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Abstract 

In recent work from our group, we found that genetic or pharmacological inhibition 

of type 1 insulin-like growth factor receptor (IGF-1R) promotes accumulation of cells 

in S phase and causes endogenous DNA damage by inducing replication stress. 

Blocking IGF signalling reduces expression of the regulatory subunit M2 of 

ribonucleotide reductase (RRM2) and disturbs deoxynucleotide triphosphate (dNTP) 

supply. The aim of my project is to develop approaches to exploit this effect in 

therapy. Therefore, with the objective of enhancing replication stress induced by IGF 

blockade to intolerable levels, a compound screen was conducted in combination 

with an IGF neutralising antibody drug that is currently being evaluated in clinical 

trials. Five breast cancer cell lines were screened; top hits include inhibitors of 

EGFR/HER2, ATM, PARP, RAD51, and CHK1. Low throughput validation focused 

on inhibition of checkpoint kinase CHK1, which has been reported to induce 

replication stress through downregulating RRM2. Co-inhibition of IGF and CHK1 

significantly suppressed cell viability and cell survival in both 2D cell culture and 3D 

spheroid culture models. In IGF-1R depleted or inhibited cells, inhibition of CHK1 

further downregulated RRM2, reduced dNTP supplies and delayed replication fork 

progression. Combining IGF blockade with CHK1 inhibition led to accumulation of 

DNA damage and single-stranded DNA (ssDNA), a replication stress marker, and 

significant increase in cell death, suggesting replication catastrophe. Exogenous 

RRM2 expression rescued these replication stress phenotypes, indicating a 

mechanism in which RRM2 regulation is a critical target of the interaction between 

IGF blockade and CHK1. Final experiments confirmed that the replication stress 

was also exacerbated by co-inhibiting IGFs and WEE1, which was a screen hit in 

one of the five cell lines and had also been reported to regulate RRM2 expression. 

Combining WEE1 inhibition and IGF-1R depletion induced RRM2 downregulation, 

delayed replication fork progression, and caused accumulation of DNA damage and 

ssDNA, resulting in cell death. These results may help to identify novel therapeutic 

vulnerabilities and provide guidance for future clinical trials of IGF inhibitory drugs. 



2 
 

Acknowledgment 

First of all, I would like to express my sincere gratitude to my supervisor Dr Valentine 

Macaulay for all the opportunities she has given me throughout my 4 years’ DPhil 

study. I am extremely grateful for all her persistent support, thoughtful guidance, 

valuable advice, and enormous help on not only my study but also my life and career. 

I feel deeply blessed to have Val as my mentor during this incredible and life-

changing journey in Oxford. 

Next, I would like to thank my second supervisor Dr Guillaume Rieunier for always 

being incredibly supportive, caring, and helpful throughout my study. I have learned 

so much from our discussion of experiments and science. I truly appreciate all his 

help and support that make this thesis happen.   

I would also like to thank all the people who offered great help with this project, 

especially Elena Seraia and Daniel Ebner from Target Discovery Institute (TDI) for 

the help with the compound screen, Xiao Wan and Stephanie Hatch for helping me 

establish 3D spheroid culture model and perform experiments on Incucyte Live-Cell 

Analysis System at TDI, Carol Walker for helping me establish the method for dNTP 

measurement, Yanyan Jiang, and Karla Watson, Magdalena Hutchins from BMS for 

the help with the animal experiment. I would also thank Dr Ulrike Weyer-Czernilofsky 

and Dr Thomas Bogenrieder from Boehringer Ingelheim for providing IGF ligand-

neutralising antibody BI-836845 (xentuzumab), Professor Anderson Ryan, 

Professor Ester Hammond, Professor Tim Humphrey, Dr Andrew Blackford, and Dr 

David Clynes for the advice and comments on this project. 

A special thank you to all the team members of our lab: Lina Guo, Nick Coupe, 

Tamara Aleksic, Frances Willenbrock, Christopher Towers, Victoria Ma, Jenetta Soo, 

Eliot Osher, Jack Mills, Ashwin Nandakumar, Matthew Ellis, Jinseon Kim, Avigail 



3 
 

Taylor, Monica Mantri, and Zhi Wong. I was lucky to meet all of them who are friendly 

and supportive all the time. 

Finally, I would like to express my deepest appreciation to my parents and all my 

family members for all their unconditional support and continuous encouragement. 

I would like to say a heartfelt thank you to all of them for always believing in me.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 
 

I declare that this thesis describes my own research work except the following 

experiments, which were performed with the help of others: 

• The cell proliferation assay shown in Figure 4.1 A: cell seeding and drug 

treatment processes were performed by Dr Guillaume Rieunier and myself; 

cell imaging and analysis on Incucyte system were performed by Elena 

Seraia at High Throughput Screening Facility, Target Discovery Institute 

(TDI) Oxford. 

• The compound screen shown in Figure 4.1 B and C: the preparation of cells 

and drug plates was done by Dr Guillaume Rieunier and myself; cell seeding 

and drug treatment on Janus liquid handling workstations and cell viability 

experiments on Envison multilabel plate reader were performed by Elena 

Seraia at TDI; data analysis was done by myself.  

• The 3D cell proliferation assay shown in Figure 4.15 B and 5.13 E: spheroid 

culture was done by myself; cell imaging and analysis on Incucyte system 

were performed by Xiao Wan and Stephanie Hatch at TDI. 

 

 

 

 

 

 

 

 



5 
 

Table of Contents 

Abstract ................................................................................................................. 1 

Acknowledgment ................................................................................................... 2 

List of Figures ........................................................................................................ 8 

List of Tables ....................................................................................................... 11 

List of Abbreviations ............................................................................................ 12 

Chapter 1 Introduction ......................................................................................... 17 

1.1 Insulin-like growth factor (IGF) axis ............................................................ 17 

1.1.1 IGF-1 and IGF-2 ligands ...................................................................... 17 

1.1.2 IGF receptors and IGF signalling ......................................................... 19 

1.1.3 IGF axis and cancer ............................................................................. 24 

1.1.4 IGF-targeted cancer therapy ................................................................ 27 

1.2 Cell cycle .................................................................................................... 32 

1.2.1 Cell cycle phases ................................................................................. 32 

1.2.2 Cell cycle regulation ............................................................................. 33 

1.2.3 Cell cycle and cancer ........................................................................... 40 

1.2.4 Targeting cell cycle checkpoints and CDKs in cancer treatment ......... 41 

1.3 Replication stress ....................................................................................... 43 

1.3.1 Basic biology of DNA replication .......................................................... 43 

1.3.2 Causes of replication stress ................................................................. 44 

1.3.3 Replication stress responses ............................................................... 47 

1.3.4 Replication stress and cancer .............................................................. 49 

1.4 Ribonucleotide reductase .......................................................................... 51 

1.4.1 RNR and dNTP biosynthesis ............................................................... 51 

1.4.2 RNR activity regulation ........................................................................ 53 

1.4.3 RNR and cancer .................................................................................. 54 

1.5 IGF and replication stress .......................................................................... 55 

1.6 Research aim ............................................................................................. 56 

Chapter 2 Methods and materials ....................................................................... 58 

