positive for IGF-1R, with considerable 

heterogeneity in the staining pattern between and within individual tumours.  The 

presence of IGF-1Rβ staining in the nucleus was the most striking feature as this was 

a novel finding not previously reported.  Therefore, the subcellular distribution of 

IGF-1R in ccRCC was investigated, assessing the intensity and extent of staining in 

the cell membrane, cytoplasm and nucleus as described in Materials and Methods 

(section 2.1).   

3.2.2 Sub-cellular distribution, extent and intensity of IGF-1R staining in a 

panel of ccRCCs and correlation with survival: 

The ccRCCs were scored for IGF-1R positivity in the membrane, cytoplasm and 

nucleus separately.  Representative staining patterns for intensity are shown in Figure 

3.3.  TMA scoring was verified by Dr. Gareth Turner.  It was observed that almost 

half of all tumours were positive for nuclear IGF-1R staining (figure 3.4A).  Of the 

nuclear IGF-1R positive tumours, just over half had moderate to high intensity of 

nuclear staining (Figure 3.4B) and the same proportion had an extensive distribution 

of nuclear IGF-1R within the tumour (Figure 3.4C).   
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Figure 3.3: IGF-1R immunostaining of ccRCC tumour arrays 
Intensity of IGF-1R staining in the membrane, nucleus and cytoplasm.  (A) Tumour negative for 
cytoplasmic, membrane and nuclear staining; (B) Tumour with 3+ positive cytoplasmic, membrane and 
nuclear staining.  C) Panels show tumours with representative IGF-1R staining, intensity quantified as 
1+, weak; 2+, moderate; 3+, strong, in the cell membrane, cytoplasm and nucleus.  Bar represents 
50µm. 
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Figure 3.4: Analysis of IGF-1R staining on ccRCC tumour arrays 
A) Percentage of tumours showing membrane, cytoplasmic or nuclear staining.  B) Variation in 
intensity of IGF-1R staining in tumours positive for nuclear IGF-1R, quantified as 1, weak; 2, 
moderate; 3, strong. C) Variation in extent of IGF-1R staining in tumours positive for nuclear IGF-1R, 
quantified as 1, focal (1-10%); 2, moderate (10-50%) and 3, extensive (>50% of cells).  Numbers 
within columns signify the actual % value. 
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Clinical data, held on the Urology Database of the Department of Medical 

Oncology, were available on 195 of the 198 ccRCC cases on the TMAs.  Of the 195 

cases, 70% were male (n=135) and 30% female (n=60).  The mean age of the patients 

at time of surgery for their ccRCC was 62 years (SD 11, range 27yrs-87yrs).  Mean 

tumour size was 8cm (SD 3.4, range 2-20cm) and pathological grading of tumours 

showed 10% to be grade 1 (n=20), 51% grade 2 (n=99), 27% grade 3 (n=52) and 12% 

grade 4 (n=23).  Data on tumour necrosis was available in reports from 131 patients of 

which 42% (n=55) had necrosis as a feature.  Staging of tumours showed 24% to be 

T1 (n=47), 12% T2 (n=23), 62% T3 (n=121) and 2% T4 (n=4).  Mean overall survival 

(defined as time from surgery until death or last follow-up) was 308 weeks (median 

260, range 0.5-1138 weeks).  IGF-1R IHC scores were correlated with these clinical 

parameters (tabulated in appendix 7.1), and analysis was performed by statistician 

Cheng Han and Urology database manager Neviana Kilby (Dept. of Medical 

Oncology).  There was no significant correlation between intensity or extent of 

cytoplasmic and membranous IGF-1R staining and age, gender, tumour grade, stage 

or presence of necrosis.  Larger tumours appeared to have a lower intensity and extent 

of membranous IGF-1R staining (p<0.001 and <0.003 respectively).  Intensity of 

nuclear IGF-1R was negatively correlated with both tumour grade (p<0.02) and 

pathological stage (p<0.01) but the small numbers of ccRCC cases at both the lowest 

and highest tumour grades and stages may have had some bearing on this result.   

Multivariate analysis for survival was performed on clinical parameters including 

IGF-1R IHC to assess the effect of known or novel prognostic indicators.  Tables 3.1 

and 3.2 highlight the parameters that showed a statistically significant correlation with 

survival in the multivariate analysis. 
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 Hazard ratio 95% Conf. 
Interval 

Better survival p-value 

Age 2.32 1.58 – 3.41 Young < 0.001 
Tumour size 1.76 1.19 – 2.62 Small 0.005 
Grade 1.55 1.22 – 1.98 Low < 0.001 
Tumour stage 1.46 1.15 – 1.85 Low 0.002 
Nuclear IGF-1R 1.25 1.04 – 1.50 Low 0.005 
 
Table 3.1: Multivariate analysis of factors correlating with survival based on intensity of IGF-1R 
staining 

 
 Hazard ratio 95% Conf. Interval Better survival p-value 
Age 2.27 1.57 – 3.27 Young < 0.001 
Grade 1.51 1.19 – 1.91 Low 0.001 
Tumour stage 1.48 1.17 – 1.87 Low 0.001 
Nuclear IGF-1R 1.23 1.07 – 1.41 Low 0.003 
 
Table 3.2: Multivariate analysis of factors correlating with survival based on extent of IGF-1R 
staining 
 
 

Thus, survival was significantly longer in patients with younger age, smaller 

tumour size, lower tumour grade and lower stage.  Small tumours <5cm, lower stage, 

and lower tumour grade (1 or 2) are established as favourable prognostic factors in 

ccRCC, and form part of the SSIGN algorithm used to determine survival from 

ccRCC (Frank et al 2002). Young age has also been linked to improved disease-

specific and recurrence free survival (Sanchez-Ortiz et al 2004).  Importantly, there 

was a significant correlation between nuclear IGF-1R and survival, with higher 

intensity of staining (p=0.005) and more extensive distribution (p=0.003) of staining 

both associated with a poorer prognosis.  There was no correlation between survival 

and intensity of membrane or cytoplasmic IGF-1Rβ staining (p=0.98 and p=0.75 

respectively).  The Kaplan-Meier curve for survival by intensity of nuclear IGF-1R is 

shown in figure 3.5. 
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3.2.3 Transitional cell carcinomas (TCC) of the renal pelvis 

Included in the ccRCC TMAs were six cases of TCC of the renal pelvis.  All six 

tumours demonstrated nuclear and cytoplasmic IGF-1R staining, with intense nuclear 

staining (3+) in 5 out of the 6 cases (figure 3.6).  It would thus be very interesting to 

look at a panel of TCCs of the bladder and assess the sub-cellular distribution of IGF-

1R in those cases. 
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Figure 3.5: Kaplan-Meier Survival Curve for 195 ccRCC patients by intensity of nuclear IGF-1R  
Nuclear nil, present and heavy correspond to IHC nuclear intensity scores of 0, 1+2, and 3 respectively.  
The graph demonstrates worse survival with increasing intensity of nuclear IGF-1R staining (p=0.005). 
 

 

 

Figure 3.6: Presence of nuclear IGF-1R in transitional cell carcinomas of the renal pelvis. 
A) 3+ nuclear staining intensity and 3+ cytoplasmic staining intensity and B) 2+ nuclear staining 
intensity and 3+ cytoplasmic staining intensity in two separate TCCs of the renal pelvis. (20x 
objective). 
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3.3 Discussion  

This analysis demonstrated that the majority of ccRCC tumours, almost 90%, were 

positive for IGF-1R, consistent with the high frequency of IGF-1R expression seen at 

the RNA level in our previous study (Yuen et al 2007), and in contrast to the work by 

Parker et al (Parker et al 2003, Parker et al 2002, Parker et al 2004).  This analysis 

also demonstrated that approximately 50% of ccRCCs were positive for nuclear IGF-

1R, some tumours containing intense and extensive IGF-1R staining.  The analysis of 

ccRCCs carried out by Parker et al demonstrated a poor prognosis associated with the 

presence of IGF-1R in ccRCC, particularly in women (Parker et al 2002), and in early 

stage, high grade disease (Parker et al 2004).  They examined IGF-1R staining as a 

dichotomous variable, being either present or absent, and also the extent of staining, 

whether greater than or less than 50% (Parker et al 2002).  Membrane positivity was 

demonstrated, but nuclear IGF-1R staining was not reported.  The current study has 

also suggested that IGF-1R has an adverse prognostic significance in ccRCC, but only 

the nuclear component showed this association.   

It is possible that differences in immunohistochemistry techniques might account 

for the discrepancy in results seen between Parker et al and this work.  Differences in 

the IGF-1R antibody used might contribute to the differential results seen.  Parker et 

al used a monoclonal IGF-1R antibody (clone 24-31) (Soos et al 1992) targeting the 

alpha subunit of the IGF-1R which, in a previous report from our group (Turney et al 

2010), was seen to give more prominent membrane staining when compared with the 

beta subunit antibody (3027) used in this work (Turney et al 2010).  However, using 

the 24-31 antibody with the same antigen retrieval used here, a similar pattern of 

nuclear IGF-1R was seen in prostate cancer compared with adjacent sections stained 

with the 3027 polyclonal antibody (Aleksic et al 2010).  Differences in antigen 
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retrieval may also influence staining patterns.  Previous work from our group using 

the same 3027 antibody with a milder antigen retrieval protocol had not shown 

evidence of nuclear IGF-1R (Turney et al 2010).  However, a similar IHC protocol 

used by Klinakis et al did appear to show nuclear positivity, although the authors did 

not comment on this (Klinakis et al 2009).  If either of the above reasons limited the 

detection of nuclear IGF-1R by Parker et al, then a proportion of tumours expressing 

solely nuclear IGF-1R would not be included in the results.  Ongoing work by others 

in our group has demonstrated nuclear IGF-1R staining in prostate and breast cancers, 

and results are awaited on correlation with clinical parameters.  This study has 

demonstrated the presence of nuclear IGF-1R in TCCs of the renal pelvis, and in 

future, it will also be interesting to assess IGF-1R subcellular localisation in other 

urological tumours, including TCCs of the bladder. 

The association of nuclear IGF-1R with an adverse prognosis suggests that this 

phenomenon may contribute to an aggressive phenotype.  Further work to identify the 

mechanism and role of nuclear IGF-1R translocation has formed the basis of a 

separate project within our laboratory.  This has revealed that cell surface IGF-1R 

undergoes ligand-dependent translocation to the nucleus following clathrin mediated 

endocytosis, with a potential role in transcriptional regulation.  These data together 

with the ccRCC TMA analysis were incorporated into a published paper (Aleksic et al 

2010).  Another group has also reported nuclear IGF-1R import, and suggest that this 

process is SUMOylation-mediated and associated with a possible transcriptional role 

(Sehat et al 2010), although the precise function of the IGF-1R in the nucleus is as yet 

unclear.  Very recently there have been two further reports implicating nuclear IGF-

1R in regulation of its own expression (Sarfstein et al 2012), and in resistance to the 

EGFR inhibitor Gefitinib (Bodzin et al 2012).  However, the results reported in this 
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thesis are to date the only data that have tested the association of nuclear IGF-1R with 

patient survival.  In light of its prognostic implications in ccRCC, and its presence in 

prostate and bladder carcinomas, it is reasonable to speculate that nuclear IGF-1R 

may contribute to the ability of IGF-1R to mediate aspects of the malignant 

phenotype.  If future research confirms this hypothesis, it is possible that therapeutic 

strategies that inhibit IGF-1R transport into and function within the nucleus, might be 

of benefit in the treatment of urological cancers.   
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4 Chapter IV: Assessment of the effects of IGF-1R 

inhibition on radiosensitivity and the response to DNA 

damage 

4.1 Introduction 

The major focus of this project was to test the hypothesis that IGF-1R inhibition 

influences radio- and chemo-sensitivity and may be involved in DNA repair.  The role 

of the IGF-1R in protection from apoptosis and cell cycle regulation is well 

established (Dupont and Holzenberger 2003, Galvan et al 2003, Huang et al 2010, 

Kooijman 2006, Kurmasheva and Houghton 2006), but a role in the DNA damage 

response is still unclear.  Previous work from our laboratory showed that IGF-1R 

antisense and siRNA approaches enhanced the sensitivity of tumour cells to DNA 

damaging cancer treatments.  IGF-1R knockdown had suggested a possible role in 

DNA repair, with a suggestion that IGF-1R depletion could impair the function of 

ATM in murine cells (Macaulay et al 2001, Rochester et al 2005).  Thus the initial 

focus of this project was to investigate the hypothesis that a small molecule IGF-1R 

inhibitor may influence the response to DNA damage.  These experiments used 

gamma irradiation, which causes a variety of DNA lesions of which DSBs are the 

most toxic (Jeggo et al 2011). 

An ATP-competitive small molecule inhibitor of the IGF-1R tyrosine kinase 

domain, AZ12253801, was obtained from AstraZeneca (figure 4.1A).  Table 4.1 

shows data provided by AstraZeneca on the inhibitory profile of this compound.   
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Table 4.1: IGF-1R inhibitor AZ12253801 obtained for use in this study 
Table shows IC50 (the concentration of AZ12253801 required to inhibit 50% of ligand-induced 
phosphorylation) values for inhibition of IGF-1R and IR phosphorylation. *Data for EGFR inhibition 
relates to EGF-driven proliferation.  AZ12253801 has been tested against a wide range of other 
relevant kinases, where IC50s are generally >1 μmol/L or the compound has little or no inhibitory 
activity at 10 μmol/L.  In-house data compiled from AstraZeneca product profiling.  

 

 

4.2 Results 

4.2.1 Effects of IGF-1R inhibition on receptor phosphorylation, signalling 

and cell survival 

Initial experiments characterised the effects of the IGF-1R inhibitor AZ12253801 

on receptor phosphorylation, signalling and cell survival.  The cell line model utilized 

was the PTEN wild-type DU145 prostate cancer cell line, derived from a metastasis in 

a patient with prostate cancer (Stone et al 1978).  Immunoprecipitation (IP)-western 

blot analysis showed that AZ12253801 induced dose-dependent inhibition of the IGF-

1R, with an IC50, for 50% inhibition of IGF-induced phosphorylation, of 2nM (Figure 

4.1B and C).  This was in agreement with data from AstraZeneca (Table 4.1 and Dr. 

Elaine Kilgour personal communication).  The next experiment tested the 

concentration of AZ12253801 required to inhibit signalling downstream of the IGF-

1R.  While inhibition of IGF-1R phosphorylation was clearly dose dependent, effects 

on phosphorylation of Akt and MAPK did not vary in a linear fashion with increasing 

concentrations of AZ12253801 (Figure 4.2A).  However, at 30nM, AZ12253801 was 

effective in inhibiting IGF-induced phosphorylation of IGF-1R and Akt.  IGF-1 
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induced phosphorylation of MAPK was reduced to levels in serum starved, untreated 

cells, although not completely inhibited.  A time-course experiment showed that the 

inhibitory effect of 30nM AZ12253801 persisted for up to 48 hr (Figure 4.2B).  The 

cells in these initial experiments characterising the effects of AZ12253801 were 

serum starved in order to detect a strong pIGF-1R signal following stimulation with 

IGF-1. 
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Figure 4.1: AZ12253801 inhibits IGF-1 induced IGF-1R phosphorylation in DU145 cells 
 A) Structure of AZ12253801.  B) IP-western blot showing inhibition of IGF-1R phosphorylation in 
DU145 cells with increasing concentrations of AZ12253801.  DU145 cells were serum starved 
overnight, treated with either solvent or AZ12253801 for 1 hr and with 50nM IGF-1 for the final 
15min. Cell lysates were immunoprecipitated with IGF-1Rβ antibody (CS#3027) or rabbit IgG (C) and 
IPs were probed using pIGF-1R/IR antibody (CS #3024) and re-probed for total IGF-1R.  Images were 
analysed using ImageJ software.  C) Dose-dependent inhibition of IGF-1R phosphorylation by 
AZ12253801 in DU145 cells. The graph shows IGF-1R phosphorylation corrected for total IGF-1R, 
and expressed as % of phosphorylation in cells treated with IGF-1 without AZ12253801.  Points 
represent the mean ± SEM for triplicate values from three separate experiments.  Using GraphPad 
Prism, the data were fitted to a curve from which the IC50 value for phosphorylation inhibition was 
extrapolated. 
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Figure 4.2: AZ12253801 inhibits downstream effectors of IGF-1R signalling in DU145 cells 
A) DU145 cells were serum starved overnight and the following day were treated with AZ12253801 
for 1 hr and in the final 15 min with 50nM IGF-1. Whole cell lysates were prepared for western blot 
analysis to measure phosphorylation of Akt and MAPK.  Similar results were obtained in a second set 
of independent lysates. B) DU145 cells were serum starved overnight and the following day treated 
with 30nM AZ12253801.  At predetermined time-points, cells were treated with 50nM IGF-1 for 15 
min prior to lysis. Whole cell lysates were prepared for western blot analysis to measure 
phosphorylation of IGF-1R, with beta tubulin as the loading control.  
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Clonogenic survival assays were performed to determine the IC50 concentration of 

AZ12253801 that resulted in 50% inhibition of colony survival, and are shown in 

figure 4.3.  The IC50 for survival inhibition was found to be 60nM.  AZ12253801 at a 

concentration of 30nM had a more minor effect on cell survival (mean 77± 3% 

survival of solvent-treated controls; figure 4.3).  Subsequent experiments used 

AZ12253801 either at a concentration of 30nM, or 60nM. 

4.2.2 Effect of AZ12253801 on clonogenic survival of R+ and R- cells  

In order to assess whether AZ12253801 exerts its effects predominantly via the 

IGF-1R, IGF-1R–null murine fibroblasts (R− cells) and isogenic cells over-expressing 

human IGF-1R (R+ cells) were utilised.  Western blot analysis confirmed the IGF-1R 

null status of the R-cells, and that IGF-1R phosphorylation in the R+ cells could be 

inhibited by AZ12253801 at 30nM and 60nM (figure 4.4A and B). 

Clonogenic survival assays using increasing concentrations of AZ12253801 were 

performed on both R+ and R- cell lines.  The R- cells showed little response to 

AZ1225380, as would be expected in cells that lack IGF-1R, and the IC50 

concentration for inhibition of 50% colony survival was not achieved.  In contrast R+ 

cells, which overexpress the IGF-1R, demonstrated reduced clonogenic survival in 

response to AZ12253801 with an IC50 of 80nM (Figure 4.5A).  The difference 

between the two survival curves was significant by two-way ANOVA (P ≤ 0.0005).  