2.1 Materials, chemicals and reagents ............................................................ 58 

2.2 Cell culture ................................................................................................. 61 

2.3 Compounds ................................................................................................ 63 

2.4 Cell viability, death and survival assay ...................................................... 64 



6 
 

2.5 Compound screen ...................................................................................... 65 

2.6 Gene silencing by siRNA ........................................................................... 69 

2.7 Generation of RRM2-overexpressing MCF7 cells ..................................... 70 

2.8 Protein extraction and western blot ............................................................ 72 

2.9 Cell cycle analysis with flow cytometry ...................................................... 74 

2.10 DNA fiber assay ....................................................................................... 75 

2.11 Immunofluorescence ................................................................................ 76 

2.12 dNTP measurement ................................................................................. 77 

2.13 3D spheroids culture ................................................................................ 81 

2.14 Statistics ................................................................................................... 83 

Chapter 3 IGF blockade induces replication stress ............................................. 84 

3.1 Introduction ................................................................................................ 84 

3.2 Results ....................................................................................................... 85 

3.2.1 IGF blockade suppresses cancer cell proliferation .............................. 85 

3.2.2 IGF-1R depletion or inhibition induces endogenous DNA damage ..... 88 

3.2.3 IGF-1R depletion or inhibition slows replication fork progression ........ 90 

3.3 Discussion .................................................................................................. 93 

Chapter 4 Targeting CHK1 induces replication catastrophe after IGF blockade . 95 

4.1 Introduction ................................................................................................ 95 

4.2 Results ....................................................................................................... 96 

4.2.1 Compound screen for identifying effective drug combinations with IGF 
inhibition ........................................................................................................ 96 

4.2.2 CHK1 inhibition sensitises cells to IGF blockade ............................... 110 

4.2.3 CHK1 inhibition induces replication catastrophe after IGF blockade . 113 

4.2.4 Co-inhibition of IGF and CHK1 suppresses spheroid growth in 3D 
culture ......................................................................................................... 124 

4.3 Discussion ................................................................................................ 135 

Chapter 5 CHK1 inhibition exacerbates replication stress induced by IGF 
blockade via RRM2 downregulation .................................................................. 137 

5.1 Introduction .............................................................................................. 137 

5.2 Results ..................................................................................................... 138 

5.2.1 Co-inhibition of IGF and CHK1 downregulates RRM2 expression .... 138 

5.2.2 Co-inhibition of IGF and CHK1 reduces dNTP availability ................. 143 

5.2.3 Generation of RRM2-overexpressing cell lines ................................. 146 



7 
 

5.2.4 RRM2 overexpression alleviates severe replication stress induced by 
co-inhibition of IGF and CHK1 .................................................................... 149 

5.2.5 WEE1 inhibition induces replication catastrophe in IGF-1R depleted 
cells through downregulating RRM2 ........................................................... 161 

5.3 Discussion ................................................................................................ 171 

Chapter 6 General summary and discussion .................................................... 173 

6.1 IGF blockade reduces RRM2 protein expression .................................... 173 

6.2 CHK1 or WEE1 inhibition exacerbates replication stress induced by IGF 
blockade ......................................................................................................... 175 

6.3 Potential implications for design of future clinical trials ............................ 179 

6.4 Potential implications for anti-cancer immune response .......................... 181 

6.5 Potential implications for cancer risk ........................................................ 183 

References ........................................................................................................ 186 
 

 

 

 

 

 

 

 

 

 

 



8 
 

List of Figures 

Figure 1.1 IGF signalling pathways ..................................................................... 20 

Figure 1.2 Cell cycle progression and the key regulators ................................... 34 

Figure 1.3 ATR and ATM signalling pathways .................................................... 37 

Figure 1.4 Downstream effectors of CHK1 and CHK2 ........................................ 39 

Figure 1.5 The basic catalytic reaction of RNR enzyme for dNDP formation ...... 53 

Figure 3.1 IGF signalling blockade inhibits breast cancer cell viability. ............... 86 

Figure 3.2 IGF-1R depletion inhibits breast cancer cell viability and survival. .... 87 

Figure 3.3 IGF-1R depletion induces endogenous DNA damage ....................... 88 

Figure 3.4 IGF-1R inhibition induces endogenous DNA damage ....................... 90 

Figure 3.5 IGF-1R depletion or inhibition suppresses DNA replication fork 

progression .......................................................................................................... 91 

Figure 4.1 Compound screen to identify effective drug combinations with BI-

836845 ................................................................................................................ 99 

Figure 4.2 Ranking of the compounds in MCF7 cells. ....................................... 103 

Figure 4.3 Ranking of the compounds in ZR-75-1 cells. ................................... 105 

Figure 4.4 Ranking of the compounds in T47D cells. ........................................ 106 

Figure 4.5 Ranking of the compounds in KPL1 cells. ........................................ 107 

Figure 4.6 Ranking of the compounds in HCC1143 cells. ................................. 108 

Figure 4.7 Positive hits identified in compound screen. .................................... 109 

Figure 4.8 IGF inhibited cells are more sensitive to CHK1 inhibition. ............... 111 

Figure 4.9 IGF-1R depleted or inhibited MCF7 cells are more sensitive to CHK1 

inhibition ............................................................................................................ 112 

Figure 4.10 CHK1 inhibition suppresses replication fork progression in IGF-1R 

depleted cells. ................................................................................................... 115 

Figure 4.11 CHK1 inhibition suppresses replication fork progression in IGF 

inhibited cells. .................................................................................................... 117 



9 
 

Figure 4.12 CHK1 inhibition induces the accumulation of non-replicating S phase 

cells in IGF-1R depleted cells ............................................................................ 118 

Figure 4.13 CHK1 inhibition induces the accumulation of ssDNA and DNA 

damage in IGF-1R depleted cells ...................................................................... 120 

Figure 4.14 CHK1 inhibition induces cell death in IGF-1R depleted or inhibited 

cells ................................................................................................................... 123 

Figure 4.15 IGF and CHK1 co-inhibition shows minor combination effect in MCF7 

spheroids ........................................................................................................... 125 

Figure 4.16 IGF and CHK1 co-inhibition shows combination effect in HeLa 

spheroids. .......................................................................................................... 127 

Figure 4.17 IGF and CHK1 co-inhibition shows combination effect in H1299 

spheroids. .......................................................................................................... 129 

Figure 4.18 IGF and CHK1 co-inhibition shows combination effect in SK-CO-1 

spheroids. .......................................................................................................... 130 

Figure 4.19 IGF and CHK1 co-inhibition shows combination effect in SK-CO-1 

and HeLa spheroids in CellTiter-Glo 3D viability assay. ................................... 133 

Figure 4.20 BI-836845 and MK-8776 are synergistic in SK-CO-1 spheroids. ... 134 

Figure 5.1 IGF blockade leads to the reduction of RRM2 ................................. 139 

Figure 5.2 CHK1 inhibition further reduces RRM2 protein after IGF blockade. 141 

Figure 5.3 Co-inhibition of IGF and CHK1 reduces RRM2 protein in SK-CO-1 

spheroids ........................................................................................................... 143 

Figure 5.4 Co-inhibition of IGF and CHK1 reduces dNTP availability ............... 144 

Figure 5.5 RRM2 protein expression in empty vector control cells and RRM2-

overexpressing cells after IGF-1R depletion. .................................................... 147 

Figure 5.6 RRM2 protein expression in empty vector control cells and RRM2-

overexpressing cells upon CHK1 inhibition and IGF-1R depletion .................... 149 

Figure 5.7 RRM2 overexpression rescues cell proliferation upon CHK1 inhibition 

and IGF blockade. ............................................................................................. 151 

Figure 5.8 RRM2 overexpression rescues DNA replication fork progression upon 

CHK1 inhibition in IGF-1R depleted cells .......................................................... 153 



10 
 

Figure 5.9 RRM2 overexpression rescues non-replicating S phase cells upon 

CHK1 inhibition in IGF-1R depleted cells .......................................................... 155 

Figure 5.10 RRM2 overexpression alleviates replication stress induced by CHK1 

inhibition and IGF-1R depletion ......................................................................... 157 

Figure 5.11 RRM2 overexpression rescues from cell death caused by CHK1 

inhibition in IGF-1R depleted cells ..................................................................... 160 

Figure 5.12 WEE1 inhibition further reduces RRM2 protein after IGF-1R depletion

 .......................................................................................................................... 162 

Figure 5.13 IGF-1R depleted or inhibited cells are more sensitive to WEE1 

inhibition ............................................................................................................ 164 

Figure 5.14 WEE1 inhibition suppresses DNA replication in IGF-1R depleted cells

 .......................................................................................................................... 166 

Figure 5.15 WEE1 inhibition induces the accumulation of ssDNA and DNA 

damage in IGF-1R depleted cells. ..................................................................... 168 

Figure 5.16 RRM2 overexpression rescues cell proliferation upon WEE1 

inhibition and IGF blockade. .............................................................................. 170 

Figure 6.1 CHK1 or WEE1 inhibition exacerbates replication stress induced by 

IGF blockade via downregulating RRM2 ........................................................... 174 

 

 

 

 

 

 

 

 

 



11 
 

List of Tables 

Table 1.1 Examples of IGF-targeted therapies in clinical trials ........................... 27 

Table 1.2 Examples of clinical therapies that potentially induce replication stress

 ............................................................................................................................ 50 

Table 2.1 Chemicals, reagents and materials used in this study ........................ 58 

Table 2.2 Cell lines used in this study ................................................................. 62 

Table 2.3 Compound treatment layout for screen ............................................... 66 

Table 2.4 Interpretation of Z-factor ...................................................................... 67 

Table 2.5 siRNA transfection solution components. ............................................ 70 

Table 2.6 Antibodies used for western blot ......................................................... 73 

Table 2.7 Primer and 5’-biotinylated [B] oligonucleotides used for dNTP assay   

 ............................................................................................................................ 78 

Table 2.8 DNA polymerase reaction components for dNTP assay ..................... 80 

Table 4.1 Compound used in drug screen……………………………………….....97 

 

 

 

 

 

 



12 
 

List of Abbreviations 

2D two-dimensional 

3AP triapine 

3D three-dimensional 

53BP1 p53-binding protein 1 

9-1-1 RAD9-RAD1-HUS1 complex 

ANOVA analysis of variance 

APC Anaphase-promoting complex 

ATCC American Type Culture Collection 

ATM Ataxia Telangiectasia Mutated 

ATP adenosine triphosphate 

ATR Ataxia Telangiectasia and Rad3-related protein kinase 

ATRIP ATR-interacting protein 

BCL-2 B-cell lymphoma 2 

BLM Bloom syndrome helicase 

bp base-pair(s) 

BRCA Breast Cancer susceptibility gene 

BrdU 5-bromo-2’-deoxyuridine 

BSA bovine serum albumin 

CDC Cell Division Cycle protein 

CDK Cyclin-dependent kinase 

CDH1 Cadherin 1 

CDT1 Chromatin licensing and DNA replication factor 1 

cGAMP cyclic guanosine monophosphate–adenosine monophosphate 

cGAS cGAMP synthase 

CHK1 Checkpoint kinase 1 

CHK2 Checkpoint kinase 2 

CldU 5-chloro-2’-deoxyuridine 

CO2 carbon dioxide 

dADP deoxyadenosine diphosphate 

DAPI 4’,6-diamidino-2-phenylindole 

dATP deoxyadenosine triphosphate 

dCDP deoxycytidine diphosphate 



13 
 

dCTP deoxycytidine triphosphate 

DDR DNA damage response 

dGDP deoxyguanosine diphosphate 

dGTP deoxyguanosine triphosphate 

DMEM Dulbecco's Modified Eagle's Medium 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