However, it was observed that even the IGF-1R null R- cells demonstrated a reduction 

in clonogenic survival at concentrations of AZ12253801 over 100nM.  At 

concentrations above 60nM, the morphology of both the R- and R+ cells changed, 

with cells becoming larger and flatter (figure 4.5B).   
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Figure 4.3: AZ12253801 inhibits clonogenic survival of DU145 prostate cancer cells 
A) DU145 cells were seeded at 3000 cells/10cm dish and the following day were treated with solvent 
or AZ12253801.  After 11-12 days, colonies were stained and counted. B) Dose dependent reduction in 
clonogenic survival in DU145 cells.  The graph shows colony survival expressed as a percentage of 
survival in solvent treated controls. Points represent the mean ± SEM for triplicate values in three 
separate experiments.   
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Beta-galactosidase staining confirmed that these changes were not a result of 

senescence induced by IGF-1R blockade (not shown).  As both cell lines were 

correspondingly affected, it is possible that off-target effects of AZ12253801 may be 

responsible for the morphological changes seen at these higher concentrations in 

murine fibroblasts.  Similar morphological changes were not evident in human 

DU145 cells over the same concentration range (Figure 4.6), but were evident at 

300nM.  To minimise confounding effects on targets other than IGF-1R, AZ12253801 

concentrations of 30nM - 60nM were used for subsequent experiments in the R+/R- 

cell lines. 

 

 

 

 

Figure 4.4: AZ12253801 inhibits IGF-1R phosphorylation in IGF-1R overexpressing R+ cells  
A) Whole cell lysates were prepared from R+ cells for western blot analysis (using antibody CS #3027) 
to measure levels of IGF-1R, with beta tubulin as the loading control. B) R+ cells were serum starved 
overnight.  The following day, cells were pre-treated with solvent, 30nM or 60nM of AZ12253801 for 
4 hr prior to stimulation with 50nM IGF-1 for the final 15 min.  Whole cell lysates were prepared for 
western blot analysis to measure phosphorylation of IGF-1R with beta tubulin as the loading control.   
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Figure 4.5: Effects of AZ12253801 on clonogenic survival  of R+ and R- cells  
A) R+ and R- cells were seeded at 3000 cells/10cm dish and the following day were treated with 
solvent or AZ12253801.  After 11-12 days, visible colonies were stained and counted.  The graph 
shows colony survival expressed as a percentage of survival in solvent treated controls. Points 
represent the mean ± SEM for triplicate values derived from three separate experiments.  The curves 
were significantly different as determined by two-way ANOVA (p=0.0005)  B) R- and R+ cells were 
grown in 10cm dishes as in A, and treated with increasing concentrations of AZ12253801 for 11-12 
days, prior to fixing and staining.  Images were taken with  an Axiovert Zeiss microscope at 10X 
magnification.   
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Figure 4.6: Effects of AZ12253801 on morphology of human DU145 prostate cancer cells 
DU145 cells were grown in 10cm dishes at 3000 cells/dish and  treated with increasing concentrations 
of AZ12253801 for 11-12 days, prior to fixation and staining.  Images were taken with an Axiovert 
Zeiss microscope at 10X magnification. 
 
 

4.2.3 Effect of IGF-1R inhibition on the radiosensitivity of DU145 prostate 

cancer cells 

Irradiation is reported to activate the IGF-1R in lung cancer cells (Cosaceanu et al 

2007), and so initial experiments tested whether this effect could also be detected in 

DU145 cells. In figure 4.7, it is seen that gamma irradiation led to very minor 

phosphorylation of the IGF-1R above the level seen in un-irradiated cells, and not to 

the extent seen in cells stimulated with IGF-1.   
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Figure 4.7: Effects of ionising radiation on IGF-1R activation in DU145 cells 
DU145 cells were serum starved overnight and the following day were treated with either 50nM IGF-1 
for 15 min, or 3Gy irradiation with lysis at 30 min, 1 hr and 4 hr post irradiation. Whole cell lysates 
were prepared for western blot analysis to measure levels of pIGF-1R/IR and total IGF-1R, with beta 
tubulin as the loading control. 
 
 

Assays then compared the radiosensitivity of solvent- or AZ12253801 pre-treated 

cells, using AZ12253801 either at the concentration of 30nM which had inhibited cell 

signalling (figure 4.2A) or at the concentration of 60nM which had inhibited 50% of 

colony survival in clonogenic assays (figure 4.3B).  The effect of AZ12253801 was 

compared with the ATM inhibitor (ATMi) KU 55933 (Hickson et al 2004) as a 

positive control for radiosensitization.  DU145 cells were radiosensitized to 30nM 

AZ122538013 and 10µM ATMi with sensitivity enhancement ratios (SER; sensitivity 

enhancement at 10% survival) of 1.4 and 1.9 respectively (figure 4.8A).  Subsequent 

experiments directly compared effects of 30nM and 60nM AZ12253801 (figure 

4.8B).  It was noted that control (solvent-treated) cells were relatively more sensitive 

to 10Gy irradiation in these experiments, compared with the previous set of assays 

(figure 4.8A).  This difference in survival in control cells was most likely related to 

changes in plating from 6-well plates in figure 4.8 A to 10cm dishes in figure 4.8B.  
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This change was made in order to be able to plate more cells, to have increased 

confidence in relative survival at higher doses of irradiation.  However, the relative 

effects of 30nM AZ12253801 were very similar between the two assay formats.  Data 

shown in figure 4.8B indicate that AZ12253801 sensitised DU145 cells to radiation, 

with a SER of 1.4 for 30nM AZ12253801 and 1.8 for 60nM AZ12253801.  The 

detectable effect in cells treated with 30nM AZ12253801 suggested that effects on 

radiosensitization were at least in part independent of effects on growth and cell 

survival.   
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Figure 4.8: IGF-1R inhibition with AZ12253801radiosensitizes DU145 prostate cancer cells  
A)-B) DU145 cells were pre-treated with AZ12253801 or ATM inhibitor KU55933 (10µM) in 
triplicate dishes (6-well plates in A and 10cm dishes in B), for 4 hr prior to irradiation.  Parallel dishes 
were treated with solvent (0.0003% DMSO). Viable colonies were stained and counted on day 11-12. 
The graph shows colony survival expressed as a percentage of survival in un-irradiated controls. Points 
represent the mean ± SEM for triplicate values in three separate experiments.  The data were analysed 
by one way ANOVA, to determine statistical significance of survival differences seen between: A) 
cells treated with 30nM AZ12253801 (red), 10µM ATMi (purple) and solvent control (blue) and B) 
cells treated with 30nM AZ12253801 (red), 60nM AZ12253801 (green) and solvent control (blue). 
(*p<0.05; **p<0.01; ***p< 0.001).  There was no statistically significant survival difference between 
cells treated with 30nM AZ12253801 and 60nM AZ12253801 at 1, 3 or 10Gy.  Radiosensitisation with 
both 30nM and 60nM AZ12253801 and ATMi compared with control cells was expressed as the 
sensitivity enhancement ratio (SER) at 10% survival, which was 1.4, 1.8 and 1.9 respectively. 
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The next step was to test the extent to which radiosensitization induced by 

AZ12253801 was as a result of inhibition of the IGF-1R.  Firstly, clonogenic survival 

assays were conducted in DU145 cells following siRNA mediated knockdown of the 

IGF-1R (figure 4.9A and B).  As seen in figure 4.9C, radiosensitization occurred 

following IGF-1R knockdown, with a similar magnitude to inhibition with 

AZ12253801.  These results using IGF-1R depletion were comparable to previous 

data from our group, using a different IGF-1R siRNA (Rochester et al 2005). 

Secondly, effects of AZ12253801 on radiosensitivity were investigated in IGF-1R 

null R- and IGF-1R overexpressing R+ cells.  These murine fibroblast cell lines 

proved to be inherently radioresistant, and a previous report has demonstrated a 

failure of induction of p53 following irradiation, which might partly explain this 

phenomenon (Nakamura et al 1997).  Hence a radiation dose of 15Gy was also used.  

In R+ cells treated with 60nM AZ12253801 there was modest but significant 1.5-fold 

radiosensitization at 1Gy (p<0.01), and 3Gy (p<0.001), with 4-fold sensitisation at 

10Gy (p<0.01) and 15-fold at 15Gy (p<0.01).  The isogenic IGF-1R null R- cells were 

intrinsically more radiosensitive than R+ cells (3-fold at 10Gy, p< 0.05 and 25-fold at 

15Gy, p<0.01), as previously reported (Tezuka et al 2001), but in contrast to the 

results in R+ cells, no significant radiosensitization was observed following 

AZ12253801 treatment (figure 4.10).  It was noted that IGF-1R inhibition suppressed 

post-irradiation survival of R+ cells to the level in R- cells, suggesting that the 

presence of IGF-1R is the major reason for the greater radioresistance of R+ cells 

compared with R- cells. 
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Figure 4.9:IGF-1R depletion radiosensitizes DU145 cells  
DU145 cells were seeded in 10cm dishes (7x105 cells/ dish) and the following day a 50nM transfection 
was performed with control siRNA or IGF-1R siRNA.  A) After 48 hr, whole cell lysates were 
prepared for western blot analysis to measure levels of IGF-1R, with β-tubulin as the loading control. 
IGF-1R depletion was confirmed in three sets of independently-prepared lysates.  B) IGF-1R levels 
were quantified in 3 independent sets of lysates, corrected for β-tubulin loading, and expressed as % 
levels in control-transfected cells.  The graph demonstrates IGF-1R depletion following IGF-1R siRNA 
transfection (*p<0.05 by paired t-test). C)  Parallel cultures were re-seeded 48 hr after siRNA 
transfection at 3000 cells/10cm dish, allowed to adhere for 6 hr and then irradiated.  After 11-12 days, 
visible colonies were stained and counted.  The graph shows colony survival expressed as a percentage 
of survival in un-irradiated control cells. Points represent the mean ± SEM of triplicate values in three 
separate experiments. The data were analysed by t-test, to determine statistical significance of survival 
differences seen in IGF-1R depleted cells (*p<0.05; ***p< 0.001).   
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Both these experiments point to a phenomenon of radiosensitization resulting from 

inhibition of the IGF-1R by AZ12253801.  It was important to assess whether this 

phenomenon was restricted to DU145 cells, or whether IGF-1R receptor blockade was 

capable of radiosensitising other prostate cancer cell lines.  The next step was to 

perform clonogenic survival assays following IGF-1R inhibition and irradiation in 22-

Rv1, PC3 and LNCaP-LN3 prostate cancer cells. 

 

 

  

 
Figure 4.10: AZ12253801 radiosensitizes R+ cells but not isogenic IGF-1R null R- cells 
R+ and R- cells were pre-treated with 60nM AZ12253801 for 4 hr prior to irradiation.  Parallel dishes 
were treated with solvent. Viable colonies were stained and counted on day 11-12. The graph shows 
colony survival expressed as a percentage of survival in unirradiated controls. Points represent the 
mean ± SEM for triplicate values in three separate experiments.  The data were analysed by one way 
ANOVA, to determine statistical significance of survival differences seen in R+cells treated with 
AZ12253801 (**p<0.01; ***p< 0.001).   
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4.2.4 Effect of IGF-1R inhibition on the radiosensitivity of PC3, 22Rv1 and 

LNCaP-LN3 prostate cancer cells 

DU145, PC3, 22Rv1 and LNCaP-LN3 cells differ genotypically and 

phenotypically, and western blotting confirmed previously noted differences in IGF-

1R level, PTEN expression in DU145 and 22Rv1, and androgen receptor expression 

in LnCaP-LN3 and 22Rv1 cells, (Table 4.2 and figure 4.11A).  Assays for intrinsic 

radiosensitivity (figure 4.11B) showed that DU145 cells were the most radioresistant, 

22Rv1 being the most radiosensitive (five-fold reduction in cell survival compared 

with DU145 at 1Gy), and PC3 and LN-CaP-LN3 cells showing intermediate 

sensitivity.   

Before testing effects of IGF-1R inhibition, the IC50 value for inhibition of 50% 

colony survival for AZ12253801 was individually determined for each cell line 

(figure 4.11C).   

 

 

PC3 null MT - -
DU145 WT MT - -
22Rv1 WT WT + +

LNCaP-LN3 MT WT + + IRS-1 null

OtherCell Line PTEN p53 Androgen receptor PSA production

 

Table 4.2: Prostate cancer cell line characteristics 
Genotypes obtained from COSMIC (Catalogue of Somatic Mutations in Cancer) database 
(http://cancer.sanger.ac.uk) and  (Festuccia et al 2005, Fraser et al 2012, Lehmann et al 2007, Li et al 
1997, Mujoo et al 2005, Reiss et al 2000, Scott et al 2003, Sramkoski et al 1999). WT =  wild type; 
MT= mutated 
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Figure 4.11: Characterisation of prostate cancer cell lines  
A) Whole cell lysates were prepared from a panel of prostate cancer cell lines for western blotting, with 
β-tubulin as the loading control. B) Intrinsic radiosensitivity of a panel of prostate cancer cell lines.  
Cells were seeded at 3000 cells/10cm dish.  The following day, cells were irradiated at 1-10Gy. After 
11-12 days, visible colonies were stained and counted.  The graph shows colony survival expressed as a 
percentage of survival in un-irradiated control cells. Points represent the mean ± SEM of triplicate 
values in three separate experiments. C) Prostate cancer cells were treated with increasing 
concentrations of AZ12253801 to determine effects on cell survival.  Data from three independent 
experiments were curve-fitted using GraphPad Prism, and IC50 values for inhibition of 50% colony 
survival were extrapolated. 
 
 

Clonogenic survival assays were performed at or near the IC50 concentration of 

AZ12253801 (for inhibition of 50% colony survival) for each cell line.  Results are 

shown in figure 4.12 A-C.  AZ12253801 induced significant radiosensitization of PC3 

and 22Rv1 cells, but not LNCaP-LN3 cells. 
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Figure 4.12: Effect of IGF-1R inhibition on radiosensitivity of prostate cancer cell lines 
A-C) Cells from three different prostate cancer cell lines, PC3, 22Rv1 and LNCaP-LN3, were seeded at 
3000 cells/ 10cm dish and the following day were treated with solvent or AZ12253801 at the IC50 (for 
50% survival inhibition) for each cell line.  After 11-12 days, visible colonies were stained and 
counted.  Colony survival was expressed as a percentage of survival in unirradiated controls. Points 
represent the mean ± SEM for triplicate values in three separate experiments.  AZ12253801 enhanced 
radiosensitivity of PC3 and 22Rv1 cells. (*p<0.05, **p<0.01).  D) Table shows fold sensitisation of 
IGF-1R inhibited cells compared with controls. 
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These experiments collectively support a role for IGF-1R inhibition in suppressing 

cell survival following irradiation induced DNA damage.  It is likely that this effect is 

due, at least in part, to apoptosis induced either directly by IGF-1R inhibition, or 

indirectly, as a result of DNA damage sustained following irradiation.  It is also 

possible that other properties known to be associated with IGF-1R could contribute to 

the radiosensitization induced by IGF-1R inhibition.  These include regulation of cell 

cycle distribution and cellular senescence.  Thus the next step was to investigate the 

effects of IGF-1R inhibition on apoptosis, cell cycle profile, and cellular senescence 

in DU145 cells.   

 

4.2.5 Effects of IGF-1R inhibition on apoptosis in DU145 cells  

Apoptosis assays were performed in DU145 cells to clarify the effect of IGF-1R 

inhibition on apoptosis induction, following IGF-1R inhibition alone or in 

combination with 3Gy irradiation.  The results (figure 4.13A and B) demonstrated that 

levels of caspase 3/7 activity in cells treated with AZ12253801 at 30nM and 60nM 

increased progressively above levels in control treated cells for the 48 hr duration of 

the assay.  Irradiation induced a significant increase in apoptosis that was greater than 

effects of 30nM and 60nM AZ12253801 alone at 24 hr and 48 hr.  The combination 

of 30nM AZ12253801 and 3Gy irradiation did not appear to enhance the apoptotic 

effect of irradiation alone (figure 4.13A).  Pretreatment with 60nM AZ12253801 did 

not enhance irradiation induced apoptosis at 24 hr; a minor increase at 48 hr did not 

achieve statistical significance (figure 4.13B).  At 48 hr, the combination of 60nM 

AZ12253801 and irradiation resulted in higher caspase 3/7 activity than 30nM 

AZ12253801 with irradiation, (p<0.05), but there was no difference in apoptosis 

induction by 30nM or 60nM AZ12253801 in the absence of irradiation (p>0.05).  
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These data suggest that 60nM AZ12253801 may cause minor enhancement of 

irradiation induced apoptosis, and this may partly account for the radiosensitization 

seen with 60nM AZ12253801.  However, the data also suggest that apoptosis 

induction alone, especially in cells treated with the lower concentration of 30nM 

AZ12253801, is unlikely to account entirely for the radiosensitization induced by 

IGF-1R inhibition.  Hence the next experiments explored other processes that could 

contribute to radiosensitization.   

 

Figure 4.13: Effects of AZ12253801 on irradiation induced apoptosis in DU145 cells 
DU145 cells were seeded in 96-well plates and treated with solvent or AZ12253801 for 4 hours prior to 
3Gy irradiation. At defined time-points up to 48 hr post irradiation, cells were analysed for apoptosis 
using the Apo-1 Homogeneous Caspase-3/7 apoptosis assay (Promega).  Graph shows fluorescence 
units expressed as % increase above solvent treated un-irradiated controls.  Points represent the mean 
increase ± SEM in triplicate wells in two independent experiments (*p<0.05, **p<0.01 and 
***p<0.001 by one-way ANOVA). 
 

4.2.6 Effect of IGF-1R inhibition on senescence induction in DU145 cells 

Senescence is defined as permanent growth arrest of cells which retain viability 

and biological activity.  Senescence is characterised by the accumulation of lysosomal 

beta-galactosidase at pH 6.0, and is accompanied by morphological changes including 

flattening, increased cell size and granularity (Chang et al 1999a, Schwarze et al 
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2005) and see Figure 4.14A.  Senescence may take several days to become apparent, 

unlike apoptosis which is relatively rapid (Ewald et al 2010).   

To test whether senescence contributed to reduced clonogenic survival after IGF-

1R inhibition, Beta galactosidase senescence assays were conducted on cells that were 

pre-treated with 30nM or 60nM  AZ12253801, and then irradiated at 1-10 Gy.  

Analysis was performed at 1, 3 and 11 days post irradiation to conform to the time-

scale of clonogenic survival assays, which were carried out over a period of 11 days.  

Visibly senescent cultures of primary RCC cells were used as a positive control, and 

showed definite beta-galactosidase activity as evidenced by blue staining (figure 

4.14A i-ii).  However, DU145 cells did not show any induction of senescence either at 

24 hours post irradiation (figure 4.14B-E) or after 3 or 11 days (not shown).  This 

makes senescence an unlikely mechanism for the radiosensitization observed in 

clonogenic survival assays.   
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Figure 4.14: IGF-1R inhibition does not induce senescence following irradiation of DU145 cells 
Assays for senescence-associated β-galactosidase were performed in Ai-ii) Primary ccRCC cells 
showing typical senescent morphology, which were used as positive controls.  B)-E) DU145 cells were 
treated with B) solvent, or AZ12253801 at C) 30nM, D) 60nM, E) 120nM, irradiated after 4 hours at 
3Gy and after a further 24 hours stained for β-galactosidase, in parallel with staining of primary RCC 
cells (A). Similar analysis was carried out 3 and 11 days following 3Gy irradiation, and 1, 3 and 11 
days following 1Gy and 10Gy irradiation (not shown).  Experiments were repeated three times. Aii) 
32x magnification; Ai), B-E 10x magnification 
 

4.2.7 Effect of IGF-1R inhibition on cell cycle distribution 

Initial experiments assessed the cell cycle profile of DU145 cells following IGF-

1R inhibition in the absence of damage.  Time course experiments were conducted 

after treatment with 30nM AZ1225380, and showed no differences in cell cycle 

distribution compared with solvent treated control cells (figure 4.15).  Notably, there 

was no evidence of G1 arrest in AZ12253801 treated cells.  This is consistent with the 

previous finding that 30nM AZ12253801, while causing detectable (although unlikely 

total) inhibition of cell signalling, did not significantly affect DU14 cell survival 
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(figures 4.2A and 4.3).  In fact proliferation of DU145 was found by others in our 

laboratory to be suppressed at higher concentrations of AZ12253801, the 

concentration inhibiting the growth of 50% of cells (GI50) being 120nM (Aleksic et al 

2010).   

Next it was determined whether 30nM AZ12253801 would influence the changes 

in cell cycle distribution induced by irradiation.  Control treated cells showed 

irradiation induced G2-M arrest at 6-8 hr, which had resolved by 18-24 hr (figure 

4.16).  In the same experiment, pre-treatment with 30nM AZ12253801 appeared to 

delay the resolution of the G2 arres, which was evident at 18 hr, but this was not 

consistent, and differences in mean values were not significantly different (figure 

4.16).   
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Time (hr) G1 (%) S (%) G2/M (%) G1 (%) S (%) G2/M (%)
1 54.1 ± 5.1 31 ± 4.1 12.5 ± 4 53.2 ± 6.7 31 ± 5 14.3 ± 3.8
4 44.1 ± 5.6 31.7 ± 4 14.5 ± 8 46.6 ± 4.5 33.7 ± 7.8 16.8 ± 7
8 55.2 ± 11.6 18.3 ± 1 25.1 ± 11.7 47.2 ± 7.7 19.8 ± 1.6 26.9 ± 12.6

18 59.3 ± 4.2 21.8 ± 2.3 22.5 ± 3.1 59.8 ± 2.2 20.7 ± 2.7 18.7 ± 5
24 52.1 ± 8 21.7 ± 1.7 13 ± 6.1 55.6 ± 7.3 21 ± 3.7 14.7 ± 7.2
48 42.3  ± 13.1 24.2  ± 11.3 26.1 ± 5 43.3  ± 13.7 22.5  ± 11.3 25.9 ± 5.6

Solvent (mean ± SEM) AZ12253801 30nM (mean ± SEM)

 
 
 
 
Figure 4.15: IGF-1 inhibition does not alter the cell cycle profile of DU145 cells  
DU145 cells were grown to 80% confluence in 10cm dishes, and treated with solvent or 30nM 
AZ12253801.  At specific time points after addition of AZ12253801, cells were harvested in 
PBS/EDTA, fixed in ice-cold ethanol and prepared for FACS analysis as described in section 6.8.1.  
Results are from three independent experiments.  FlowJo 7.6.5 software, cell cycle analysis 
programme, was used to assign G1, S and G2/M phases. Percentages of cells in G1, G2 and S phase of 
the cell cycle were expressed as mean ± SEM of the triplicate values, and differences between control 
and AZ12253801 treated cells was determined by t-test.  There were no significant differences between 
the mean values for control and 30nM AZ12253801 treated cells.   
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Time (hr) G1 (%) S (%) G2/M (%) G1 (%) S (%) G2/M (%)
UI 48.8 ± 1.2 32.7 ± 5.3 17.7 ± 3.9 48 ± 2.4 33.6 ± 1.3 14.4 ± 1.5
1 47.1 ± 3.8 36.9 ± 2.1 13.5 ± 2.2 46.2 ± 3.2 36.9 ± 2.6 15.8 ± 2.3
4 39.5 ± 4 37.9 ± 2.8 21.7 ± 1.8 37.4 ± 3.1 36.3 ± 2.3 23.5 ± 1.9
6 30.9 ± 4.2 35.37 ± 1.9 31.1 ± 7 32.1 ± 2.7 32.9 ± 2.5 31.7 ± 3.9
8 30.3 ± 4.4 34.2 ± 1.3 34.2 ± 6.6 27.5 ± 5.2 33.8 ± 0.6 35.4 ± 8.2

18 54.1 ± 5 27.2 ± 7 15.8 ± 1.2 54.5 ± 0.9 15.8 ± 4.6 25.2 ± 6.4
24 61.4 ± 5.6 22.5 ± 4.7 14.9 ± 2.3 63.2 ± 2.3 20.8 ± 2.8 13.5 ± 1.2

Control IR (mean +/- SEM) IR + AZ12253801 30nM (mean +/- SEM)

 
 
Figure 4.16: IGF-1R inhibition does not alter the cell cycle profile of DU145 cells following 
irradiation 
DU145 cells were grown to 80% confluence in 10cm dishes.  Cells were treated with solvent or 30nM 
AZ12253801.  After 4 hr incubation, cells were un-irradiated (UI) or irradiated (IR) at 3Gy, and then at 
fixed time-points post irradiation, cells were harvested, fixed in ice-cold ethanol and cell cycle 
distribution was analysed.  Results are from three independent experiments.  FlowJo 7.6.5 software, 
cell cycle analysis programme, was used to assign G1, S and G2/M phases.  Percentages of cells in G1, 
G2 and S phase of the cell cycle were expressed as mean ± SEM of triplicate values.  Differences 
between control and AZ12253801 treated cells was determined by t-test, and no significant differences 
were found.   
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4.3 Discussion 

Data presented here indicate that a small molecule inhibitor of the IGF-1R inhibits 

the survival of prostate cancer cells following irradiation-induced DNA damage.  This 

is consistent with previous data from our group using IGF-1R gene silencing 

(Rochester et al 2005, Turney et al 2012) and from others using monoclonal 

antibodies to inhibit the IGF-1R (Iwasa et al 2009).  Use of a small molecule inhibitor 

allowed more precise determination of concentration-dependent effects than is 

possible using gene silencing.  For the experiments in this chapter, concentrations of 

AZ12253801 were deliberately kept low, to ascertain the extent to which 

radiosensitization caused by IGF-1R inhibition is related to, or independent of, effects 

on proliferation and survival.  Similarly, the choice of the DU145 cell line, which 

lacks wild-type p53 and Rb, compromising its ability to undergo G1 arrest, allowed 

assessment of the effect of IGF-1R inhibition on radiosensitization independent of its 

effect on proliferation. 

Experiments in DU145 cells utilising IGF-1R siRNA knockdown induced a 

comparable radiosensitization to inhibition with AZ12253801.  Further support that 

AZ12253801 induced radiosensitization was as a result of IGF-1R inhibition was 

from experiments in R- and R+ murine fibroblasts, where AZ12253801 

radiosensitized IGF-1R overexpressing R+ cells, but failed to radiosensitize IGF-1R 

null R- cells.  Moreover, IGF-1R inhibition suppressed post-irradiation survival of R+ 

cells to the level in R- cells, suggesting that the presence of IGF-1R is the major 

reason for the greater radioresistance of R+ cells compared with R- cells.  Potential 

off-target effects of AZ12253801 were noted in the R- and R+ cells at concentrations 

of AZ12253801 above 60nM which might impact on experimental results via IGF-1R 

independent mechanisms.  Indeed, data from AstraZeneca indicate that AZ12253801 
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is capable of inhibiting Aurora kinases at relatively high concentrations, and that 

murine cells are particularly susceptible to this (Dr. Elaine Kilgour, AstraZeneca, 

personal communication).  Such an effect would be consistent with the morphological 

changes seen in R+/R- cells.  However, morphological changes in DU145 cells were 

not evident at the concentrations of 30nM and 60nM used in these experiments, and 

not until 300nM AZ12253801. 

The effect of AZ12253801 on radiosensitization was assessed in PC3, 22Rv1 and 

LNCaP-LN3 prostate cancer cell lines.  LNCaP-LN3 cells were chosen for these 

assays, because the parental LNCaP cell line grows in semi-adherent clusters rather 

than in monolayers, hence there was concern that experimental results could be 

confounded by detachment of cells, for example during transport to the irradiator.  

Assays for intrinsic radiosensitivity of these cell lines showed DU145 cells to be the 

most radioresistant, with 22Rv1 being the most radiosensitive.  Previous work in our 

laboratory utilising IGF-1R depleted cells also demonstrated DU145 cells to be the 

most radioresistant, but LNCaP cells had been found to be more radiosensitive than 

PC3 cells (Turney et al 2012).  The current study found equivalent radiosensitivity in 

PC3 and LNCaP-LN3 cells, raising the possibility that LNCaP-LN3 cells are 

intrinsically more resistant than the parental LNCaP cell line, or that the poor 

adherence of the LNCaP cells in monolayer cultures led to an artificial overestimation 

of the apparent degree of radiosensitization previously observed. Total levels of IGF-

1R as determined by western blotting did not appear to correlate with radiosensitivity 

in these cell lines.  It is likely that the presence of genetic changes such as loss of 

functional PTEN, IRS-1, and/or p53 mutation (table 4.2) may contribute to the 

observed pattern of intrinsic radiosensitivity. 
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The results here demonstrate that small molecule tyrosine kinase inhibition of the 

IGF-1R resulted in radiosensitization of three out of four prostate cancer cell lines 

tested.  AZ12253801 induced significant radiosensitization of DU145, PC3 and 

22Rv1 cells, but not LNCaP-LN3 cells.  Previous experiments in our lab have shown 

a similar result in PC3 cells, with only very modest radiosensitization seen in LNCaP 

cells (Turney et al 2012).  Work by others has suggested that the PTEN status of 

prostate cancer cell lines may influence the ability of IGF-1R inhibition to induce 

radiosensitization, with PTEN null PC3 cells failing to show radiosensitization on 

treatment with NVP-AEW541, attributed to failure to effectively suppress Akt activity 

(Isebaert et al 2011).  However, studies in R- cells expressing either wild-type IGF-1R 

or IGF-1R lacking PI3K activation sites suggested that the PI3K pathway is not 

essential for IGF-1R mediated radioresistance (Dong et al 2002).  Consistent with 

this, studies in our lab have consistently shown radiosensitization of PC3 cells 

following IGF-1R inhibition or knockdown, suggesting a PTEN independent 

mechanism determining radiosensitization.  The lack of effect in LNCaP-LN3 cells 

may be related to the lack of IRS-1 in these cells (figure 4.11A) and (Reiss et al 

2000).  In addition to linking IGF-1R to PI3K, IRS-1 has been shown to form a 

cytoplasmic complex with Rad51 in mouse fibroblasts, thus sequestering Rad51 in the 

cytoplasm.  Upon IGF-1R receptor activation, IRS-1 is phosphorylated and 

dissociates from Rad51, allowing Rad51 to enter the nucleus and participate in DNA 

DSB repair by HR (Trojanek et al 2003).  Conversely, inhibition of IGF-1R favours 

the retention of IRS-1:Rad51 complexes in the cytoplasm, hence suppressing HR 

related DNA DSB repair (Trojanek et al 2003).  The absence of IRS-1 in LNCaP-LN3 

might result in the absence of cytoplasmic IRS-1:Rad51 complexes, and hence no 

alteration in the rate of DSB repair upon either IGF-1R receptor activation or 
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inhibition.  This might explain the failure of AZ12253801 to radiosensitize LNCaP-

LN3 cells.  However, it is not clear whether IRS-1:Rad51 complexes form in cells 

other than murine fibroblasts, and certainly work by others in our laboratory has failed 

to demonstrate such complex formation in DU145 cells (Turney et al 2012).  

Therefore, the potential contribution of this mechanism to IGF-mediated 

radioresistance in human prostate cancer cells remains unclear.  LNCaP-LN3 cells 

also have very low levels of IGF-1R (figure 4.11A) and if time had permitted, it 

would be interesting to test associations between IGF-1R expression levels and degree 

of radiosensitization induced by AZ12253801 in a larger cell line panel.   

The radiosensitivity of mammalian cells varies throughout the cell cycle, with 

radiosensitivity highest in early G1 and lowest in S phase (Hinz et al 2005, Jackson 

and Bartek 2009, Shrivastav et al 2008).  IGFs are progression factors, predominantly 

facilitating transition of cells through G1 into S-phase of the cell cycle, by increased 

synthesis of cyclin D1 and CDK4 (Samani et al 2007), and degradation of p53 

(Heron-Milhavet et al 2001, Levine et al 2006).  Thus inhibition of the IGF-1R can 

result in G1 arrest (Flanigan et al 2010).  DNA damage can directly cause G1 arrest as 

a result of p53 induced transcription of p21, and resultant inhibition of cyclin 

dependent kinases (Dulic et al 1994).  DU145 cells harbour mutant p53 and Rb, and 

the effect of IGF-1R inhibition on cell cycle distribution in DU145 cells may thus be 

attenuated.  This was confirmed in experiments conducted here, where alterations in 

cell cycle did not appear to be major contributing factors to changes in radiosensitivity 

in DU145 cells treated with low concentrations of the IGF-1R inhibitor AZ12253801.  

This was also the reason that this cell line was ideal for subsequent experiments 

investigating the effects of IGF-1R inhibiton on DNA repair independent of its effects 

on proliferation and cell cycle.  Similarly, there was no clear enhancement of 
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irradiation-induced, caspase-mediated apoptosis in IGF-1R inhibited DU145 cells.  

However, this does not exclude the possibility that apoptosis induction may play a 

role in radiosensitization, particularly in cell lines other than DU145.  In a study by 

Iwasa et al looking at CP-751,871 antibody mediated inhibition of the IGF-1R in 

NSCLC, apoptosis was markedly increased with the combination of IGF-1R 

inhibition and irradiation at 72 hr compared with either agent alone (Iwasa et al 2009).  

This was analysed both by measuring the percentage of apoptotic cells, as well as 

caspase-3 activity in cell lystaes, at 72 hr.  The experiments carried out  here using 

AZ12253801 only measured apoptotic activity up to 48 hr post irradiation, and 

perhaps later time-points should also have been analysed.  However, even in the 

report by Iwasa et al, the fraction of apoptotic cells following IGF-1R inhibition was 

small leading the authors to investigate additional mechansims by which CP-751,871 

might contribute to radiosensitization (Iwasa et al 2009).  If time had permitted, 

effects of IGF-1R inhibition on other methods of cell death, including mitotic 

catastrophe, autophagy and necrosis could also have been investigated.   

There was no evidence to support induction of senescence with IGF-1R inhibition 

in DU145 cells.  Replicative senescence is the end result of normal cell division and 

telomeric shortening.  Tumour cell senescence is a protective mechanism by which 

potentially tumorigenic cells are removed from the cell cycle.  It has been linked to 

the activation of p53, p16, p21 and ARF, and inactivation of these tumour suppressors 

can lead to impaired senescence (Collado and Serrano 2010).  Senescence can be 

induced by IGF-BP related protein 1, and several other IGF-BPs are upregulated in 

senescent cells (Ewald et al 2010).  Therapy induced senescence (TIS) is increasingly 

recognized as an alternative pathway to apoptosis in the cellular response to DNA 

damage induced by irradiation or classical chemotherapeutic agents (Roninson 2003).  
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Senescence may also be induced by small molecule inhibitors such as the EGFR 

inhibitor erlotinib, which has been shown to induce cellular senescence following 

irradiation induced DNA damage (Chan et al 2012, Ota et al 2006, Wang et al 2011).  

The triggers that select senescence over apoptosis as an outcome to damage are as yet 

unclear, and the degree of damage sustained may be important (Schwarze et al 2005).  

IGF-1R inhibition did not induce senescence in DU145 cells.  DU145 cells harbour 

mutant p53 (Carroll et al 1993) which may render them refractory to senescence, 

given the importance of the p53-p16/p21 pathway in senescence induction (Chang et 

al 1999a, Collado and Serrano 2010).  However, despite the absence of wild-type p53,  

tumour cells can retain the ability to undergo senescence in response to stress, hence 

the p53 status of DU145 cells may not always be the determining factor in senescence 

induction (Chang et al 1999b, Wang et al 2011).  To explore this relationship further, 

senescence could be assessed following IGF-1R inhibition of a prostate cancer cell 

line that expresses wild-type p53 such as 22Rv1.  The absence of functional Rb and 

p16 in DU145 cells may also be relevant to the lack of senescence induction in these 

cells (Steiner et al 2000). 