DNA-PK DNA-dependent protein kinase 

dNDP deoxynucleotide diphosphate 

dNTP deoxynucleotide triphosphate 

DSB double-strand break 

dsDNA double-stranded DNA 

dTDP deoxythymidine diphosphate 

dTTP deoxythymidine triphosphate 

EGFR Epidermal Growth Factor Receptor 

ELK-1 E26 transformation-specific Like protein-1 

ER Estrogen Receptor 

ERK Extracellular signal-regulated kinase 

EXO1 Exonuclease 1 

FACS fluorescence activity sorting assay 

FBS foetal bovine serum 

GDP guanosine diphosphate 

GI50 50% cell growth inhibition concentration 

Grb2 growth factor receptor-bound protein 2 

GSK-3β Glycogen synthase kinase-3β 

GTP guanosine triphosphate 

HCl hydrochloric acid 

HDAC Histone deacetylase 

HER2 Human epidermal growth factor receptor 2 

HGPS Hutchinson-Gilford progeria syndrome 

HPLC high-performance liquid chromatography 

HR homologous recombination 

HU hydroxyurea 



14 
 

IdU 5-Iodo-2’-deoxyuridine 

IF immunofluorescence 

IFN interferon 

IGF-1 Insulin-like growth factor 1 

IGF-1R Insulin-like growth factor 1 receptor 

IGF-2 Insulin-like growth factor 2 

IGF-2R Insulin-like growth factor 2 receptor 

IGFALS IGF acid labile subunit 

IGFBP Insulin-like growth factor-binding protein 

INSR Insulin receptor 

IR ionising radiation 

IRF3 Interferon response factor 3 

IRS Insulin receptor substrate 

MAPK Mitogen-activated protein kinase 

MCM Minichromosome maintenance 

MDC1 Mediator of DNA damage checkpoint 1 

MDM2 Mouse double minute 2 homolog 

MEK MAPK/ERK kinase 

MRE11 Meiotic recombination 11 homolog A 

MRN MRE11/RAD50/NBS1 

mTORC Mammalian target of rapamycin complex 

MYPT1 Myosin phosphatase targeting subunit 1 

NaCl sodium chloride 

NaOH sodium hydroxide 

NDP ribonucleoside diphosphate 

NDPK nucleoside diphosphate kinase 

NF-κB Nuclear factor-kappa B 

NHEJ non-homologous end-joining 

NSCLC non-small cell lung cancer 

NTP Ribonucleotide triphophate 

ORC Origin recognition complex 

PAPP-A Pregnancy-associated plasma protein A 

PARP Poly (ADP-ribose) polymerase 



15 
 

PBS phosphate-buffered saline 

PBST phosphate-buffered saline with 0.1% Tween-20 

PCNA Proliferating cell nuclear antigen 

PDGFR Platelet-derived growth factor receptor 

PDK-1 Phosphoinositide-dependent kinase 1 

PI propidium iodide 

PI3K Phosphatidylinositide-3-kinase 

PIP2 phosphatidylinositol 4,5-bisphosphate 

PIP3 phosphatidylinositol 3,4,5-trisphosphate 

PLK Polo-like kinase 

PP1 Protein phosphatase 1 

PP2A Protein phosphatase 2A 

pre-RC pre-replicative complex 

PTEN Protein phosphatase and tensin homologue 

RAF Rapidly accelerated fibrosarcoma 

RAS Rat sarcoma 

RB Retinoblastoma protein 

RIF1 Replication timing regulatory factor 1 

RIPA radioimmunoprecipitation assay 

RNA ribonucleic acid 

RNR Ribonucleotide reductase 

RPA Replication protein A 

RRM1 Ribonucleotide reductase regulatory subunit M1 

RRM2 Ribonucleotide reductase regulatory subunit M2 

RRM2B Ribonucleotide reductase regulatory TP53 inducible subunit 

M2B 

RTK Receptor tyrosine kinase 

SAMHD1 Sterile alpha motif and HD domain-containing protein 1 

SEM standard error of the mean 

SD standard deviation 

SH2 Src homology 2 

siRNA small interfering RNA 



16 
 

SMARCAL1 SWI/SNF-related, matrix-associated, actin-dependent regulator 

of chromatin, subfamily A-like1 

SOS Son of sevenless 

SSB single strand break 

ssDNA single-stranded DNA 

STING Stimulator of interferon genes  

TCGA The Cancer Genome Atlas 

TKI tyrosine kinase inhibitor 

TMPK Thymidylate phosphate kinase 

TOPBP1 DNA topoisomerase II-binding protein 1 

UTB urea-tris-bicine buffer 

UV ultraviolet 

  

 

 

 

 

 

 

 

 

 

 

 

 



17 
 

 

 

Chapter 1 

Introduction 

 

 

1.1 Insulin-like growth factor (IGF) axis 

1.1.1 IGF-1 and IGF-2 ligands 

Insulin-like growth factor 1 (IGF-1) and IGF-2 are circulating ligands that play a 

fundamental role in normal growth, development and differentiation. IGF-1 and IGF-

2 are members from insulin protein super family that exhibit a significant sequence 

and structural homology with insulin (Rinderknecht and Humbel, 1978), but have 

evolved to have different biological functions. Insulin is an important mediator of 

glucose metabolism (Saltiel and Kahn, 2001), whereas IGF-1 and IGF-2 are more 

involved in regulating growth and development (Constancia et al., 2002; Duan et al., 

2010; Rowzee et al., 2008). The synthesis, processing and secretion of IGF-1 and 

IGF-2 are distinct from Insulin. Unlike insulin that is produced, stored and secreted 

by β cells of the pancreatic islets (Suckale and Solimena, 2008), IGF-1 and IGF-2 

are mainly produced in liver, in the case of IGF-1 stimulated by pituitary growth 

hormone (GH), and then secreted without prior storage into circulation as an 

endocrine hormone (Zapf and Froesch, 1986). Other tissues are also involved in 

IGF production, such as cartilage and bone cells, acting locally in an 

autocrine/paracrine fashion (Nilsson et al., 1986; Xian et al., 2012). Most of the 
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circulating IGFs remain inactive in complexes with their binding proteins (IGFBPs), 

which consist of 6 protein family members encoded by IGFBP1-6 (Baxter, 2000). 

IGFBPs bind circulating IGFs with high-affinity as transport proteins to modulate the 

tissue distribution and access to IGF receptors (Baxter, 2000). Among the 6 IGFBPs 

in human, IGFBP-3 is a major carrier of circulating IGFs and also interacts with IGF 

acid labile subunit (IGFALS) to form a ternary complex, which significantly prolongs 

the circulating half-life of IGFs (Baxter, 1990). To release free IGFs from the IGF-

IGFBPs complex, pregnancy-associated plasma protein A (PAPP-A) promotes the 

proteolysis of IGFBPs, particularly IGFBP-3 and IGFBP-5, leading to the reduced 

binding affinity of IGFBPs with IGFs (Overgaard et al., 2001). 

Aberrant IGF production has been implicated in several human syndromes. In 1950s, 

Dr Zvi Laron described a human condition of GH insensitivity caused by inherited 

mutation of GH receptor, named as Laron Syndrome (Laron, 2015). People with 

Laron Syndrome therefore are unable to respond to GH or produce IGF-1 in liver, 

resulting in a type of dwarfism named Laron-type dwarfism (Laron, 2015). In human, 

partial deletion of IGF-1 gene has been showed to cause pre- and postnatal growth 

retardation (Woods et al., 1996). The inactivation of IGFALS gene that encodes ALS 

results in the reduction of circulating IGF-1 and mild short stature (Domene et al., 

2004). Patients with loss of function mutations in PAPP-A2 gene have high levels of 

IGFBP-bound IGFs in circulation, but low levels of free and activated IGFs, leading 

to a phenotype of growth retardation (Dauber et al., 2016). In parallel with these 

clinical reports, previous studies in mouse models revealed a growth deficiency 

phenotype in mice carrying disrupted IGF and IGF1R genes (Baker et al., 1993; Liu 

et al., 1993).  
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1.1.2 IGF receptors and IGF signalling 

Insulin activates insulin receptor (INSR) on cell surface to transduce the cellular 

signalling to mediate its metabolic functions (Saltiel and Kahn, 2001). Similarly, the 

physiological effects of IGF-1 and IGF-2 ligands are mediated by the interaction with 

their own transmembrane receptors: insulin-like growth factor 1 receptor (IGF-1R) 

and insulin-like growth factor 2 receptor (IGF-2R). IGF-1R is a transmembrane 

receptor tyrosine kinase (RTK) that shares 84% sequence homology with INSR in 

cytoplasmic kinase domain and 100% in ATP bind cleft (Ullrich et al., 1986). IGF-

1R has a high affinity for IGF-1, a lower affinity (4~5 fold) with IGF-2 and a much 

lower affinity (>100 fold) for insulin (Forbes et al., 2002; Gustafson and Rutter, 1990). 

IGF-1R is a heterotetramer formed by 2 extracellular α subunits with IGF binding 

site and 2 transmembrane β subunits that contain the intracellular tyrosine kinase 

domains (Xu et al., 2018). IGF-2R is distinct from either IGF-1R or INSR in that it 

has no tyrosine kinase activity (Morgan et al., 1987). IGF-2R is preferred to be bound 

with IGF-2 than IGF-1, mediating the internalisation and degradation of IGF-2 

(Kornfeld, 1992). IGF-2R has been considered as growth-suppressive due to this 

salvaging role of circulating IGF-2 (Kornfeld, 1992). IGF-1 and IGF-2 are not only 

able to bind IGF-1R and IGF-2R but also interact with INSRs, which consist of 2 

isoforms INSR-A and the classical metabolic isoform INSR-B due to the alternative 

splicing of exon 11 (Moller et al., 1989). INSR-B has very low affinity for IGFs, but 

IGF-2 binds to INSR-A with an equal affinity to IGF-1R, and this interaction is 

implicated in the growth of fetal and cancer cells (Frasca et al., 1999).  