Having found no major changes in cell cycle, apoptosis induction, or senescence, 

the next step was to investigate the effect of IGF-1R inhibition on the induction and 

repair of radiation-induced DNA DSBs.   
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5 Chapter V: Effect of IGF-1R inhibition on the 

induction and repair of DNA double strand breaks 

5.1 Introduction 

Previous work from our group showed that IGF-1R depletion increased the 

sensitivity of prostate cancer cells to DNA damaging agents including irradiation 

and chemotherapeutic agents such as mitoxantrone and etoposide, which cause 

DNA DSBs, but not to agents such as docetaxel and 5-fluorouracil, which cause 

cellular damage without inducing direct DNA DSBs (Rochester et al 2005).  The 

work in the previous chapter showed that comparable radiosensitization is induced 

by IGF-1R inhibition.  Previous work from our lab had also shown an enhancement 

of radiosensitivity and impaired ATM kinase activity following IGF-1R depletion 

in murine melanoma cells (Macaulay et al 2001).  More recent work in MCF7 

breast cancer cells implicated the IRS-1/Akt signalling pathway in mediating 

effects of IGF-1R depletion on ATM (Riedemann, Macaulay unpublished data), 

and a direct binding interaction between the IGF-1R adaptor IRS-1 and ATM has 

been demonstrated in MCF7 cells, both in our lab (Akkaya and Macaulay 

unpublished) and by others (Jeon et al 2008).  A relationship between the IGF-1R 

signalling axis and ATM has not been demonstrated in prostate cancer cells.   

A second potential link between receptor tyrosine kinases and DSB repair 

involves the catalytic subunit of DNA protein kinase (DNAPKcs), a core NHEJ 

protein known to be phosphorylated by ATM on T2609 (Chen et al 2007).  

Investigation of the role of the epidermal growth factor receptor (EGFR) has 

shown that the EGFR can translocate to the nucleus and physically interact with 
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DNAPKcs and Ku70 (Bandyopadhyay et al 1998, Dittmann et al 2005a, Liccardi et 

al 2011).  Given that we have now shown that IGF-1R undergoes nuclear import 

(chapter 3) and (Aleksic et al 2010), the possibility was considered that the IGF-1R 

might directly interact with DNAPKcs and/or ATM.  Thus, the next step was to 

investigate the effect of IGF-1R inhibition on the induction and repair of DNA 

DSBs following irradiation-induced DNA damage, with a particular focus on ATM 

as mediating any effects observed.   

Although the ratio of SSBs to DSBs induced following irradiation is 20:1, DSBs 

are by far the most toxic form of DNA damage following irradiation, and induce a 

complex cellular response involving co-ordinated sensing, signaling and repair of 

damage (Thompson 2012).  One of the initial stages in this process is the 

phosphorylation of histone protein H2AX, referred to as γH2AX, at the site of the 

DSB.  During S-phase of the cell cycle, SSBs can also induce γH2AX formation at 

sites of replication fork stalling or collapse, this being one of the caveats to the use 

of γH2AX as a sensitive marker of DSB repair in unsynchronized cell populations 

(Lobrich et al 2010).  It is also not completely clear whether timing of resolution of 

a γH2AX focus correlates directly with the repair of the DSB (Kinner et al 2008).  

Bearing in mind these limitations, γH2AX can still be utilized as a reliable marker 

of DSB induction and resolution (Ivashkevich et al 2011, Lobrich et al 2010), and 

hence the next stage utilized γH2AX to investigate the effects of IGF-1R inhibition 

on DSB formation and repair following irradiation induced DNA damage. 
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5.2 Results 

5.2.1 Effect of IGF-1R inhibition on the repair of DNA damage 

5.2.1.1 Effect of IGF-1R inhibition on γH2AX signal resolution by western 

blotting 

DNA DSBs were generated in DU145 cells by ionising radiation, and γH2AX 

signal was assessed by western blot, as a surrogate marker for DNA damage.  In the 

absence of exogenous damage, cells that had been pre-treated for 4 hr with IGF-1R 

inhibitor showed detectable γH2AX signal (Figure 5.1A) suggesting endogenous 

DNA damage.  This phenomenon has previously been reported and has been 

attributed to apoptotic cells with fragmented DNA (Rogakou et al 1999).  It could also 

reflect endogenous damage following replication fork collapse and consequent DNA 

DSBs (Halazonetis et al 2008).  Control cells showed resolution of signal to basal 

(unirradiated) levels by 24 hr (figure 5.1).  Pre-treatment with 30nM AZ12253801 

appeared to induce a delay in γH2AX signal resolution.  This was apparent at 4 hours 

(p<0.01), with a similar trend, though not statistically significant, at the 24 hr time-

point.  These results were consistent with the delay in DSB repair measured 

previously by PFGE after IGF-1R depletion (Ben Turney DPhil 2008).  At 48 hours 

post irradiation, the γH2AX signal in IGF-1R inhibited cells remained elevated, 

possibly due to apoptosis at this time (figure 5.1B and figure 4.13).  It is known that 

apoptosis can generate γH2AX signal (Solier and Pommier 2009), and western 

blotting does not allow differentiation between this and DNA damage.  Against this, 

previous results had suggested that 30nM AZ1253801 did not increase the level of 

apoptosis over that induced by irradiation (figure 4.13).  To clarify this, a second 
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assay, namely immunofluorescence, was used to assess the effect of IGF-1R 

inhibition on resolution of γH2AX foci.  

 

 

 

 
Figure 5.1: AZ12253801 delays the resolution of irradiation-induced γH2AX signal in DU145 
cells. 
(A) DU145 cells were incubated for 4 hr with 30nM AZ12253801, irradiated at 3Gy and lysed at 
defined time-points for analysis by western blot for pS139 γH2AX.  Images were scanned and analysed 
using ImageJ software. (B) Graph shows signal intensity of γH2AX with time, expressed as % of 
maximal signal, corrected for loading.  Points represent the mean and SEM of three independent 
experiments.  Statistical significance between control and IGF-1R inhibited cells at each time-point was 
determined by Student’s t-test (**p<0.01).  There was no statistically significant difference at the 1, 24 
and 48 hr time-points.  
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5.2.1.2 IGF-1R inhibition results in a delay in resolution of γH2AX foci by 

immunofluorescence 

γH2AX signal expands for mega base-pair (bp) lengths on either side of a DNA 

DSB and hence can be visualized as discrete foci by immunofluorescence (Rogakou 

et al 1999).  Firstly, optimal staining conditions for γH2AX foci were determined over 

a range of primary antibody (1:1000, 1:2000 and 1:4000) and secondary antibody 

dilutions (1:2000 and 1:4000).  Initial experiments plotted γH2AX focus counts 

against dose of irradiation to assess the dose range over which linearity was observed 

(figure 5.2A).  From here 3Gy was chosen as the dose at which focus counts were in 

the linear range, and could be reliably counted both at early and late time-points, with 

minimal overlap of foci.  Another potential confounding factor is that γH2AX foci are 

reported to occur early during apoptosis, typically with a ring of γH2AX signal 

around the periphery of the nucleus, progressing to more widespread diffuse signal 

(Solier and Pommier 2009, Solier and Pommier 2011).  Indeed, some DU145 cells 

analysed by immunofluorescence did show intense γH2AX signal, especially at the 24 

and 48 hour time-points, both in control irradiated and AZ12253801 inhibited and 

irradiated cells (Figure 5.2B).  These appearances were consistent with features of 

apoptotic cells (Solier and Pommier 2009, Solier and Pommier 2011) and so these 

cells were excluded from subsequent analysis.  As a control to ensure that the 

antibody was detecting γH2AX foci, cells were co-stained for 53BP1 (p53 binding 

protein 1) foci, which are induced rapidly in an ATM dependent manner at the site of 

DNA DSBs, and co-localise with γH2AX foci (Wang et al 2002), as was seen in 

figure 5.2C.  A further control included omission of the primary antibody to exclude 

non-specific staining attributable to the secondary antibody. 
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Figure 5.2: Optimisation of γH2AX immunofluorescence to detect irradiation induced DSBs 
A) DU145 cells were seeded on coverslips in 6-well plates.  The following day cells were either mock 
irradiated or irradiated at 1Gy, 3Gy, 5Gy and 10Gy, and 1 hr post irradiation cells were fixed and 
stained for γH2AX.  Foci were counted in a minimum of 30 cells for each condition and mean foci/cell 
± SEM were plotted against dose of irradiation.  B) Examples of nuclei showing: peripheral γH2AX 
signal (left), and pan-nuclear γH2AX (right) .  C) DU145 cells were seeded on coverslips in 6-well 
plates.  The following day, cells were irradiated at 3Gy and 1 hr post irradiation cells were fixed and 
stained for γH2AX (green), 53BP1 (red), and nuclear DAPI (blue).  Merged γH2AX and 53BP1 signal 
appears as yellow.  Images were taken at 40x magnification. 

 

Having established conditions for irradiation and immunofluorescence, the next 

experiments assessed effects of AZ12253801.  Analysis of γH2AX foci showed that 

unirradiated cells contained a few foci (figure 5.3 and 5.4A) with a significant 

increase after 3Gy irradiation.  In control-treated cells, numbers of γH2AX foci had 
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resolved to basal levels at 24 hr (figure 5.3 and 5.4A) paralleling results of western 

blotting (figure 5.1).  In IGF-1R inhibited cells, 30nM AZ12253801 induced a 

significant delay in γH2AX foci resolution that was apparent at 1 hr following 

irradiation, and persisted for 24 hours (figures 5.3 and 5.4A).  In these initial 

experiments, the significance of the difference at one hour was unclear.  It might be 

expected that the initial degree of damage sustained by both controls and IGF-1R 

inhibited cells would be equivalent for the same dose of radiation.  The difference at 1 

hr post irradiation in AZ12253801 treated cells versus controls was apparent both by 

western blotting and by immunofluorescence (figure 5.1 and 5.4A).  This could have 

been due to maximal damage occurring before one hour, allowing a proportion of 

DSB repair to have taken place by 1 hr, or to an actual difference between controls 

and IGF-1R inhibited cells in the degree of damage initially sustained.  Therefore, 

further experiments were carried out to quantify foci at early time points up to 2 hr.  It 

was apparent that in DU145 cells, maximal damage was evident by 

immunofluorescence analysis at 30 min, with no significant difference between 

controls and IGF-1R inhibited cells (figure 5.4B).  Subsequently a delay in focus 

resolution and hence in DNA DSB repair became apparent from 1 hr, consistent with 

the findings of western blotting (figure 5.1) and quantification of γH2AX foci over a 

longer time-course (figure 5.4A).   



 Results 
 

116 

 

 

Figure 5.3: IGF-1R inhibition results in a delay in resolution of γH2AX foci in DU145 cells 
DU145 cells were treated with 30nM AZ12253801 and after 4 hr irradiated at 3Gy. At time-points up 
to 48 hr, cells were fixed and stained for S139 γH2AX.  Images show merged γH2AX (green) and 
nuclear DAPI (blue) staining in unirradiated (UI) cells, and cells at 1, 4, 8 and 24 hr post irradiation.  
Images were taken at 40x magnification 
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Figure 5.4: Quantification of γH2AX foci following IGF-1R inhibition in DU145 cells 
A) DU145 cells were treated with 30nM AZ12253801 and 3Gy irradiation as figure 5.3. Foci were 
counted manually in 8 separate high powered fields to include at least 60 cells per condition.  Graph 
shows the mean focus count per cell ± SEM for three independent experiments  Student’s t-test was 
used to determine the significance of differences between control and AZ12253801 treatment at each 
time-point (*p<0.05, ***p<0.001). B) The experiment carried out in part A was repeated, counting foci 
at 0-2 hr (*p<0.05, ***p<0.001).  At the 1 hr time-point, control cells contained 80% of foci in IGF-1R 
inhibited cells in the long-time course A), and 81% in B) suggesting similar kinetics of repair in the 
two sets of experiments. 
 

Taken together, these data are consistent with a delay in DSB repair following 

IGF-1R inhibition.  The next step was to investigate the mechanism of this effect. 
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5.2.2 Effect of IGF-1R inhibition on ATM and its downstream mediators  

A relationship between the IGF-1R signalling axis and ATM has not been 

demonstrated in prostate cancer cells, but if present might contribute to the 

radiosensitization and delayed DSB repair induced by IGF-1R inhibition.  The 

possibility that the IGF-1R or its downstream adaptor protein IRS-1 might directly 

interact with DNAPKcs and/or ATM was considered.  Therefore, the next step was to 

test for binding associations between the IGF-1R and/or IRS-1, ATM and DNAPKcs. 

5.2.2.1 Investigation of the interaction of IGF-1R with ATM and DNAPKcs 

Binding between endogenous IGF-1R and ATM or DNAPKcs was explored by 

reciprocal co-immunoprecipitation (Co-IP).  Initial experiments tested for Co-IP in 

cells that were serum starved or IGF-1 treated, followed by 5Gy irradiation.  The aim 

was to enable detection of any interactions that were promoted by ligand stimulation 

or DNA damage.  IGF-1 induced a mobility shift in IRS-1, consistent with 

phosphorylation of IRS-1 by activated IGF-1R.  However, under these conditions, Co-

IP of either ATM, DNAPKcs or IRS-1 with IGF-1R was not demonstrated (figure 

5.5A).  Similarly, DNAPKcs, ATM or IGF-1R were not detected in IRS-1 IPs (figure 

5.5B).   

It has been reported that the association of the EGFR with DNAPKcs is maximal at 

5 min post irradiation, persists only for 20 min (Dittmann et al 2005a), and is 

influenced by antibody mediated blockade of EGFR signalling (Dittmann et al 

2005b).  Therefore these experiments were repeated using shorter time-points (5 or 20 

min) post irradiation and including samples treated with IGF-1R inhibitor 

AZ12253801.  Again, no Co-IP was detected (not shown).  These results do not 

support a direct association between IGF-1R or IRS-1 and ATM or DNAPKcs in 

DU145 prostate cancer cells.  . 
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Even though a direct association between IGF-1R and ATM was not demonstrated, 

it was possible that IGF-1R signalling could still affect the activity of ATM, which 

could be manifest as an effect on the numerous downstream mediators of ATM 

function.   

 

 

 

Figure 5.5: ATM and DNAPKcs are not detectable in IGF-1R or IRS-1 IPs in DU145 cells 
DU145 cells were grown to 80% confluence in 15cm dishes.  Cells were serum starved overnight 
followed by stimulation with IGF-1 for 15 min prior to lysis, or irradiation at 5Gy and lysis 1 hr post 
irradiation with IGF-1 stimulation for the last 15 min.  Cell lysates were immunoprecipitated with IGF-
1Rβ antibody (A), IRS-1 antibody (B) or rabbit IgG (A and B), and IPs were analysed by western 
blotting for DNAPKcs and ATM. C=rabbit IgG control; WCE = whole cell extract. 
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5.2.2.2 Effect of IGF-1R inhibition on ATM signalling effectors 

ATM has numerous effectors including Chk-2, p53 and KAP-1 (figure 1.2), and 

changes in phosphorylation of these molecules can be used as markers of ATM 

activity (Lobrich and Jeggo 2005, Noon et al 2010).  Analysis was performed at one 

hour post irradiation, as at this early time-point ATM is likely to be the predominant 

signalling protein in the activation of the DSB repair process.  Other major players 

such as ATR are likely to play a part at later time points (Jazayeri et al 2006, Myers 

and Cortez 2006).  A putative association between IGF-1R signalling and ATM was 

investigated by assessing phosphorylation of ATM effectors following treatment with 

inhibitors of the IGF-1R signalling axis.  These included the IGF-1R inhibitor 

AZ12253801, and also PI3K, p38 and MEK inhibitors.  The concentration of PI3K 

inhibitor LY294002 was chosen as that which blocks PI3K activation, but is 

reportedly insufficient to block the PI3K-like kinase domains of ATM and DNAPK 

(Rosenzweig et al 1997, Stiff et al 2004).  An inhibitor of ATM (ATMi) KU-55933 

(Hickson et al 2004) was included to assess the ATM dependence of the measured 

radiation induced changes in phosphorylation.   

Irradiation of DU145 cells induced phosphorylation of KAP-1, Chk-2, p53, 

γH2AX and autophosphorylation of ATM on S1981, detected as a doublet in these 

cells (figure 5.6A).  These events were clearly inhibited by the ATMi, but not by any 

of the other inhibitors.  Previous work in our lab suggested that the IGF-1R influences 

ATM signalling in MCF7 breast cancer cells via the IRS-1-PI3K-AKT signalling 

pathway, based on reduction in Chk-2 phosphorylation following siRNA depletion of 

IGF-1R, IRS-1 or AKT-2 (Riedemann and Macaulay unpublished).  However, there 

was no reduction in Chk-2 phosphorylation following inhibition of the IGF-1R at one 

hour post irradiation (figure 5.6A).  If there were an effect of IGF-1R inhibition, one 
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would expect a dose response relationship between Chk-2 phosphorylation and 

increasing concentrations of AZ12253801.  Figure 5.6B shows that this was not the 

case.  In fact phosphorylation of ATM was apparently increased at 1 hr post 

irradiation in AZ12253801 treated cells compared with controls (figure 5.6A).  This 

would be consistent with the delay in γH2AX focus resolution apparent at 1 hr post 

irradiation in AZ12253801 treated cells compared with control cells (figures 5.3 and 

5.4).  A similar increase in pATM seen on PI3K inhibition with LY294002 allows 

speculation that the PI3K-Akt pathway might play a role in mediating this effect.   

Thus, there was no support for an early effect on inhibition of ATM function 

following IGF-1R inhibition in prostate cancer cells.  Indeed, ATM deficient cells are 

reported not to show an early defect in DSB repair, but have a late defect due to 

failure to repair a subset (~10-15%) of DSBs (Beucher et al 2009, Kuhne et al 2004).  

Previous experiments had shown an altered time course of γH2AX resolution over a 

longer period (figure 5.1 and 5.4A).  Therefore it was of interest to assess whether 

IGF-1R inhibition might influence the activity of ATM and its effectors over 24 hr.  

Following IGF-1R inhibition, there was no evidence of reduction in KAP-1 

phosphorylation.  Rather, KAP-1 phosphorylation appeared marginally stronger at 4 

hours and 24 hours when compared with control irradiated cells (figure 5.7).  KAP-1 

is known to be phosphorylated by ATM at Ser824 after DSB induction, resulting in 

relaxation of chromatin structure.  Given the slight increase in KAP-1 

phosphorylation at 4-24 hr, it is possible that IGF-1R inhibition could have an ATM-

independent effect on modifying chromatin structure, 
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Figure 5.6: Effect of IGF axis inhibition on ATM signalling in DU145 cells 
A) DU145 cells were treated for 4 hours with 30nM IGF-1R inhibitor AZ12253801; 20µM PI3K 
inhibitor LY294002 (Calbiochem); 10µM MEK 1/2 inhibitor U0126 (Calbiochem); 5µM p38 MAPK 
inhibitor SB203580 (Promega); 10µM ATM inhibitor KU55933 (Calbiochem).  Cells were 
unirradiated (UI) or irradiated at 5Gy and lysed in SDS lysis buffer one hour post irradiation. The 
results are representative of three independent analyses. B) DU145 cells were treated with solvent 
(0.0003% DMSO) or increasing concentrations of AZ12253801 for 4 hours, irradiated at 5Gy and lysed 
one hour post irradiation.  Western blot analysis was performed for pChk-2 and total Chk-2. 
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Figure 5.7: Effect of IGF-1R inhibition on KAP-1 phosphorylation in DU145 cells 
DU145 cells were treated with 30nM AZ12253801 for 4 hours, irradiated (5Gy) and lysed in SDS lysis 
buffer at 1, 4 and 24 hr post irradiation.  Lysates were prepared for western blot analysis for pKAP-1 
(Ser824) with β-tubulin as a loading control.  
 
 

The concept that IGF-1R might influence chromatin structure was raised in a study 

of NSCLC cells, induced to be resistant to erlotinib, with cross-resistance to cisplatin.  

An unbiased screen for resistance mediators highlighted the role of IGF-1R in 

regulating a chromatin modifying enzyme, histone demethylase KDM5A, which 

demethylates K4 of histone H3 (Sharma et al 2010).  If IGF-1R signalling does indeed 

modify chromatin structure, reducing access of repair proteins, any subsequent 

irradiation-induced DSBs in these regions may take longer to repair.  This could 

account for the delay in DSB repair and persistence of γH2AX foci and KAP-1 signal 

observed following IGF-1R inhibition.  Therefore, IGF-1R inhibited DU145 cells 

were assessed for levels of KDM5A and di- and tri-methylated histone H3K4.  

However, no changes were observed at 24 hr (figure 5.8).   
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Figure 5.8: IGF-1R inhibition does not influence expression of the histone demethylase KDM5A 
in DU145 cells 
DU145 cells were either serum starved overnight or left in full medium with 10% FCS.  Cells were 
treated with 30nM AZ12253801 for 4 hr and stimulated with IGF-1 in the last 15 min prior to lysis.  
Cells were lysed in SDS lysis buffer at time-points of 24 and 48 hr post IGF-1R inhibition.  Western 
blot analysis was performed for KDM5A, di- and tri-methylated H3K4, and lamin as a loading control.  
 
 

At the conclusion of this set of experiments, there was no evidence that IGF-1R 

inhibition influenced the function of ATM or its effectors in DU145 prostate cancer 

cells.  The next set of experiments tested whether IGF-1R inhibition may have a more 

direct effect on DNA DSB repair. 

5.2.3 Investigating effects of IGF-1R inhibition on DNA DSB Repair 

The data generated here using a small molecule IGF-1R inhibitor showed a delay 

in resolution of γH2AX foci as early as 1 hr after damage (Figure 5.4).  Rapid repair 

of DSBs is mediated by NHEJ, and defects in HR typically cause a repair defect at 
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later time-points (Mao et al 2008, Shibata et al 2011) .  In order to investigate whether 

IGF-1R inhibition influences the NHEJ pathway of DSB repair, the DNAPKcs 

deficient cell line M059J and DNAPKcs proficient M059K cells were utilised.   

5.2.3.1  Effect of IGF-1R inhibition in combination with DNAPKcs deficiency 

and DNAPK inhibition 

M059J and M059K are human glioblastoma cell lines established from the same 

tumour biopsy (Allalunis-Turner et al 1993, Allalunis-Turner et al 1995).  M059J 

cells are DNAPKcs deficient compared with DNAPKcs proficient M059K cells, and 

this was confirmed by western blotting (Allalunis-Turner et al 1995) (figure 5.9A).  

Levels of other core NHEJ proteins were similar in the two cells lines (figure 5.9A), 

however, it must be noted that, as reported (Ng et al 2010, Tsuchida et al 2002), 

M059J cells have lower levels of ATM, important in the sensing of DNA DSBs.   

M059J cells were noted to be more radiosensitive than the M059K cells in keeping 

with published data (Allalunis-Turner et al 1993, Allalunis-Turner et al 1995, Ito et al 

2012, Ng et al 2010, Yoshida et al 2002) (figure 5.9B).  M059K cells were sensitized 

to 1-5Gy irradiation by treatment with AZ12253801.  M059J cells showed 

AZ12253801-induced sensitization to 1Gy (43% vs 26%, p<0.01), but there was no 

difference at 2-5Gy (figure 5.9B).  These data suggest that IGF-1R inhibition may be 

epistatic with DNAPKcs deficiency in the repair of DSBs by NHEJ.  It was noted that 

the M059J cells had a slightly lower level of IGF-1R (figure 5.9A).  This could be 

related to low ATM expression, since ATM has been reported to regulate IGF-1R 

expression at the transcriptional level (Peretz et al 2001).  It is possible that reduced 

IGF-1R could contribute to radiosensitivity, although levels of IGF-1R did not appear 

to correlate with radiosensitivity in the prostate cell line panel (figure 4.11.and 4.12).  

It is also possible that the lower levels of ATM in the M059J cells influenced the 
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ability of AZ12253801 to radiosensitize, but this is less likely for two reasons.  

Firstly, previous experiments indicated that IGF-1R inhibition with AZ12253801 did 

not appear to inhibit the function of ATM or its downstream signalling mediators 

(section 5.2.2).  Secondly, experiments using ATM inhibitor KU-55933 showed that 

inhibition of ATM was capable of radiosensitizing both M059K and M059J cells, 

suggesting that the lower level of ATM in the M059J cells was functional, and did not 

limit the ability to radiosensitize these cells to any stimulus acting via ATM (figure 

5.9C).   

The next step was to determine whether there was similar epistasis between 

inhibition of IGF-1R and DNAPK in DU145 prostate cancer cells.  Permission was 

obtained from AstraZeneca to use AZ12253801 in combination with a small molecule 

inhibitor of DNAPK, NU7441.  Initial assessment of this compound established that a 

concentration of 1µM NU7441 suppressed damage induced autophosphorylation of 

DNAPKcs at Ser2056, assessed by western blotting and focus formation (figure 

5.10A and B), but did not inhibit the PI3K-like kinase ATM, as judged by inhibition 

of phosphorylation of KAP-1 and Chk2 (figure 5.10C).  NU7441 at the higher 

concentrations of 3-10µM did partially suppress KAP-1 phosphorylation, and it was 

important to avoid such confounding effects in order to interpret results of DNAPK 

inhibition.  A concentration of 1µM NU7441 was also the concentration used by other 

investigators (Shaheen et al 2011, Zhao et al 2006).  Having established a 

concentration of NU7441 to test on DU145 cells, the next experiment assessed its 

effects in combination with AZ12253801.  In these assays, 30nM AZ12253801 

enhanced the radiosensitivity of DU145 cells (figure 5.11) with differences in survival 

(1.4 fold at 1Gy, 2 fold at 3Gy and 10Gy) that were comparable to the effect observed 

previously in DU145 cells treated with 30nM AZ12253801 (figure 4.8).  Cells treated 
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with the DNAPK inhibitor alone were significantly more radiosensitive than controls, 

as expected, but aside from differences at 1Gy (27% vs 16%, p<0.05) there was no 

further enhancement of radiosensitization upon addition of AZ12253801 (figure 5.11).  

These differences suggest that IGF-1R may be on the same pathway as DNAPK with 

regards to effects on NHEJ, consistent with data in the M059J/K glioblastoma model 

(figure 5.9).   

It thus seems possible that, in addition to the reported effects on HR, IGF-1R may 

influence DNA DSB repair via the NHEJ pathway.  In addition to the results shown 

here using DNAPK deficient or inhibited cells, other data supporting this hypothesis 

include the early delay in DSB repair shown in figures 5.3 and 5.4, and the previous 

demonstration that IGF-1R depleted cells display a repair defect that is too large to be 

attributed to inhibition of HR alone (Turney et al 2012).  Any effect of the IGF axis 

could be transcriptional, translational, or post-translational affecting levels or function 

of core DSB repair proteins.  In view of the recently-recognised ability of IGF-1R to 

translocate to the nucleus (Aleksic et al 2010, Sehat et al 2010) and its potential role 

in transcriptional regulation, it was plausible that IGF-1R might also function as a 

transcription factor in regulating expression of proteins that accomplish or influence 

DNA repair.  Hence, initial experiments to explore effects of IGF signalling on DSB 

repair examined levels of the core DSB repair proteins to investigate possible changes 

in expression following IGF-1R inhibition. 
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Figure 5.9: IGF-1R inhibition is epistatic with DNAPKcs deficiency in glioblastoma cells 
A) M059J and K cells were grown to 80% confluence in 10cm dishes.  Cells were lysed in SDS lysis 
buffer and lysates were subjected to western blot analysis to determine levels of ATM and core NHEJ 
proteins including DNAPKcs.  B) M059J and K cells were seeded at 6000 cells/dish in 10cm dishes.  
Cells were treated with 30nM AZ12253801 for 4 hr, irradiated, and after 11-12 days, visible colonies 
were stained and counted.  Colony survival was expressed as a percentage of survival in unirradiated 
controls. Points represent the mean ± SEM for triplicate values in three separate experiments.  
AZ12253801 enhanced radiosensitivity of M059K cells but not M059J cells (*p<0.05, **p<0.01, 
***p<0.001).  C) M059J and K cells were seeded at 6000 cells/dish in 10cm dishes, treated with 3µM 
ATMi for 4 hr, irradiated, and after 11-12 days, visible colonies were stained and counted.  Colony 
survival was expressed as a percentage of survival in unirradiated controls. Points represent the mean ± 
SEM for triplicate values in three separate experiments.  ATMi enhanced radiosensitivity of M059K 
and M059J cells (*p<0.05, **p<0.01, ***p<0.001). 
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Figure 5.10: NU7441 inhibits DNAPK in DU145 prostate cancer cells 
DU145 cells were grown in either 10cm dishes, or on coverslips in 6-well plates.  Cells were treated 
with increasing concentrations of the DNAPK inhibitor NU7441 or ATMi for 4 hr, irradiated at 3Gy 
and A) lysed at 1 hr post irradiation in SDS lysis buffer and analysed by western blot for 
autophosphorylation of DNAPKcs at Ser 2056 with total DNAPKcs as a loading control;  B) fixed at 1 
hr post irradiation and stained for pDNAPKcs Ser2056.  Images show  typical irradiation induced foci, 
with merged pDNAPKcs (red) and DAPI (blue) staining in unirradiated cells (UI) and irradiated cells 
(IR) treated with 1, 3 and 10µM NU7441; C) lysed at 1 hr post irradiation in SDS lysis buffer, with 
western blot analysis for pChk2 and pKAP-1 with total protein levels as loading controls. 
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Figure 5.11: IGF-1R inhibition is epistatic with DNAPK inhibition in DU145 cells 
DU145 cells were seeded at 3000 cells/25cm2 flask.  Cells were treated with solvent control, 30nM 
AZ12253801, 1µM NU7441 or a combination of AZ12253801 and NU7441 for 4 hr, irradiated, and 
after 11-12 days, visible colonies were stained and counted.  Colony survival was expressed as a 
percentage of survival in un-irradiated controls. Points represent the mean ± SEM for triplicate values 
in three separate experiments.  AZ12253801 enhanced radiosensitivity of DU145 cells (*p<0.05, 
**p<0.01, ***p<0.001).  DU145 cells treated with NU7441 were further sensitized by AZ12253801 to 
1Gy (p<0.05) but not to 3 or 10Gy. 
 

5.2.4 Effect of IGF-1R inhibition on total levels of core DSB repair proteins  

 
An effect of IGF-1R inhibition on the translation of core DSB repair proteins, 

particularly those involved in NHEJ, might explain the delay in repair observed in 

IGF-1R inhibited prostate cancer cells.  Repair protein levels were initially 

investigated following treatment with increasing concentrations of AZ12253801.  

DU145 cells expressed damage sensors ATM, MRE11, Rad50 and NBS1, and core 

NHEJ and HR proteins (figure 5.12).  There were no significant changes observed in 

any of these proteins following 48 hr of treatment with increasing concentrations of 
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AZ12253801 (figure 5.12).  The assessment was repeated using cells pre-treated for 4 

hr with AZ12253801, irradiated and collected 4 hr later for western blot analysis 

(figure 5.13).  As before, there was no significant change in levels of proteins that 

sense or repair damage.  BRCA1 was noted to undergo radiation-induced mobility 

shift due to phosphorylation, as previously reported (Foray et al 2002, Gatei et al 

2001) , but this was not influenced by AZ12253801 (figure 5.13C). 

Thus there was no change in the levels of any of the assessed proteins either 

basally or post-irradiation, in cells pre-treated with AZ12253801.  However, it is 

possible that IGF-1R could regulate expression of other genes such as those that 

influence repair protein function, access to DNA or chromatin structure.  Therefore, 

further experiments to explore effects of IGF-1R signalling on DSB repair used the 

approach of performing a microarray analysis, to investigate transcriptional changes 

following IGF-1R inhibition. 
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Figure 5.12:IGF-1R inhibition does not influence levels of core DSB repair proteins in 
undamaged DU145 cells 
DU145 cells were treated with 30, 60 or 120nM AZ12253801.  Cells were lysed in SDS lysis buffer 48 
hr post treatment and western blot analysis was carried out for A) DSB sensing and repair initiation 
proteins, B) core NHEJ proteins, and C) core HR proteins. For these experiments myosin (200kDa) was 
used in addition to β actin as a loading control. 
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Figure 5.13: IGF-1R inhibition does not influence levels of core DSB repair proteins in irradiated 
DU145 cells 
DU145 cells were treated with 60nM AZ12253801 for 4 hr, irradiated at 5Gy, and then lysed in SDS 
lysis buffer 4 hr post irradiation.  Western blot analysis was carried out for A) DSB sensing and repair 
initiation proteins, B) core NHEJ proteins, and C) core HR proteins.  
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5.2.5 Effect of IGF-1R inhibition on the transcription of DNA repair targets 

at early time-points following DNA damage 

The conditions for microarray analysis were carefully chosen in an attempt to 

obtain useful data on the transcriptional role, if any, of IGF-1R in DNA repair.  RNAs 

were extracted from DU145 cells pre-treated for 4 hr with 60nM AZ12253801, 

followed by 5Gy irradiation, as these were conditions at which clear radiosensitization 

had been previously demonstrated (figure 4.8).  An early time point of 4 hr post 

irradiation was chosen for the analysis, because at this early time point there was 

already a clear difference in γH2AX resolution (figure 5.4A), and it is also a time-

point by which primary changes in transcription could have become established, 

although could limit the detection of later secondary effects of IGF-1R inhibition.  

Figure 5.14A summarises the conditions chosen for the analysis, and for each 

condition, RNAs were extracted from triplicate independent cultures.  RNAs were 

sent to the Cancer Research UK Microarray Facility for microarray analysis, and data 

analysis was carried out as in section 2.13, by Stephen Taylor, Head of Computational 

Biology Research Group, Weatherall Institute of Molecular Medicine.   

Correlations between the 12 samples (4 conditions, 3 replicates) are visualised on 

the dendrogram (figure 5.14B), to provide an overall view of relationships between 

and within groups of replicate samples.  It would be expected that the biological 

replicates would have similar expression profiles and hence correlation values, and so 

would cluster together closely within groups as sub-trees.  Similarly, if expression 

profiles differ significantly between groups of replicates from different samples, then 

the sub-trees would be separate from each due to a lower correlation.  From figure 

5.14B, it was immediately evident that the solvent un-irradiated group (1-3) and 

AZ12253801 treated, un-irradiated group (4-6) were closely correlated, with no 
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distinct separation between them, suggesting that the expression profiles conferred by 

60nM AZ12253801 did not vary significantly from controls.  This was borne out in 

the results of the analysis, where no statistically significant hits were generated from 

the comparison between these groups.  One sample (solvent irradiated 7) was found 

not to correlate closely with its biological replicates (8 and 9), and hence this outlier 

was excluded from the analysis.  The separation between the solvent irradiated group 

(8-9) and AZ12253801 irradiated group (10-12) was more marked than the 

differences between un-irradiated groups, suggesting some differences in expression 

profile, but even then the difference was not dramatic.  Thus, predictably, few hits 

were generated from the microarray comparison between solvent irradiated and 

AZ12253801 irradiated samples, and this might be not be entirely unexpected given 

that an early time-point of 4 hr had been chosen for the analysis.   

Table 5.1 lists the genes showing the greatest change in expression.  The 

magnitude of change in expression is indicated by the M-value (log-transformed 

ratio), which gives the fold change between conditions, typically calculated as log2 

(treatment/control).  Hence an M-value of 1 is equivalent to a 2-fold change and an 

M-value of 1.58 is equivalent to a 3-fold change.  The direction of the change is 

indicated by plus (upregulation) or minus (downregulation).  The significance of these 

changes is indicated by the B-value, the log-odds that a gene is differentially 

expressed between the conditions.  A B-value >3 is equivalent to a >95% chance that 

the gene is differentially expressed.  Two significant hits (table 5.1), with B-values 

>3.0, were observed in AZ12253801 irradiated compared with solvent irradiated cells, 

but no core DNA repair protein showed any significant change in expression.   
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Figure 5.14: Dendrogram showing clustering of similar samples in the microarray analysis 
A) Treatment conditions chosen for microarray analysis with corresponding sample numbers of the 
triplicate repeats. B) Correlations between the 4 biological sample groups in the microarray analysis, 
each with three biological replicates, were plotted on a dendrogram  using correlation statistics 
(analysis  by Stephen Taylor, Head of Computational Biology Research Group, Weatherall Institute of 
Molecular Medicine).   
 
 

 

Table 5.1:  Hits generated from the Affymetrix  microarray analysis 
The table shows the top four hits generated from the microarray analysis for the comparison of 
AZ12253801 treated irradiated DU145 cells compared with solvent treated irradiated cells.  The 
magnitude of change in expression is indicated by the M-value (log-transformed ratio), which gives the 
fold change between conditions, typically calculated as log2 (treatment/control).  The direction of the 
change is indicated by plus (upregulation) or minus (downregulation).  The significance of these 
changes is indicated by the B-value, the log-odds that a gene is differentially expressed between the 
conditions.  A B-value >3 is equivalent to a >95% chance that the gene is differentially expressed.  The 
top two hits were considered significant with B-values >3.0.   
 