IGF signalling pathway has been investigated intensively in many studies and is now 

relatively well characterised (Baserga et al., 1997; Chitnis et al., 2008; Hakuno and 

Takahashi, 2018). Structural studies indicated that IGF-1R remains in an 
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autoinhibited state until the binding of IGF ligands, inducing a conformational 

change (Li et al., 2019; Xu et al., 2018). The relaxation of conformational restraints 

enables autophosphorylation of specific tyrosine residues at 1131, 1135, and 1136 

on β subunits of IGF-1R, leading to the recruitment and phosphorylation of the 

docking proteins insulin receptor substrates (IRS-1/2) and SHC (Sasaoka et al., 

1994; Valverde et al., 1998). These recruited proteins further transmit the signal and 

activate two independent pathways: phosphoinositide 3-kinase - protein kinase B 

(PI3K-AKT) pathway and mitogen-activated protein kinase (MAPK) pathway (Figure 

1.1). 

 
 
Figure 1.1 IGF signalling pathways 
Schematic representation of IGF-1/IGF-2-activated PI3K-AKT pathway and MAPK pathway. 
Arrow indicates activation. T-symbol indicates inhibition. P in red circle indicates 
phosphorylation.  
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PI3K/AKT pathway is a major effector of IGF-1 signalling to mediate cell growth, 

survival, protein synthesis and metabolism (Manning and Cantley, 2007). Once IRS-

1 is recruited to phosphorylated IGF-1R, the phosphotyrosine residues on IRS-1 and 

IGF-1R itself interact with p85 regulatory subunit of PI3K and consequently activate 

p110 α catalytic subunit (Myers et al., 1992; Yu et al., 1998). PI3K is recruited to the 

inner surface of cell membrane and phosphorylates phosphatidylinositol 4,5-

bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3) (Czech, 

2000). PIP3 can be dephosphorylated by phosphatase and tensin homolog deleted 

on chromosome 10 (PTEN), which acts as a negative regulator of PI3K/AKT 

pathway (Maehama and Dixon, 1998). PIP3 recruits and interacts with a number of 

PH-domain-containing proteins, including AKT, one of the most characterised 

downstream targets of PI3K (Burgering and Coffer, 1995). Recruited ATK is further 

phosphorylated by phosphoinositide-dependent kinase 1 (PDK-1) at Threonine 308 

and the mammalian target of rapamycin complex 2 (mTORC2) at Serine 473 to 

achieve full activation (Alessi et al., 1996). Activated AKT phosphorylates numerous 

downstream substrates that mediate many different biological functions (Manning 

and Cantley, 2007). AKT mediates cell growth mainly through phosphorylating 

mTOC1, which enables p70 S6 kinase activation and 4E-BP1 inhibition for protein 

translation (Zoncu et al., 2011). AKT is directly involved in cell survival through 

inhibitory phosphorylation of pro-apoptotic BAD protein and caspase-9 protease 

(Cardone et al., 1998; Datta et al., 1997). PI3K-AKT signalling cascade also 

regulates cell cycle via mediating the expression and interaction of cyclins and 

cyclin-dependent kinases (CDKs) (Liang and Slingerland, 2003). AKT signalling also 

phosphorylates and inhibits glycogen synthase kinase-3β (GSK-3β), which is a key 
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regulator in mediating glycogen metabolism, cell proliferation, cell cycle control, 

microtubule dynamics and apoptosis (Frame and Cohen, 2001). 

MAPK pathway is the second major effector of IGF-1R signalling that governs cell 

proliferation and differentiation (Zhang and Liu, 2002). Upon the recruitment of SHC, 

growth factor receptor-bound protein 2 (GRB2) binds to the phosphotyrosine 

residues on SHC and interacts with a guanine nucleotide exchange factor, son of 

sevenless (SOS) (Ravichandran et al., 1995). Once SOS is recruited to the inner 

surface of cell membrane, SOS catalyses guanosine triphosphate (GTP) / 

guanosine diphosphate (GDP) exchange, leading to the activation of RAS protein 

from GDP- bound to GTP-bound state (Egan et al., 1993). Activated GTP-bound 

RAS recruits and activates several downstream effectors, including serine/threonine 

kinase RAF (Vojtek et al., 1993). Activated RAF phosphorylates its major substrates 

MEK1/2, which subsequently phosphorylates and activates ERK1/2 (Kyriakis et al., 

1992). Activated ERK undergoes nuclear translocation and phosphorylates a large 

number of substrates including E26 transformation-specific Like protein-1 (ELK-1), 

c-JUN, c-FOS, and MYC, which are important for proliferation, differentiation and 

cell cycle progression (Yoon and Seger, 2006).  

Of note, both PI3K/AKT pathway and MAPK pathway can also be activated by other 

RTKs, including INSR, epidermal growth factor receptor (EGFR), fibroblast growth 

factor receptor (FGFR) and platelet-derived growth factor receptor (PDGFR) 

(Lemmon and Schlessinger, 2010). The cross-talk between these pathways in both 

physiological and pathological conditions has been intensively studied (Lemmon 

and Schlessinger, 2010). Due to the high degree of homology between IGF-1R and 

INSR, high concentration of IGF and insulin ligands can bind to each other’s specific 

receptor, triggering their downstream signalling pathways to regulate glucose 
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homeostasis and cell growth (Nakae et al., 2001). IGF-1R, INSR-A and INSR-B can 

form hybrid receptors with one α-β heterodimeric receptor from each and these 

hybrid receptors can be activated by both IGF and insulin ligands (Soos et al., 1990).  

Although IGF-1R and INSR signal through common downstream effectors, they 

mediate distinct cellular functions in glucose metabolism or cell growth. A previous 

study by Professor Carl Ronald Kahn’s group demonstrated that the different 

intracellular domains in IGF-1R and INSR contribute to their distinct patterns of 

signalling (Cai et al., 2017). They generated chimeric receptors that contain 

intracellular domains of INSR and extracellular domains of IGF-1R or conversely 

contain intracellular domains of IGF-1R and extracellular domains of INSR. They 

found that upon the stimulation of either insulin or IGF-1, receptors with intracellular 

domain of IGF-1R showed more recruitment of SHC and GAB, activating 

downstream targets involved in cell proliferation. In contrast, receptors with the 

intracellular domain of INSR had higher IRS-1 phosphorylation and stronger 

activation of components of metabolic pathways (Cai et al., 2017). 

Previous studies in our group and Dr Olle Larsson’s group suggest a non-canonical 

IGF-1/IGF-1R pathway: activated IGF-1R can be internalised and translocated into 

the cell nucleus (Aleksic et al., 2010; Aleksic et al., 2018; Sehat et al., 2010). 

Larsson’s group further reported that IGF-1R internalisation and translocation 

require sumoylation of IGF-1Rβ to interact with p150 (Glued) and importin-

β/RanBP2 (Packham et al., 2015). 
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1.1.3 IGF axis and cancer 

Given the important role of IGF signalling in mediating numerous biological functions, 

IGF axis has been intensively studied in endocrine disorders, skin diseases, 

cardiovascular diseases, aging and cancer (Osher and Macaulay, 2019; Puche and 

Castilla-Cortázar, 2012). Through both PI3K/AKT and MAPK pathways, IGF-1R 

activation by IGFs enables cancer cells to promote tumour growth and 

transformation, to protect cells from apoptosis, and to drive tumour invasion and 

metastasis (Baserga et al., 1997; Kim et al., 2007; Lopez and Hanahan, 2002; 

Resnicoff et al., 1995). 

A previous survey by Dr Zvi Laron showed that people with Laron syndrome, also 

known as Laron-type dwarfs, are almost free from cancers (Shevah and Laron, 

2007). Similar protective effects of IGF-1 deficiency against cancers was reported 

in the Ecuadorian population who carry GH receptor gene mutations (Guevara-

Aguirre et al., 2011). Studies in the general population also highlight the association 

between circulating IGF-1 levels and the risk of cancer, in that people with high 

serum IGF-1 are at increased risk of common cancers including breast, prostate and 

colorectal cancers (Ahlgren et al., 2004; Chan et al., 1998; Kaaks et al., 2014; Ma 

et al., 1999; Renehan et al., 2004; Travis et al., 2016). In addition to IGF-1, loss of 

IGF-2 gene imprinting leads to the overexpression of IGF-2, which has been 

identified as a potential marker of increased risk of colorectal cancer (Cui et al., 

2003). IGF-2 overexpression or epigenetic alteration has also been found in 

hepatocellular carcinoma and Ewing sarcoma, which is associated with cancer 

progression and poor prognosis (Couvert et al., 2008; Steigen et al., 2009). 

Circulating IGF-2 has been reported not only to activate IGF-1R, but also INSR-A 

(Frasca et al., 1999). INSR-A is commonly overexpressed in human cancers and its 
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interaction between IGF-2 has been demonstrated in breast, lung, and colon cancer 

tissues (Frasca et al., 1999). 

Solid tumours frequently show elevated expression of IGF-1R in prostate, breast, 

colorectal and head and neck cancers (Farabaugh et al., 2015; Hellawell et al., 2002; 

Rochester et al., 2007; Weber et al., 2002).  Previous work from our group showed 

that high level of IGF-1R expression in prostate tumour tissues associates with 

increased risk of post-radiotherapy recurrence (Aleksic et al., 2017). IGF-1R 

overexpression in head and neck tumours was found in association with negativity 

for human papillomavirus and poor prognosis (Dale et al., 2015). Recent work of 

brain cancers from our group showed that IGF-1R mediates radioresistance and 

IGF-1R overexpression associates with worse survival in paediatric high-grade 

glioma patients but not in adult high-grade glioma patients (Simpson et al., 2020). It 

has also been shown that IGF-1R overexpression promotes radioresistance in 

breast cancers and IGF-1R expression in primary breast tumours highly associates 

with recurrence following lumpectomy and radiation (Turner et al., 1997). Notably, 

different breast cancer subtypes display the distinct correlations between IGF-1R 

signalling and prognosis (Farabaugh et al., 2015). Previous tissue analysis of 

tumours from patients with different subtypes of breast cancers showed that IGF-

1R expression has no association with the survival of patients with luminal A breast 

cancers, but associates with better prognosis in luminal B cancers, whereas IGF-

1R correlates with worse survival in Human epidermal growth factor receptor 2 

(HER2)-enriched breast cancer (Yerushalmi et al., 2012). Patients with triple-

negative breast cancers whose tumours have high levels of IGF-1R expression have 

lower survival rates (Hartog et al., 2011). Due to the growth inhibition effect of IGF-

2R, the role of IGF-2R in cancers has been considered as tumour-suppressive 
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(Martin-Kleiner and Gall Troselj, 2010). Indeed, loss of IGF-2R function has been 

associated with the development of breast, prostate and liver cancers (De Souza et 

al., 1995; Hankins et al., 1996; Hu et al., 2006). 

Our group previously reported the association between nuclear IGF-1R and tumour 

stage in prostate cancer that IGF-1R is predominantly detected on cell membrane 

in patient benign tissues, whereas tumour tissues contain more internalised nuclear 

IGF-1R (Aleksic et al., 2010). We further demonstrated that nuclear IGF-1R plays 

an important role in mediating tumour cell survival and migration through interacting 

with chromatin at the transcription start sites of genes including JUN and FAM21 

(Aleksic et al., 2018). 

Although IGFBP genes are not frequently mutated in cancers, epigenetic silencing 

of IGFBP gene expression is associated with some types of cancers (Baxter, 2014). 

For example, patients with hepatocellular carcinoma have reduced IGFBP-3 

expression due to the hypermethylation on its promoter (Hanafusa et al., 2002). 

High circulating IGFBP-3 is associated with a lower risk of colorectal cancer in a 

prospective case-control study (Ma et al., 1999). However, the opposite correlation 

has been reported in breast cancer that high level of circulating IGFBP-3 is 

associated with the increased risk (Renehan et al., 2004). In a previous report, high 

levels of IGFBP-3 were also observed in primary tumour tissues in breast cancer 

patients, which was correlated with poor prognosis (Rocha et al., 1996). Therefore, 

the role of IGFBP-3 in cancers can be oncogenic or tumour-suppressive in different 

cancer types or cancer stages.  A previous tissue microarray analysis of over 400 

ovarian cancer patient tissues showed that IGFBP-2 and IGFBP-5 were 

overexpressed in high grade serous carcinomas compared to normal surface 
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epithelium, benign tissues and low-grade serous carcinoma, suggesting a potential 

role of IGFBP-2 and 5 in cancer development (Wang et al., 2006). 

 

1.1.4 IGF-targeted cancer therapy 

Targeting IGF signalling has been long recognised as a promising strategy to treat 

various types of cancer (Gualberto and Pollak, 2009; Osher and Macaulay, 2019). 

A large number of IGF-targeted therapies have been evaluated or are currently 

under evaluation in clinical trials (Table 1.1), which are mainly categorised into 3 

classes: monoclonal anti-IGF-1R antibodies, small molecule tyrosine kinase 

inhibitors (TKIs), and IGF ligand antibodies.  

Table 1.1 Examples of IGF-targeted therapies in clinical trials (https://clinicaltrials.gov/) 

Drug name Mechanism of action Clinical stage  
Figitumumab 
(CP-751,871) 

anti-IGF-1R antibody Phase III (NCT00673049), Phase III 
(NCT00596830), Phase Ib/2 (NCT00560573), 
Phase I (NCT00147537) in Lung cancer;  
Phase II (NCT00560560) in Colorectal cancer;  
Phase I (NCT00474760) in Ewing sarcoma 

Ganitumab 
(AMG 479) 

anti-IGF-1R antibody Phase III (NCT02306161, ongoing), Phase II 
(NCT04129151) in Ewing sarcoma; 
Phase I/II (NCT03041701, ongoing) in 
Rhabdomyosarcoma; 
Phase Ib/II (NCT00807612), Phase I 
(NCT01061788) in lung cancer; 
Phase Ib/II (NCT00788957) in Colorectal cancer; 
Phase II (NCT00719212), Phase II 
(NCT00718523) in Ovarian cancer; 
Phase III (NCT01231347), Phase II 
(NCT01318642), Phase I (NCT01298401), Phase 
Ib/II (NCT00630552)  in Pancreatic cancer; 
Phase II (NCT00563680), Phase II 
(NCT01327612), Phase Ib/II (NCT01708161), 
Phase Ib/II (NCT00819169) Phase I 
(NCT01122199) in multiple cancer types 