 
 



 Results 
 

137 

Short chain dehydrogenase/reductase member 3 (DHRS3) is a short chain 

dehydrogenase/reductase that has numerous functions including the oxidation/ 

reduction of retinoids and steroids, amongst other substrates.  It is an endoplasmic 

reticulum protein (ER) that plays a part in lipid droplet biogenesis (Deisenroth et al 

2011, Haeseleer et al 1998).  The kinesin family member 20A (KIF20A) gene 

encoding mitotic kinesin-like protein 2 (Mklp2) is involved in cytokinesis at the end 

of mitosis, and in retrograde vesicular transport from the Golgi to the ER during 

interphase (Echard et al 1998, Hill et al 2000).  Although the B-values for DHRS3 and 

KIF20A were significant, the actual fold-changes in expression levels for DHRS3 and 

KIF20A were small, both down-regulated following AZ12253801 treatment of 

irradiated cells by 1.8-fold and 1.3-fold respectively.  Given that the microarray 

served as a guide to expression at a particular time-point (here 4 hr post irradiation), it 

was possible that fold-changes may differ when observed over a time-course 

following IGF-1R inhibition and irradiation.  Furthermore, KIF20A has been reported 

to be a novel tumour-associated antigen, overexpressed in hepatocellular and 

pancreatic carcinomas (Gasnereau et al 2012, Imai et al 2011).  Down regulation of 

KIF20A can attenuate the growth of pancreatic carcinoma cells (Taniuchi et al 2005), 

and hence it was an interesting target to follow-up in its own right.  Neuron navigator 

2 (NAV2) is involved in cytoskeletal reorganisation and hence proliferation and 

migration of neuronal as well as other cells (McNeill et al 2011, Schmidt et al 2009), 

and keratin 6B (KRT6B) encodes a structural keratin protein found in hair, skin and 

sebaceous glands (Smith et al 1998).  None of these genes has any known effect on 

DNA repair.   

Given the apparently significant changes in expression of DHRS3 and KIF20A, it 

was thus decided to validate these two genes by means of quantitative real-time PCR 
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(qPCR).  DU145 cells were pre-treated for 4 hr with solvent or 60nm AZ12253801, 

irradiated (5Gy) and RNAs were extracted after 0, 1 hr, 4 hr and 24 hr.  After 

synthesising cDNAs by reverse transcription (as per chapter 2 section 2.12 and 2.14), 

qPCRs were performed.  A negative control reaction containing RNA but no reverse 

transcriptase was also set up to exclude contamination of the RNA samples with 

genomic DNA.  Three housekeeping genes, TUBA 1c, GAPDH and HPRT 1 were 

amplified by qPCR utilising cDNAs from both control and IGF-1R inhibited samples 

at all time-points, and the least variable housekeeping gene amongst the three was 

determined by utilising Normfinder software (Chapter 2, section 2.15.3) (Andersen et 

al 2004).  This was to ensure stability of housekeeping genes over all experimental 

conditions tested, which is particularly important when using a semi-quantitative 

method to determine fold-changes in target genes by means of comparison to known 

housekeeping genes (Andersen et al 2004).  GAPDH was found to be the most stable 

of the three housekeeping genes tested (figure 5.15A).  Primer specificity was 

determined by melting curve analysis, which should generate a single product peak, as 

was indeed found for KIF20A (figure 5.15C), DHRS3 (figure 5.15E) and GAPDH 

(figure 5.15B).  This confirmed that only a single product was amplified, and 

excluded the presence of primer dimers, contaminating DNA and products from mis-

annealed primers, which would be detected as separate peaks.  Primer efficiency was 

compared between KIF20A, DHRS3 and GAPDH (figure 5.15D and F) to check 

whether amplification efficiencies were comparable to allow for semi-quantification.  

When Ct values were plotted against log RNA dilution, the slopes of the lines were 

found not to be significantly different (see figure 5.15D and F).   

Having established conditions to check expression of the two top microarray hits, 

qPCRs were performed to amplify KIF20A, DHRS3 and GAPDH for all the 
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experimental conditions.  Data were analysed using the 2-∆∆CT method (Livak and 

Schmittgen 2001), and the results are shown in Table 5.2.  There were very minor 

changes in expression of each gene over the 24 hr post treatment, with only small 

changes in levels of either DHRS3 or KIF20A between AZ12253801 treated and 

solvent treated cells, with or without irradiation, at any time-point.  Furthermore, the 

small changes that were observed indicated upregulation by AZ12253801, whereas 

both genes appeared to be downregulated by microarray analysis (Table 5.1).  A 

second set of RNAs were extracted from independent samples, and the qPCR analysis 

was repeated.  This confirmed the initial negative results.  This was not entirely 

unexpected, as the original fold-changes seen on the microarray analysis were small.  

At this point it was decided not to take the analysis any further.   

Investigation of possible functional effects of IGF-1R inhibition on recruitment of 

repair protein(s) to chromatin was the focus of the next set of experiments. 
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Figure 5.15: Optimisation of primers for qRT-PCR 
A) The most stable HKG was selected from a panel of 3 commonly used HKGs: GAPDH, TUBA 1c 
and HPRT1, using Normfinder software (Andersen et al 2004).  B) C) and E) Melting curve analysis 
for GAPDH, KIF20A and DHRS3 respectively.  The rate of change of fluorescence in the reaction 
(dF/dT) is plotted against temperature. As the temperature is raised, a large change in fluorescence, 
seen as a peak, accompanies the separation or melting of the double stranded PCR product.  This is the 
melting temperature (Tm). D) and F) PCR amplification efficiency was compared for both the HKG 
and the target gene of interest, by carrying out a PCR reaction with 10-fold serial dilutions of the 
template cDNA covering a range from 50 to 0.5ng.  The CT values were plotted against the log10 RNA 
dilution; slopes of the resultant lines were compared by nonlinear regression analysis and a p-value for 
the difference was generated, p= 0.09 for KIF20A and p= 0.72 for DHRS3 indicating no difference 
between the slopes. 
 



 Results 
 

141 

 
 

Table 5.2: IGF-1R inhibition does not alter the transcription of KIF20A and DHRS3 following 
irradiation 
qRT-PCR was performed on triplicate samples of cDNAs from solvent treated irradiated and 
AZ12253801 (60nM) inhibited irradiated cells at time points of 0, 1, 4 and 24 hr after irradiation.  
Relative quantification was carried out using the 2-∆∆CT method (Livak and Schmittgen 2001) to express 
a fold-difference in levels of the target cDNA in treated samples versus controls.  Expression levels of 
GAPDH were used as a normalizer to account for differences in loading between samples.  Solvent 
treated samples at each time-point were used as the calibrator against which fold-changes in expression 
levels of target at that time-point were measured.  The last column (run 2) shows the fold-change 
results of the second set of independent samples which were analysed in a similar manner to run 1.    
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5.2.6 Investigation of the effects of IGF-1R inhibition on the recruitment of 

repair proteins to chromatin 

Repair proteins are recruited to the site of a DSB in a highly regulated sequence, 

and the timely removal of repair proteins from the site of the DSB is as important in 

the completion of repair as initial recruitment (Postow 2011).  Binding of repair 

proteins was studied by extracting chromatin from IGF-1R inhibited and irradiated 

cells as previously described (Chapter 2 section 2.8), and the enrichment of the 

chromatin fraction was determined by western blot analysis of the chromatin protein 

histone H3 and cytoplasmic β tubulin (figure 5.16A).  This suggested that there was 

good enrichment of histone H3 in the chromatin fraction, with negligible 

contamination by cytoplasmic components.  Subsequent use of this method on 

AZ12253801 treated cells showed no difference in levels of core NHEJ repair 

proteins, ATM, or Rad51 (figure 5.16B).  The chromatin fraction was also 

immunoblotted for one of the subunits of RPA, RPA32, to test whether RPA showed 

enrichment on chromatin following DNA damage, which is seen after UV or ionising 

radiation (Rai et al 2006) (Andy Blackford personal communication). The absence of 

radiation induced RPA enrichment in this experiment might cast doubt as to the purity 

of the fractionation (Figure 5.16C).  If so, subtle changes in recruitment of proteins to 

the chromatin might be masked.  RPA is a heterotrimer composed of 70, 32 and 

14kDa subunits, that can be either nucleosolic or chromatin bound (Treuner et al 

1999).  It is the chromatin associated RPA that contains the phosphorylated form of 

RPA32 (Oakley and Patrick 2010, Treuner et al 1999), and RPA 32 shows an increase 

in phosphorylation after DNA damage (Boubnov and Weaver 1995, Fried et al 1996, 

Liu and Weaver 1993).  Indeed, in figure 5.16C, it can be seen that control cells show 

an RPA32 doublet when blotting for total RPA32, with a subtle increase 1 hr after 
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irradiation, and resolution of the doublet at 4 hr.  In IGF-1R inhibited cells, this 

doublet is less evident, appearing faintly at 4 and 24 hr (figure 5.16C). . 

In the absence of a clear mechanism for the effect of IGF-1R, but with evidence to 

implicate the involvement of NHEJ (figures 5.9 and 5.11), a functional assay for 

NHEJ was carried out in an attempt to quantify effects of IGF-1R inhibition. 
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Figure 5.16: Assessing effects of IGF-1R inhibition on recruitment of repair proteins to 
chromatin in DU145 cells 
DU145 cells were treated with solvent or 30nM AZ12253801 for 4 hr followed by irradiation.  At time 
points of 1 - 24 hr post irradiation, chromatin was extracted and used for western blot analysis for  A) β 
tubulin and histone H3 as markers of fractionation,  B) core DSB repair proteins  with histone H3 as a 
loading control, and C) RPA with histone H3 as a loading control.  Results B and C are representative 
of two separate experiments.   
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5.2.7 IGF-1R inhibition inhibits NHEJ 

The initial approach to assay for NHEJ in DU145 cells used a cell-based assay to 

measure re-joining of a transiently transfected, linearised reporter plasmid according 

to the method described by Bau et al (Bau et al 2004) (described in section 2.16.1).  

Optimisation of this assay was problematic at a number of levels.  To prepare the 

repair substrate, the pGL2 luciferase reporter plasmid was digested with BamHI or 

HindIII as described in section 2.16.1.3, and completion of digestion was checked by 

agarose gel electrophoresis (figure 5.17A and B).  Linearised plasmid was gel 

extracted and purified, but yields following gel purification were low, and hence 

multiple plasmid digests had to be performed in order to obtain sufficient linearised 

plasmid to carry out the required experiments.  Each batch of cut plasmid was tested 

by bacterial transformation, which is accomplished much more efficiently by uncut 

circular plasmid, than by linear DNA.  Hence, any contaminating circular plasmid 

would significantly alter luminescence readings if present in linearised plasmid 

preparations.  Despite using consistent procedures, completion of digestion was not 

always achieved based on the results of bacterial transformation between different 

batches of plasmid: the number of cfu/µg of DNA varied from 0-8.3 x104 in the 

linearised preparations.  Because these assays were performed prior to the availability 

of small molecule IGF-1R and DNAPK inhibitors, siRNA transfection was used to 

knock down DNA ligase IV as a positive control for NHEJ inhibition, two days prior 

to plasmid transfection.  However, this dual transfection with siRNA and plasmid 

increased overall cellular toxicity.  To conserve linearised plasmid, the assay was 

originally carried out in a 24-well format, but because of the toxicity of transfection, 

there was then not enough protein to carry out western blotting to check for 

knockdown of target proteins.  The assay was thus scaled up to a 6-well plate format.   
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DU145 cells proved refractory to transfection with linearised plasmid using Gene 

Juice transfection reagent used routinely in the laboratory at the time of these 

experiments.  Optimisation of plasmid transfection into DU145 cells was undertaken 

with seven different reagents, each used according to manufacturer’s recommended 

guidelines.  Trans IT (Mirus bio, Madison, WI) appeared to mediate the most efficient 

transfection, based on luminescence readings following transfection with BamHI 

linearised plasmid (figure 5.17C), and this was used for subsequent experiments.   

An initial NHEJ assay was performed, using cells transfected with control siRNA, 

IGF-1R siRNA, or Ligase IV siRNA as a positive control for NHEJ suppression.  

Two days after siRNA transfection, each culture was transfected with BamHI- or 

HindIII-linearised pGL2.  Luminescence generated by re-joining of Hind III-cut 

reporter was corrected for total protein, expressed as a % of BamHI luminescence, 

also corrected for total protein (figure 5.18A), and then these data were expressed as a 

% of the reporter activity in control siRNA transfectants (figure 5.18B).  Initial results 

suggested that IGF-1R knockdown resulted in a reduction in plasmid re-joining, and 

hence NHEJ, when compared to control transfected cells (figure 5.18C, Run 1).  A 

similar result was obtained in run 4 (Figure 5.18C), suggesting that IGF-1R 

knockdown appeared to reduce NHEJ dependent rejoining of linearised luciferase 

plasmid by 44-53%.  However, probably due to the factors outlined above, inter-assay 

results were very inconsistent, and luminescence values for control samples varied 

widely between assays.  The positive control for NHEJ suppression (ligase IV 

knockdown), which should have had the lowest luminescence values, showed similar 

results to the control transfected cells in two assays (figure 5.18C, runs 2 and 3), 

despite confirmation of ligase IV depletion in western blot (figure 5.18D).  This casts 

doubt on both the adequacy of ligase IV knockdown and/or the purity of linearised 
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plasmid preparations.  Therefore, the reliability of this assay was questioned, and 

hence an alternative, more reliable, NHEJ assay was sought. 

With the availability of small molecule inhibitors of IGF-1R and DNAPK, 

AZ12253801 and NU7441 respectively, an alternative to siRNA knockdown was 

available, that potentially avoided the problems associated with toxicity from the 

siRNA transfection.  A cell-based NHEJ assay was identified, based on HEK293 cells 

that carry a stably integrated reporter plasmid and tamoxifen-inducible I-Sce-I 

generated DNA DSBs, thus circumventing the need for plasmid purification and 

transfection (Bennardo et al 2008).  Cell sorting was employed to measure GFP 

positivity in cells capable of using NHEJ to rejoin the reporter plasmid. 
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Figure 5.17: Optimisation of reagents for cell based assay, using transient transfection of 
linearised NHEJ reporter 
A) pGL2 luciferase reporter plasmid. Linearization with Hind III between the luciferase promoter and 
coding sequence results in interruption of expression of luciferase, requiring rejoining by NHEJ to 
reconstitute reporter activity. Bam HI digestion results in linearization away from the luciferase 
reporter which remains intact, and this serves as a control for transfection efficiency of linearized 
plasmid.  B)  BamHI and HindIII digestion of pGL2 luciferase reporter was carried out over 6 hr.  To 
confirm completion of digestion, 1µg of uncut and each of the linearised products was analysed by 
agarose gel electrophoresis.  Expected product size was 6047bp, with the circular supercoiled plasmid 
having greater electrophoretic mobility than the linearised plasmid, thus allowing differentiation. C) 
Optimisation of plasmid transfection in DU145 cells was carried out using 7 different reagents.  Cells 
were seeded in 6-well plates, and 24 hr later were transfected with BamHI linearised plasmid using the 
indicated transfection reagents, as per manufacturers protocols.  Luciferase assays were performed 24 
hr post transfection.  The graph shows luminescence readings resulting from the different methods of 
transfection, from a single experiment with triplicate wells for each method. 
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Figure 5.18: Inconsistent results obtained from NHEJ assay utilising transient transfection of 
linearised reporter in DU145 cells 
DU145 cells were seeded in 6-well plates, and the following day were transfected with control, IGF-1R 
or Ligase IV siRNAs.  After 48 hr, linearised plasmid transfection was carried out using BamHI or 
HindIII linearised pGL2.  Luciferase assays were performed 24 hr post plasmid transfection.  A) 
Luminescence readings expressed per µg of protein, in triplicate samples from Run 1.  The numbers 
above the HindIII bar represent the HindIII luminescence value expressed as % of the BamHI value to 
control for transfection efficiency.  B) The luminescence value of HindIII/BamHI obtained from 
knockdown of IGF-1R and Ligase IV in Run 1 are expressed as % of control transfected samples.  C) 
The graph shows the results of four separate experiments. The HindIII/BamHI luminescence of 
triplicate repeats (run1) or 4 repeats (runs2-4) for each siRNA knockdown was expressed as % of the 
control transfected value for each individual experiment.  The numbers above the individual bars 
reflect the actual % value.  D) Western blot confirming siRNA knockdown of the target proteins. 
Similar results were obtained on analysis of cell lysates from one well per siRNA knockdown from 
each NHEJ assay.  Repair assays shown in A-C utilised control siRNA 2 and IGF-1R siRNA 2. 
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5.2.7.1 IGF-1R inhibition results in a reduction of repair via NHEJ 

The principles of this cell-based NHEJ assay are outlined in section 2.16.2 

(Bennardo et al 2008).  The assay is based on constitutive expression of the restriction 

endonuclease I-Sce-I flanked by a mutant form of the oestrogen receptor ligand 

binding domain (TAM), that allows I-Sce-I access to chromatin only in the presence 

of 4-hydroxytamoxifen (4OHT).  HEK 293 cells were characterised for the presence 

of the IGF-1R and the ability of 30nM AZ12253801 to inhibit IGF-1R and Akt in 

these cells (figure 5.19).  EJ5-GFP-TST-HEK293 cells were seeded in triplicate for 

treatment with AZ12253801, DNAPK inhibitor NU7441 or solvent control.  Cells 

were treated with 4OHT to induce I-Sce-I to create a DSB in the EJ5-GFP reporter 

plasmid, and rejoining was measured by GFP positivity.  Cells were initially gated for 

live cell and singlet populations.  Untreated cells served as a negative control, to gate 

out the background autofluorescence (figure 5.20A).  Cells transiently transfected 

with pcDNA3-EGFP-C3 (obtained from Professor Ian Hickson, Weatherall Institute 

of Molecular Medicine, Oxford), encoding enhanced GFP, served as a control to 

ensure appropriate settings on the cell sorter for detection of GFP positivity (figure  

5.20B).  Solvent treated cells were used as a positive control for overall levels of 

NHEJ repair, as GFP positivity should be maximal in these cells where NHEJ is not 

compromised (figure 5.20C).  As a control for NHEJ inhibition, NU7441 was used at 

a concentration of 1µM, shown previously to inhibit DNAPK, a core NHEJ protein, in 