Cixutumumab 
(IMC-A12) 

anti-IGF-1R antibody Phase II (NCT00955305), Phase II 
(NCT01232452), Phase II (NCT00870870), Phase 
II (NCT00986674), Phase II (NCT01263782), 
Phase II (NCT00887159), Phase I/II 
(NCT00778167) in Lung cancer; 
Phase II (NCT00684983), Phase II 
(NCT00728949), Phase Ib/II (NCT00699491), 
Phase I (NCT00699491) in Breast cancer 
Phase II (NCT01120236), Phase II 
(NCT00520481) in Prostate cancer; 
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Phase II (NCT00503685) in Colorectal cancer; 
Phase I/II (NCT00617708) in Pancreatic Cancer; 
Phase II (NCT00906373), Phase I 
(NCT01008566) in Liver cancer; 
Phase II (NCT00617734) in Head and neck 
cancer; 
Phase I (NCT01204476) in Neuroendocrine 
tumours 
Phase II (NCT01142388) in Esophageal 
Adenocarcinoma; 
Phase II (NCT01055314) in Rhabdomyosarcoma; 
Phase II (NCT01614795), Phase II 
(NCT01016015), Phase II (NCT00831844), Phase 
I (NCT01007032) in multiple cancer types 

Dalotuzumab 
(MK-0646, 

h7C10) 

anti-IGF-1R antibody Phase II (NCT00654420), Phase II 
(NCT00799240), Phase I/II (NCT00869752) in 
Lung cancer; 
Phase II (NCT01605396), Phase II 
(NCT01234857), Phase I (NCT00759785) in 
Breast cancer; 
Phase II (NCT00614393), Phase I 
(NCT00925015) in Colorectal cancer;  
Phase II (NCT00769483) in Pancreatic cancer 
Phase II (NCT00610129) in Neuroendocrine 
tumours 
Phase I (NCT00635778), Phase I 
(NCT00701103), Phase I (NCT00694356), Phase 
I (NCT01431547), Phase I (NCT01243762) in 
multiple cancer types 

Robatumumab 
(SCH 717454, 

19D12) 

anti-IGF-1R antibody Phase II (NCT00617890) in Ewing sarcoma; 
Phase II (NCT00551213) in Colorectal cancer; 

Istiratumab 
(MM-141) 

anti-IGF-1R antibody Phase II (NCT02399137) in Pancreatic Cancer 
Phase I (NCT01733004) in multiple cancer types 

R1507 anti-IGF-1R antibody Phase II (NCT00760929), Phase II 
(NCT00773383) in Lung cancer 
Phase II (NCT00796107), Phase I 
(NCT00882674) in Breast cancer 
Phase II (NCT00642941), Phase I 
(NCT00400361), Phase I (NCT00560144) in 
multiple cancer types 

BIIB022 anti-IGF-1R antibody Phase I (NCT00970580) in Lung cancer; 
Phase I (NCT00956436) in Liver cancer; 
Phase I (NCT00555724) in multiple cancer types 

AVE1642 anti-IGF-1R antibody Phase I (NCT01233895) in multiple cancer types 

Linsitinib (OSI-
906) 

IGF-1R TKI Phase III (NCT00924989) in Adrenocortical 
carcinoma; 
Phase II (NCT02546544) in Ewing Sarcoma; 
Phase II (NCT01186861), Phase II 
(NCT01221077), Phase II (NCT01533181) in 
Lung cancer; 
Phase II (NCT01533246) in Prostate cancer; 
Phase II (NCT01205685) in Breast cancer; 
Phase I/II (NCT00889382) in Ovarian cancer; 
Phase I (NCT01154335) in Colorectal cancer; 
Phase I (NCT00514306), Phase I 
(NCT00514007), Phase I (NCT00739453) in 
multiple cancer types 
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BMS-754807 IGF-1R TKI Phase I/II (NCT00788333), Phase II 
(NCT01225172) in Breast cancer 
Phase I/II (NCT00908024), Phase I 
(NCT00898716), Phase I (NCT00569036), Phase 
I (NCT00793897) in multiple cancer types 

XL-228 IGF-1R TKI Phase I (NCT00464113) in Leukaemia; 
Phase I (NCT00526838) in multiple cancer types 

Picropodophyllin 
(AXL1717) 

IGF-1R TKI Phase II (NCT01561456), Phase I 
(NCT01466647) in Lung cancer; 
Phase I (NCT01725555), Phase I (NCT01062620) 
in multiple cancer types 

Masoprocol 
(NDGA) 

IGF-1R TKI Phase II (NCT00678015) in Prostate cancer 

Dusigitumab 
(MEDI-573) 

IGF neutralising 
antibody 

Phase II (NCT01446159) in Breast cancer; 
Phase I (NCT01498952) in Liver cancer; 
Phase I (NCT01340040), Phase I (NCT00816361) 
in multiple cancer types 

Xentuzumab 
(BI-836845) 

IGF neutralising 
antibody 

Phase II (NCT03659136, ongoing), Phase I 
(NCT03099174, ongoing), Phase II 
(NCT02123823, ongoing) in Breast cancer; 
Phase Ib/II (NCT02204072, ongoing) in Prostate 
cancer; 
Phase I (NCT02191891) in Lung cancer; 
Phase I (NCT01403974), Phase I 
(NCT02145741), Phase I (NCT01317420) in 
multiple cancer types 

 

Monoclonal anti-IGF-1R antibodies are designed to bind IGF-1R α subunit and 

induce receptor internalisation and degradation, thus preventing the binding of IGF-

1 and IGF-2. Preclinical studies of anti-IGF-1R antibodies, such as figitumumab, 

cixutumumab and ganitumab, showed the blockade of IGF signalling and 

preliminary anti-tumour activities in gastrointestinal carcinomas, prostate and 

ovarian cancer cell lines (Beltran et al., 2014; Ii et al., 2011; Wu et al., 2006). Several 

of these anti-IGF-1R antibodies have been tested in clinical trials and reached to 

Phase II or Phase III (Table 1.1). Some of them showed clinical benefits, particularly 

in patients with Ewing sarcoma (Tolcher et al., 2009; van Maldegem et al., 2016), 

but many trials reported insufficient activity in unselected patients (Fuchs et al., 2015; 

Konecny et al., 2014; Kundranda et al., 2020; Scagliotti et al., 2015). This might be 

due to the activation of compensating pathways, such as INSR, EGFR, C-MET, 

thereby restoring IGF-1R downstream signalling (Liu et al., 2018; van der Veeken 
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et al., 2009; Zhang et al., 2007). Although anti-IGF-1R antibodies are highly specific 

to IGF-1R with no affinity for INSR, some anti-IGF-1R antibodies still interact with 

and downregulate IGF1R-INSR hybrid receptor, causing dose-limiting 

hyperglycemia (Malempati et al., 2012). There is still one monoclonal anti-IGF-1R 

antibody drug ganitumab, currently in evaluation in two clinical trials. In an ongoing 

phase I/II trial, ganitumab is tested in combination with Src Family Kinase (SFK) 

inhibitor in patients with embryonal and alveolar rhabdomyosarcoma 

(NCT03041701). Another phase III trial is studying the combination treatment of 

ganitumab and chemotherapy in patients with metastatic Ewing sarcoma 

(NCT02306161). 