DU145 cells (figure 5.10).  Indeed, GFP positivity was reduced in NU7441 treated 

cells compared with controls (compare figures 5.20C and E).  Parallel cultures were 

treated with 30nM AZ12253801 and GFP positivity in these cells was compared with 

the control and NU7441 inhibited cells, to assess effects on NHEJ activity (figure 

5.20D).  Overall levels of GFP positivity in 4OHT-treated control cells was quite low 
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at 0.1%.  Given that 100,000 cells were collected, following exclusion of doublet 

cells, this represents ~ 100 cells.  Previous reports using the EJ5-GFP reporter in 

mouse ES cells with transient transfection of I-SceI have demonstrated 0.2% -2.5% 

GFP positivity (Bennardo et al 2008, Bennardo and Stark 2010), consistent with data 

obtained here.  Despite the relatively low levels of GFP positivity, the results were 

consistent between experiments, and figure 5.20F shows that there was a statistically 

significant reduction in DSB repair by NHEJ in AZ12253801 treated cells compared 

with control cells.  As expected, there was a significant reduction in NHEJ in cells 

treated with the DNAPK inhibitor, and these results were not significantly different 

from the inhibitory effect of AZ12253801 (figure 5.20).  These results are not 

dissimilar to the findings on the 1st and 4th runs of the transiently transfected reporter 

NHEJ assay (figure 5.18C).  The small numbers of GFP positive cells, however, is a 

limitation of this assay, as it might make differences between treatments harder to 

detect.  Nonetheless, the results of this NHEJ assay support the original hypothesis 

that IGF-1R inhibition induces a defect in DNA repair by the NHEJ pathway. 
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Figure 5.19: Characterisation of EJ5-GFP-TST-HEK 293 cells 
HEK293 cells were serum starved overnight and the following day treated with 30nM AZ12253801 for 
4 hr, with 50nM IGF-1 stimulation for the last 15 minutes prior to lysis.  Lysates were analysed by 
Western blotting for pIGF-1R, pAkt and total protein levels.   
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Figure 5.20: IGF-1R inhibition results in a defect in NHEJ in HEK 293 cells  
EJ5-GFP-TST HEK 293 cells were seeded in triplicate in 35mm dishes.  Cells were treated with 
solvent, 30nM AZ12253801 or 1µM NU7441, together with 3µM 4OHT.  The 4OHT containing 
medium was removed after 24 hr and replaced with fresh medium containing the respective inhibitors 
or solvent control.  Then, 72 hr after initial treatment with 4OHT, cells were harvested, fixed in 4% 
PFA, and analysed by cell sorting.  A)-E) are representative analyses of A) untreated cells, B) eGFP 
transfected cells, C) solvent treated cells, D) AZ12253801 treated cells and E) NU7441 treated cells. F) 
Graph shows the mean ± SEM % GFP positivity in four separate NHEJ assays carried out in triplicate.  
(*p<0.05, **p<0.01) 
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5.3 Discussion 

The initial experiments in this chapter, utilising γH2AX foci formation and 

resolution by immunofluorescence as a marker of DSB, demonstrated a delay in DSB 

repair evident as early as 1 hr post 3Gy irradiation, and peristing at 24 hrs.  The dose 

of irradiation given determines the number of breaks generated, with each Gy 

introducing one DSB per 0.2 x 109 bp of DNA (de Almodovar 1994).  In mammalian 

cells there are 6 x 109  and 12 x 109 bp in G1 and G2 of the cell cycle respectively 

(Rogakou et al 1999).  Up to 60% of initial DNA DSBs are transient with rejoining 

times in minutes, and 40% of breaks are more persistent with rejoining times in the 

order of hours (Kodym and Horth 1995).  Thus, for a dose of 3Gy, one would expect 

90-180 DSBs of which 36-72 would be persistent breaks with rejoining half-times in 

the order of hours.  However, there are limitations to the immunofluorescence 

technique in counting of foci, as increasing amounts of radiation result in larger 

numbers of foci, and overlap of foci is more likely to occur, compromising accurate 

counting (Rogakou et al 1999).  Also, detection of foci is limited by the resolution 

capacity of the microscope.  Nonetheless, the immunofluorescence results obtained 

were consistently reproducible between experiments, and the findings were similar to 

those obtained with γH2AX western blotting. 

Previous experiments carried out in our laboratory had demonstrated impaired 

ATM kinase activity following IGF-1R depletion in murine melanoma cells 

(Macaulay et al 2001), and a direct binding interaction between the IGF-1R adaptor 

IRS-1 and ATM has been demonstrated in MCF7 cells, both in our lab (Akkaya and 

Macaulay unpublished) and by others (Jeon et al 2008).  Both the IGF-1R and the 

EGFR translocate to the nucleus, and the EGFR has been shown to interact directly 

with DNAPKcs and NHEJ proteins Ku70A (Aleksic et al 2010, Bandyopadhyay et al 
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1998, Dittmann et al 2005a, Liccardi et al 2011).  However, at the conclusion of this 

set of experiments, a direct interaction between IGF-1R, IRS-1 and ATM or 

DNAPKcs was not evident in DU145 prostate cancer cells.  Despite demonstrating a 

mobility shift in IRS-1, consistent with its phosphorylation by activated IGF-1R, an 

IGF-1R:IRS-1 was not detected.  This inability to detect IRS-1 in IGF-1R IPs and 

vice-versa suggests that this system may not have been optimized for detection of 

protein: protein interactions.  Having said that, there are few examples in the 

literature of clearly documented interactions between endogenous IGF-1R and IRS-1; 

one of the few examples is the work of Hutcheson and colleagues, where transient 

IRS-1: IGF-1R Co-IP was reported within a few minutes of IGF-1 stimulation 

(Knowlden et al 2008). 

Following IGF-1R inhibition, there was no evidence that IGF-1R inhibition 

influenced the function of ATM or its effectors in DU145 prostate cancer cells.  This 

was in contrast to previously documented results in B16 murine melanoma cells 

(Macaulay et al 2001) and human MCF7 breast cancer cells (Jeon et al 2008) 

(Riedemann and Macaulay unpublished).  It is notable that both B16 and MCF7 cells 

are p53 wild-type, while DU145 are p53 mutant (http://cancer.sanger.ac.uk).  It is 

possible that B16 and MCF7 cells may thus be more likely to respond to suppression 

of IGF signaling with onset of apoptosis, and apoptosis is reported to induce cleavage 

of ATM and loss of its kinase activity (Smith et al 1999).  Therefore, it is possible that 

this phenomenon, rather than any direct effect on ATM, could have been responsible 

for the apparent effects of IGF-1R depletion on ATM in B16 and MCF7 cells.   

It was noted that, following IGF-1R inhibition, KAP-1 phosphorylation appeared 

marginally stronger at 4 hours and 24 hours when compared with control irradiated 

cells (figure 5.7).  KAP-1 is known to be phosphorylated by ATM at Ser824 after 

http://cancer.sanger.ac.uk/
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DSB induction, resulting in relaxation of chromatin structure.  This allows repair 

proteins access to the DSB, facilitating repair of DSBs located in regions of 

heterochromatin (Goodarzi et al 2010, Ziv et al 2006).  If IGF-1R depletion or 

inhibition is causing a delay in DSB repair by suppressing ATM function, one would 

expect a reduction in KAP-1 phosphorylation even at later time-points, which is not 

consistent with the observed effect.  Hence it is possible that IGF-1R inhibition could 

have an ATM-independent effect on modifying chromatin structure, and that KAP-1 

phosphorylation is simply acting as a marker of persisting DSBs within regions of 

heterochromatin.  If time had permitted it would have been informative to assess 

effects of IGF-1R signalling on markers of heterochromatin, including the 

heterochromatin protein HP1 and histone H3K9 di- and tri-methylation, and also on 

proteins such as 53BP1, known to modulate KAP-1 function (Grewal and Jia 2007, 

Noon et al 2010).  eterochromatin induction is known to occur as a consequence of 

cellular senescence, which can be regulated by IGF-1R signalling (Kuilman and 

Peeper 2009), but previous experiments indicated that IGF-1R inhibition does not 

induce senescence in DU145 cells (figure 4.14).   

In a separate experiment, no effect of IGF-1R inhibition was observed on the 

chromatin modifying histone demethylase KDM5A, in contrast to results in resistant 

NSCLC cells (Sharma et al 2010).  However, the reported IGF-regulated change in 

KDM5A expression in NSCLC had been seen only in erlotinib/cisplatin resistant 

cells, and not in parental cells, which may be one explanation for the lack of effect 

observed here (Sharma et al 2010).  Alternatively, there may be a tumour type 

specific effect on KDM5A, observed in lung cancer cells but not in prostate cancer 

cells.  If time had permitted, it might be informative to perform a more 

comprehensive screen of the effects of IGF-1R inhibition on histone modification.   
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A role for IGF signalling in DNA repair by HR was shown by Trojanek et al who 

reported an IGF-regulated interaction between IRS-1 and RAD51, influencing the 

ability of RAD51 to form damage-induced foci (Trojanek et al 2003).  Previous work 

from our group showed that IGF-1R depletion in DU145 cells induced a significant 

repair defect (30-40% excess unrepaired DSBs at 24 hr), too large to be attributable in 

its entirety to the demonstrated modest reduction in repair by HR measured using a 

reporter assay (Ben Turney DPhil 2008).  This led to the hypothesis that IGF-1R may 

also regulate repair via the NHEJ pathway, and this is supported by the findings of the 

current study.  Firstly, a delay in DSB resolution seen as early as 1 hr after damage .  

Secondly, it was observed that inhibition of the IGF-1R was epistatic with both 

DNAPK inhibition in DU145 cells and DNAPKcs deficiency in glioblastoma cells, 

further supporting an effect of IGF-1R on the NHEJ pathway of DSB repair.  Lastly, a 

cell-based reporter assay in HEK-293 cells confirmed the novel finding that IGF-1R 

inhibition suppressed DSB repair by NHEJ, helping to explain the radiosensitization 

seen with IGF-1R inhibition.   

An attempt was made to investigate the contribution of IGF-1R inhibition to the 

HR pathway of DSB repair, utilising the matched HEK-293 cells that carry the HR 

reporter DR-GFP-TST (Bennardo et al 2008), described in Materials and Methods 

section 2.16.2.  These cells were treated with 30nM AZ12253801 or solvent, together 

with 3µM 4OHT as in the NHEJ assay and according to the protocol described in 

(Bennardo et al 2008).  Unfortunately, no GFP positive population was detected in 

this assay, although the cells continued to grow in puromycin and blasticidin selection 

medium, suggesting the presence of both the DR-GFP and TST plasmids.  If time had 

permitted, further efforts would have been made to optimise this assay, using if 
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necessary the approach of transiently transfecting the I-SceI plasmid to induce DSBs 

in the reporter.   

In the previous work documenting a modest effect of IGF-1R knockdown on HR, 

using an integrated HR reporter with transient I-Sce-I transfection (Turney et al 

2012), it was unclear whether the observed reduction in HR was attributable, wholly 

or partly, to the increase in G1 and reduction in G2 populations induced by IGF-1R 

depletion.  It would be informative to assess whether a similar defect is induced by 

IGF-1R inhibition.  The use of a small molecule inhibitor, with careful dose titration, 

might allow determination of the extent to which the observed reduction in the HR 

was attributable to altered cell cycle distribution in the IGF-1R inhibited cells. 

In contrast, cells are known to be capable of performing NHEJ throughout the cell 

cycle (Jackson and Bartek 2009).  This, together with the finding that relatively low 

concentrations of AZ12253801 influenced repair but not cell cycle distribution 

(figure 4.15, 4.16 and 5.20) suggests that effects of IGF-1R inhibition on NHEJ are 

cell-cycle independent.   

In order to elucidate the mechanism for the effect of IGF-1R on DSB repair via 

NHEJ, a transcriptional effect on DNA repair targets was assessed via microarray 

analysis.  While cells are known to mount a transcriptional response to irradiation (Lu 

et al 2006, Rashi-Elkeles et al 2011), there was no evidence from this analysis of any 

differences in gene expression when comparing irradiated cells to un-irradiated cells, 

at least up-to 4 hr post-irradiation.  One could speculate that the p53 mutant status of 

DU145 cells may have contributed to the lack of response, as p53 has been 

highlighted to be a central player in the transcriptional response to irradiation (Rashi-

Elkeles et al 2011).  Thus, this study produced no evidence that the effect of IGF-1R 

inhibition on the response to radiation in DU145 cells was mediated at a 
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transcriptional level.  Indeed the detection of a repair defect at relatively early time-

points after AZ12253801 treatment and irradiation (figures 5.3 and 5.4) would argue 

against a transcriptional effect. 

The potential influence of IGF-1R on NHEJ may be complex, and could involve 

post-translational modifications to proteins in the repair pathway.  Difference in the 

phosphorylation of chromatin-bound RPA between control and IGF-1R inhibited 

cells, thought to represent the doublet in figure 5.16C, could be one such example.  

This could be followed up by checking whether the upper band of the RPA doublet is 

abolished by phosphatase treatment, and immunoblotting with antibodies directed 

against specific RPA phospho-epitopes.  RPA has a well recognised role in DNA 

repair pathways including HR, where it coats ssDNA to prevent secondary structure 

formation prior to RAD51 loading (Oakley and Patrick 2010).  RPA was also 

reported to facilitate repair of DSBs by NHEJ in genomic but not plasmid DNA 

(Perrault et al 2001, Zhang et al 2009b).  It is possible that IGF-1R influences the 

induction or resolution of other post-translational modifications on repair proteins, 

and this would fit with the relatively early onset of the delay in DSB resolution after 

IGF-1R inhibition (figure 5.4). 

Thus the mechanism of the effect of IGF-1R inhibition on DNA DSB repair by 

NHEJ remains unknown. 
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6 Chapter VI: Conclusion and future directions 

The main objective of this work was to gain a better understanding of the role of 

IGF-1R in urological cancer, focusing on firstly, the potential of IGF-1R as a 

prognostic biomarker, and secondly, the role of IGF-1R signalling in the DNA 

damage response.  Two novel findings have resulted from this work, and may have 

implications for future clinical applications of anti-IGF-1R therapy. 

Initial work investigated the expression and subcellular distribution of the IGF-1R 

in ccRCC.  IGF-1R was detectable by IHC in the majority of ccRCCs, with 

expression at the RNA level found in a previous study from our group (Yuen et al 

2007).  Almost 50% of ccRCCs were found to have nuclear IGF-1R, and this was a 

novel finding at the time of publication.  Of these tumours, approximately 50% had 

intense and extensive nuclear IGF-1R.  Others have now reported the finding of 

nuclear IGF-1R (Asmane et al 2012, Bodzin et al 2012, Robertson et al 2012, 

Sarfstein et al 2012, Sehat et al 2010, Wu et al 2012).  However, the data presented 

here represent the only association to date of nuclear IGF-1R with clinical data being 

correlated with a poor prognosis in terms of survival from ccRCC.  These findings 

raise three important questions.  Firstly, does nuclear IGF-1R have the potential to act 

as a prognostic biomarker and a predictive biomarker of response to anti-IGF-1R 

therapy?  Ongoing work in our laboratory is investigating the association of nuclear 

IGF-1R with clinical factors in prostate and bladder tumours by IHC staining of 

tumour arrays and correlation with clinical data.  This will determine whether the 

prognostic significance of nuclear IGF-1R is limited to ccRCC, or whether it is a 

prognostic biomarker in a wider range of urological cancers.  Other tumour types are 
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also being investigated in a similar manner to assess the potential of nuclear IGF-1R 

as a prognostic biomarker.   

The second question raised is the function of nuclear IGF-1R.  Data from our 

group indicate that nuclear IGF-1R binds to chromatin and co-localises with RNA 

polymerase II (Aleksic et al 2010).  Others have also shown IGF-1R binding to 

genomic DNA, suggesting a transcriptional role for nuclear IGF-1R, either alone or in 

association with other proteins as part of a complex (Sehat et al 2010).  This is 

consistent with data from studies of other receptor tyrosine kinases such as the EGFR, 

HER-2 and fibroblast growth factor receptor-1 (FGFR-1), where transcriptional roles 

have already been identified (Liao and Carpenter 2007, Lin et al 2001, Stachowiak et 

al 2003, Wang et al 2004).  In corneal epithelial cells, chromatin immunoprecipitation 

sequencing (ChIP-seq) has shown that nuclear IGF-1R is associated with genes 

involved in cell proliferation and cell cycle control, apoptosis and cell adhesion (Wu 

et al 2012).  Similar ChIP-seq experiments are in progress in our group using prostate 

cancer cells.  Nuclear IGF-1R has also been shown to regulate its own transcription 

(Sarfstein et al 2012).  It is possible that IGF-1R performs multiple functions within 

the nucleus, both transcriptional and otherwise, and on-going investigations may 

reveal other functions of nuclear IGF-1R, as yet unidentified.  This might lead to the 

discovery of novel targets for therapeutic development, or guide the choice of 

combination treatments to be used in conjunction with IGF-1R inhibitors. 

The third question is the potential of nuclear IGF-1R to predict response to anti-

IGF-1R therapy.  Predictive biomarkers can identify groups of patients likely to 

respond to a treatment, thus allowing for more individualised treatments.  Such 

biomarkers can be predominantly tumour specific, such as levels of HER-2 predicting 

response to Herceptin in breast cancer (Slamon et al 2001), or apply across a variety 
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of tumours, for example K-Ras mutations predicting resistance to EGFR therapy in 

NSCLC and colorectal carcinomas (Eberhard et al 2005, Khambata-Ford et al 2007).  

Subcellular localisation of receptors may play a part in predicting response to 

treatment.  Nuclear EGFR has been linked to resistance to both EGFR antibody and 

small molecule inhibitors, and is being explored as a predictive biomarker (Huang et 

al 2011, Li et al 2009).  The role of nuclear IGF-1R in this regard is far from clear.  

This current study has not directly addressed the role of nuclear IGF-1R as a 

predictive biomarker, but a recent report suggests that nuclear IGF-1R may predict 

response to IGF-1R targeted therapies.  Asmane et al found that exclusively nuclear 

IGF-1R staining predicted a favourable response to IGF-1R monoclonal antibody 

therapy in patients with sarcomas (Asmane et al 2012).  This study was done on a 

small number of tumours (n=16) of which only 4 tumours had exclusively nuclear 

staining.  The mechanism by which an antibody can elicit a response in the absence of 

binding to membrane receptor is not clear, but if the association holds true on a larger 

analysis of sarcomas and /or other tumour types, this would warrant further 

investigation.  In contrast, Kim et al have shown that defective N-linked glycosylation 

of the IGF-1R results in cytosolic accumulation of the receptor, and resistance to the 

anti-IGF-1R monoclonal antibody figitumumab attributable to failure of the receptor 

to translocate to the cell membrane (Kim et al 2012).  It was also suggested that the 

numbers of hybrid IGF-1R:IR receptors on the cell surface may predict response to 

figitumumab, as one mechanism of action of the antibody is the disruption of such 

receptor hybrids (Kim et al 2012).  In order to examine further whether nuclear IGF-

1R affects the response to IGF-1R inhibitors, experiments could be conducted to 

express unmodified IGF-1R or IGF-1R modified by addition of a nuclear export 

signal, and expressed in cells to compare responses to IGF-1R TKIs or antibodies 
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(Turner et al 2012).  Conversely, IGF-1R with an nuclear localisation sequence may 

accumulate within the nucleus, and could again be compared to cells expressing wild-

type IGF-1R with regards response to treatment (Fornerod et al 1997, Mutka et al 

2009, Sakakibara et al 2011).  Another approach to investigate associations between 

nuclear IGF-1R and treatment response would be the analysis of tissue samples from 

patients in clinical trials of IGF-1R inhibitors, quantifying nuclear IGF-1R in 

responders versus non-responders.  As outlined in chapter I, a number of Phase III 

clinical trials of IGF-1R inhibitors have been halted due to futility, although it is 

evident that these agents have activity in a subset of patients (Basu et al 2011, 

Gualberto et al 2011, Karp et al 2009, Yee 2012).  This highlights the importance of 

identifying robust predictive biomarkers of sensitivity to IGF-1R inhibitors. 

The second and third chapters of this thesis explored a potential role for the IGF-

1R in the response of prostate cancer cells to DNA damage.  This followed previous 

work showing that IGF-1R depletion induced a significant delay in DSB repair, 

associated with a modest reduction in repair by HR (Ben Turney DPhil 2008).  

However, it was not clear to what extent the HR defect was a consequence of altered 

cell cycle distribution in IGF-1R depeleted cells, and furthermore, the DSB defect was 

too large to be attributed to HR alone (Ben Turney DPhil 2008).   This work focused 

on a prostate cancer cell line, DU145, where the expected induction of G1 arrest on 

IGF-1R inhibition did not occur, probably because the cells harbour mutations in p53 

and Rb proteins (Bookstein et al 1990, Giacinti and Giordano 2006, Lukas et al 1995).  

The aim was to differentiate any effect of IGF-1R inhibition on proliferation and cell 

cycle progression from primary effects on DNA repair.  A concentration of IGF-1R 

TKI was identified that inhibited receptor phosphorylation and signalling without 

significant effects on apoptosis, cell cycle distribution or senescence, and this was 
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found to induce a delay in DSB repair, suggesting that this effect was independent of 

cell cycle distribution.  A DNA DSB repair defect was demonstrated at early time 

points following damage, when the NHEJ repair pathway is likely to operate (Mao et 

al 2008).  Epistasis was demonstrated with DNAPKcs in two independent cell models.  

For the first time, a cell-based assay directly quantifying IGF-1R inhibition on the 

process of NHEJ has shown an inhibitory effect.  This finding helps to explain the 

radiosensitization demonstrated upon IGF-1R inhibition, and the chemo- and 

radiosensitization induced by IGF-1R depletion in previous work from our lab 

(Hellawell et al 2003, Rochester et al 2005, Yuen et al 2009).  It may also explain the 

relatively large defect in DSB repair observed on PFGE following IGF-1R depletion, 

that was unlikely to be attributable to HR alone.   

It did not prove possible to elucidate a mechanism for the effect of IGF-1R 

inhibition on the NHEJ pathway of DNA repair.  Previous work had implicated IGF-

1R in regulating the expression and function of the KU proteins (Cosaceanu et al 

2007).  The work presented here did not demonstrate an effect on KU70/80 

expression, in keeping with the findings of others (Trojanek et al 2003), or any of the 

core proteins involved in NHEJ.  Furthermore, microarray analysis of IGF-1R 

inhibited cells did not reveal any transcriptional targets involved in DNA repair, but 

due to financial considerations, the analysis was only carried out at one time-point, 4 

hr.  If it were possible, then later time-points could also have been investigated.  

Indeed, the finding of a repair defect within a few hours of IGF-1R inhibition argues 

against a transcriptional effect, and suggests a functional effect.  Chromatin extraction 

experiments did not appear to show a difference in recruitment of core NHEJ proteins 

to chromatin following IGF-1R inhibition in damaged cells.  It is possible that IGF-1R 
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could induce post-translational modifications of repair proteins, or indeed of 

chromatin, that could influence the recruitment and function of repair proteins.   

It would have been invaluable to be able to carry out HR assays in the HEK293 

cell system that was developed by Stark and colleagues in parallel with the NHEJ 

reporter (Bennardo et al 2008)  This might have answered the question of whether 

IGF-1R signalling genuinely affects both NHEJ and HR, which might suggest an 

effect on a protein/complex common to both repair pathways, such as the MRN 

complex.  The concentration of AZ12253801 used in these experiments (30nM) is 

unlikely to have blocked nuclear IGF-1R import (Macaulay unpublished) and hence 

inhibited any processes attributable to nuclear IGF-1R.  Thus, at present, the 

mechanism of the effect of IGF-1R inhibition on NHEJ remains unknown. This could 

be investigated by performing a proteomic screen, using mass spectrometry to identify 

IGF-1R inhibitor-induced changes in the recruitment to chromatin or post-

translational modification of repair proteins.  In order to determine which signalling 

molecules mediate effects of IGF-1R on DSB repair, assays for γH2AX focus 

resolution (Chapter 5, figures 5.3 and 5.4) and NHEJ (Chapter 5, figure 5.20) could be 

repeated using cells in which specific signalling proteins are depleted or inhibited (for 

example as in Chapter 5, figure 5.6).   

An effect of IGF-1R inhibition on DSB repair via NHEJ has implications for 

therapeutic combinations with chemo- and radio-therapy.  This work has 

demonstrated radiosensitization with the use of a small molecule inhibitor of IGF-1R.  

Chemosensitization might also result from combining IGF-1R inhibitors with drugs 

that cause DNA DSBs directly, for example topoisomerase II inhibitors, or indirectly, 

such as gemcitabine.  However, in view of the epistasis seen with DNAPK deficient 
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cells, and with DNAPK small molecule inhibition, combinations of IGF-1R inhibitors 

with inhibitors of NHEJ are unlikely to be of clinical benefit.   

Scheduling of the IGF-1R inhibitor in combination regimes would also need to be 

considered, as the effects of IGF-1R on cell cycle progression and survival might 

impact on the sequence of administration of the IGF-1R inhibitor in relation to the 

chemotherapeutic agent (Khatri et al 2012, Zeng et al 2012).  The short half-life of 

TKIs in comparison with therapeutic antibodies might make the task of scheduling 

much easier with TKIs in clinical trials (Yee 2012).   

The NHEJ repair defect demonstrated in prostate cancer cells could be investigated 

in other urological cancers.  In the clinical setting, radiotherapy is often used early in 

the course of treatment, either with curative intent or for locally advanced disease, 

with or without combination chemotherapy (chemoradiation).  In the palliative 

setting, radiotherapy is often used to obtain disease control.  In light of the role of the 

IGF-1R in DSB repair, in vivo studies of an IGF-1R inhibitor in combination with 

radiotherapy would be a logical step.  However, an effect of IGF-1R inhibition on 

NHEJ might have implications for toxicity to normal tissues when combined with 

radiotherapy.  A large proportion of normal, slowly cycling cells will be in G1, hence 

responsive to NHEJ, compared with tumour cells where a large proportion are in G2/S 

phase and hence responsive to NHEJ and HR (Bristow et al 2007).  Thus, the clinical 

implications of targeting NHEJ and potentially lowering the therapeutic ratio have to 

be borne in mind.  Non-invasive, whole body imaging of DNA damage utilising 

γH2AX immunoconjugates is being developed, and would allow assessment of the 

impact of IGF-1R inhibitors on delaying DSB in vivo (Cornelissen et al 2011, 

Ivashkevich et al 2011).   
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In conclusion, nuclear IGF-1R has been shown to be associated with prognosis in 

ccRCC.  Further studies should clarify its role as a prognostic biomarker in urological 

cancers.  IGF-1R signalling inhibition delays DNA DSB repair via the NHEJ 

pathway, paving the way for further research into the mechanism of this effect, and 

the use of IGF-1R inhibitors in combination with DNA damaging agents. 
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7 Appendices 

7.1 Relationship between Intensity and Extent of IGF-1R staining 

and clinical parameters 

7.1.1 Clinical features of 195 cases of ccRCC showing correlation of intensity 

of IGF-1R IHC staining with clinical parameters.  

A) nuclear, B) cytoplasmic and C) membrane staining by IHC 

 
 

A: Intensity of nuclear IGF-1R 
 
 0 1 2 3 P-value 
Total patients 101 45 27 22  
Age:      
        < 65 55 22 12 12 0.78 
        ≥ 65 46 23 15 10  
Size:      
        < 7.5 39 25 16 12 0.11 
        ≥ 7.5 56 19 10 8  
Sex:      
        Female 29 19 6 6 0.26 
        Male 72 26 21 16  
Grade:      
        I 9 7 2 2 0.02 
        II 43 26 18 12 -ve 
        III 37 7 6 2  
        IV 11 5 1 6  
Necrosis:      
        No 40 14 10 12 0.27 
        Yes 36 4 6 9  
T:      
        1 18 14 7 8 0.01 
        2 9 6 8 0 -ve 
        3 72 24 11 14  
        4 2 1 1 0  
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B: Intensity of cytoplasmic IGF-1R 

 
 0 1 2 3 P-value 
Total patients 57 50 51 37  
Age:      
        < 65 27 26 29 19 0.81 
        ≥ 65 30 24 22 18  
Size:      
        < 7.5 26 21 27 18 0.79 
        ≥ 7.5 29 25 22 17  
Sex:      
        Female 12 13 18 17 0.06 
        Male 45 37 33 20  
Grade:      
        I 8 5 2 5 0.23 
        II 31 20 29 19  
        III 13 14 16 9  
        IV 5 11 3 4  
Necrosis:      
        No 17 19 22 18 0.20 
        Yes 19 15 8 13  
T:      
        1 14 7 15 11 0.40 
        2 8 7 7 1  
        3 34 35 28 24  
        4 1 1 1 1  
 

C: Intensity of membrane IGF-1R 
 
 0 1 2 3 P-value 
Total patients 72 60 39 24  
Age:      
        < 65 39 32 19 11 0.87 
        ≥ 65 33 28 20 13  
Size:      
        < 7.5 24 27 23 18 0.001 
        ≥ 7.5 44 30 15 4 -ve 
Sex:      
        Female 21 16 17 6 0.27 
        Male 51 44 22 18  
Grade:      
        I 5 8 4 3 0.94 
        II 36 28 21 14  
        III 20 16 10 6  
        IV 10 8 4 1  
Necrosis:      
        No 28 18 15 15 0.47 
        Yes 19 15 15 6  
T:      
        1 11 12 13 11 0.11 
        2 12 6 3 2  
        3 47 40 23 11  
        4 2 2 0 0  
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7.1.2 Clinical features of 195 cases of ccRCC showing correlation of extent of 

IGF-1R IHC staining with clinical parameters.  

D) nuclear, E) cytoplasmic and F) membrane staining by IHC 

. 
 
 
 
 
 

D: Extent of nuclear IGF-1R 
 
 0 1 2 3 P-valu 
Total patients 101 21 22 51  
Age:      
        < 65 55 11 12 23 0.74 
        ≥ 65 46 10 10 28  
Size:      
        < 7.5 39 11 15 27 0.07 
        ≥ 7.5 56 10 7 20  
Sex:      
        Female 29 8 8 15 0.78 
        Male 72 13 14 36  
Grade:      
        I 9 3 5 3 0.005 
        II 43 12 11 33 -ve 
        III 37 2 6 7  
        IV 11 4 0 8  
Necrosis:      
        No 40 5 14 17 0.27 
        Yes 36 4 4 11  
T:      
        1 18 6 10 13 0.06 
        2 9 3 2 9  
        3 72 11 9 29  
        4 2 1 1 0  
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E: Extent of cytoplasmic IGF-1R 
 
 0 1 2 3 P-valu 
Total patients 57 41 25 72  
Age:      
        < 65 27 21 13 40 0.84 
        ≥ 65 30 20 12 32  
Size:      
        < 7.5 26 24 8 34 0.39 
        ≥ 7.5 29 17 14 33  
Sex:      
        Female 12 19 8 21 0.06 
        Male 45 22 17 51  
Grade:      
        I 8 8 1 3 0.20 
        II 31 21 14 33  
        III 13 8 8 23  
        IV 5 4 2 12  
Necrosis:      
        No 17 17 11 31 0.45 
        Yes 19 9 8 19  
T:      
        1 14 11 3 19 0.87 
        2 8 5 3 7  
        3 34 25 18 44  
        4 1 0 1 2  
 

 
 

F: Extent of membranous IGF-1R 
 
 
 0 1 2 3 P-valu 
Total patients 75 40 23 57  
Age:      
        < 65 40 21 9 31 0.64 
        ≥ 65 35 19 14 26  
Size:      
        < 7.5 26 19 10 37 0.003 
        ≥ 7.5 45 20 12 16 -ve 
Sex:      
        Female 21 13 10 16 0.52 
        Male 54 27 13 41  
Grade:      
        I 5 5 5 5 0.11 
        II 39 15 10 35  
        III 20 12 8 12  
        IV 10 8 0 5  
Necrosis:      
        No 30 9 8 29 0.14 
        Yes 20 15 5 15  
T:      
        1 13 8 6 20 0.34 
        2 12 4 1 6  
        3 48 28 15 30  
        4 2 0 1 1  



 Appendices 
 

172 

 
 

7.2 IGF-1R Lysis Buffer 

Component Stock To make up 200mls 
HEPES 50mM 
 

0.5M 20mls 

Sodium chloride 100mM 
 

5M 4mls 

EDTA 10mM 
 

0.5M 4mls 

Sodium pyrophosphate 4mM 
 

0.1M 8mls 

Sodium orthovanadate 2mM 
 

0.2M 2mls 

Sodium fluoride 10mM 
 

0.1M 20mls 

Triton X-100  1% w/v 
 

10% solution 20mls 

Water 
 

 122mls 

pH to 7.5 with sodium hydroxide and store at 4°C.   

Prior to use add: 

1.5mM Pefabloc SC Plus (Roche diagnostics) 

EDTA-free Protease Inhibitor Cocktail (Roche) one tablet per 25-50ml buffer 

Phosphatase Inhibitor Cocktail 1 and 2 (Sigma), 20µl per ml of buffer 
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7.3 List of antibodies  

Antibody Company Cat. No. 1° conc. 2° conc.
Akt Cell Signaling 9272 1:1000 1:5000
Androgen receptor Cell Signaling 3202 1:1000 1:5000
ATM (D2E2) Cell Signaling 2873 1:1000 1:5000
beta Actin abcam ab8224 1:1000 1:10000
beta Tubulin Sigma T 4026 1:5000 1:10000
BRCA1 abcam ab16780 1:1000 1:5000
BRCA2 calbiochem CA1033 1:1000 1:2000
Chk2 Cell Signaling 2662 1:1000 1:5000
DNA-PK Cell Signaling 4602 1:1000 1:5000
H2AX Cell Signaling 2595 1:1000 1:5000
Histone H3 abcam ab1791 1:1000 1:5000
Histone H3 dimethyl Lys4 Active Motif 39141 1:5000 1:15000
Histone H3 trimethyl Lys4 Active Motif 39159 1:5000 1:15000
IGF-1Rβ Cell Signaling 3027 1:1000 1:5000
IRS-1 Cell Signaling 2382 1:1000 1:5000
JARID1A/RBP2 (KDM5A) Bethyl Lab. Inc. A300-897A 1:1000 1:5000
KAP-1 Bethyl Lab. Inc. A300-274A 1:5000 1:10000
Ku (p70) Ab-4 (clone N3H10) Thermo Scientific MS-329-P0 1:2000 1:5000
Ku (p80) Ab-2 (clone 111) Thermo Scientific MS-285-P0 1:1000 1:5000
Lamin A abcam ab8980 1:1000 1:5000
Ligase IV AbD Serotec discontinued 1:1000 1:5000
Mre11 Cell Signaling 4895 1:1000 1:5000
Myosin Iib Cell Signaling 3404 1:2000 1:5000
NBS1 Cell Signaling 3002 1:1000 1:5000
p44/42 MAPK (Erk1/2) Cell Signaling 4695 1:1000 1:5000
p53 (clone D01) Thermo Scientific MA1-2325 1:1000 1:5000
Phosph-KAP1 (Ser824) Bethyl Lab. Inc. A300-767A 1:5000 1:10000
Phospho-Akt (Ser473) (587F11) Cell Signaling 4051 1:1000 1:5000
Phospho-Akt (Thr308) Cell Signaling 9275 1:1000 1:5000
Phospho-ATM (ser1981) Cell Signaling 4526 1:1000 1:5000
Phospho-Chk2 (Thr68) Cell Signaling 2661 1:500 1:5000
Phospho-DNAPKcs (Ser2056) abcam ab18192 1:1000 1:5000
Phospho-Histone H2AX (Ser139) Cell Signaling 2577 1:1000 1:2000
Phospho-IGF-1Rβ (Tyr1135/1136)/ Irβ (Tyr 1150/1151) (19H7) Cell Signaling 3024 1:500 1:2000
Phospho-p4/42 MAPK (Thr202/Tyr204) (197G2) Cell Signaling 4377 1:1000 1:5000
Phospho-p53 (ser15) Cell Signaling 9284 1:1000 1:2000
Phospho-p53 (ser20) Cell Signaling 9287 1:1000 1:2000
PTEN (26H9) Cell Signaling 9556 1:1000 1:5000
RAD50 (13B3) Thermo Scientific MAI-23269 1:500 1:2000
RAD51 (14B4) abcam ab213 1:1000 1:2000
RPA32/RPA2 abcam ab10359 1:2000 1:5000
XLF Cell Signaling 2854 1:1000 1:5000
XRCC4 abcam 2857 1:1000 1:5000  
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