IGF-1R TKIs are small molecules that inhibit IGF-1R tyrosine kinase domain, 

leading to the blockade of downstream signalling. A number of IGF-1R TKIs have 

been developed, and many of them showed promising anti-tumour activities in 

preclinical studies (Carboni et al., 2009; Garcia-Echeverria et al., 2004; Litzenburger 

et al., 2009; Mulvihill et al., 2009; Sanderson et al., 2015). However, only a few of 

them were used in clinical studies (Table 1.1), and their clinical evaluation turned 

out to be disappointing (Fassnacht et al., 2015; Friedlander et al., 2012).  This is 

largely because that most IGF-1R TKIs also inhibit INSR as IGF-1R and INSR have 

100% conserved ATP binding cleft on their kinase domains (Ullrich et al., 1986). 

Therefore, some patients treated with IGF-1R TKIs experienced dose-limiting 

hyperglycemia (Fassnacht et al., 2015; Schwartz et al., 2016). The limited clinical 

activities of IGF-1R TKIs might also be the results of the rebound effect, which can 

be caused by the high levels of IGF and insulin induced by IGF-1R TKI that stimulate 

IGF-1R or INSR signalling if IGF-1R TKI withdrawal (Macaulay et al., 2016). 
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IGF neutralising antibodies directly target IGF-1 and IGF-2 ligands with high affinity 

to prevent IGF ligand binding to IGF-1R, INSR and INSR/IGF-1R hybrid receptor. 

Two IGF neutralising antibodies, dusigitumab (MEDI-573) and xentuzumab (BI-

836845), have been developed (Table 1.1). Dusigitumab and xentuzumab have high 

binding affinity for both IGF-1 and IGF-2, but dusigitumab is more selective to IGF-

2, whereas xentuzumab is more selective to IGF-1 (Friedbichler et al., 2014; Gao et 

al., 2011). Both antibodies have no impact on circulating insulin, thus not likely to 

induce hyperglycemia (Friedbichler et al., 2014; Gao et al., 2011). Dusigitumab and 

xentuzumab showed very effective IGF signalling blockade and promising anti-

tumour activities in vitro and in vivo in Ewing sarcoma, breast and colorectal cancers 

(Friedbichler et al., 2014; Gao et al., 2011) and have also been tested in clinical 

studies (Table 1.1). In two phase I clinical trials in patients with advanced solid 

tumours (NCT00816361, NCT01340040), dusigitumab showed favourable 

tolerability and some preliminary activities (Haluska et al., 2014; Iguchi et al., 2015). 

Dusigitumab has also been tested in a phase Ib/II trial (NCT01446159) to combine 

aromatase inhibitor in patients with hormone receptor (HR) + and HER2- metastatic 

breast cancer, but the addition of dusigitumab had no impact on overall survival rate 

(https://clinicaltrials.gov). Xentuzumab is currently being evaluated in several clinical 

trials. In a phase I trial in advanced solid tumours (NCT01403974), xentuzumab was 

well-tolerated and had preliminary anti-tumour activity (de Bono et al., 2020). 

Another phase I trial (NCT02191891) investigated the combination of xentuzumab 

and EGFR inhibitor afatinib in patients with EGFR-mutant non-small cell lung cancer 

(NSCLC), but no results are published to date. The ongoing phase Ib/II clinical trials 

include testing xentuzumab in combination with enzalutamide in prostate cancer 

patients (NCT02204072), and in combination with everolimus and exemestane in 
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patients with HR+/HER2- breast cancer (NCT02123823). In the phase II trial 

(NCT02123823) in breast cancer, xentuzumab did not improve progression-free 

survival, but showed the evidence of benefit in patients with non-visceral disease 

(Crown et al., 2019). This prompted a phase II trial (NCT03659136) of investigating 

xentuzumab in patients with HR+/HER2- breast cancer and non-visceral disease. 

Together, current IGF-targeted drugs showed some clinical benefit in some cancer 

patients, such as in patients with Ewing Sarcoma, but most of these drugs had 

insufficient activity in unselected patients, suggesting the necessity to characterise 

sensitive tumours and design rational drug combinations to improve IGF-targeted 

therapy. 

 

1.2 Cell cycle  

IGFs are well-known to promote cell proliferation by regulating passage through the 

cell cycle (Chakravarthy et al., 2000; Dupont and Holzenberger, 2003; Muise-

Helmericks et al., 1998; Tang et al., 2017). 

1.2.1 Cell cycle phases 

Cell cycle is a fundamental biological process that has been intensively studied over 

many decades (Hunt et al., 2011). In human, quiescent and terminally differentiated 

cells are arrested in a state, which is described as G0 phase of cell cycle (Terzi et 

al., 2016). The terminally differentiated cells are permanently arrested, but quiescent 

cells can be stimulated by mitogenic signalling to enter into cell cycle for proliferation 

(O'Farrell, 2011). Proliferating cells sequentially progress through four distinct cell 

cycle phases: G1, S, G2, M. In G1 phase, cells actively start to accumulate the 

proteins, building blocks and energy reserves for DNA replicating (Bertoli et al., 
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2013). DNA replication takes place in S phase, resulting in the formation of two 

identical sister chromatids. During S phase, cells also duplicate the centrosome, 

which is the organelle that is required in mitosis (Ganem et al., 2009). In G2 phase, 

cells prepare the proteins, enzymes, and energy reserves for M phase, known as 

Mitosis. Mitosis is divided into four phases: prophase, metaphase, anaphase, and 

telophase (Walczak et al., 2010), resulting in cell division into two daughter cells. In 

prophase, nuclear envelope breaks down, chromosomes condense and mitotic 

spindle microtubules are formed from the two centrosomes (Inoué, 1981). In 

metaphase, mitotic spindles attach to chromosomes at their kinetochores on the 

centromeric regions (Rieder and Salmon, 1994). Two centrosomes move to two 

opposing poles and chromosomes are lined up at the metaphase plate (Wood et al., 

1997). In anaphase, cohesin proteins that bind two sister chromatids together break 

down, and each sister chromatid is pulled toward one centrosome on one of the 

opposing poles (Uhlmann et al., 2000). In telophase, chromosomes start to 

decondense, nuclear envelopes begin to form and mitotic spindles break down 

(Inoué, 1981). The cell undergoes cytokinesis and forms two daughter cells. Newly 

formed cells either exit cell cycle to stay in G0 phase (quiescence) or progress to 

G1 phase for another cell cycle. 

1.2.2 Cell cycle regulation 

1.2.2.1 Cyclin-dependent kinases 

The cell cycle includes numerous biological events that require timely and carefully 

organisation during each cell cycle phase to ensure correct genome duplication and 

cell division (Hunt et al., 2011). Therefore, the cell cycle is tightly regulated by a 

complex network, involving a large number of cell cycle proteins (Figure 1.2).  
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Figure 1.2 Cell cycle progression and the key regulators 
Schematic representation of cell cycle progression mediated by cyclin-dependent kinases 
(CDKs), CDK inhibitory proteins and checkpoint kinases. Arrow indicates activation. T-
symbol indicates inhibition. P in red circle indicates phosphorylation. DSB: double-strand 
breaks. Adapted from (Otto and Sicinski, 2017) 
 
The major proteins in regulating cell cycle progression are cyclin-dependent kinases 

(CDKs). CDKs are serine/threonine kinases and their catalytic activity requires the 

binding with their regulatory subunits, known as Cyclins (Malumbres and Barbacid, 

2005). The human genome contains 21 genes encoding CDKs that share the 

sequence and functional similarity (Malumbres et al., 2009). However, only 4 human 

CDKs are closely relevant to cell cycle control, which are CDK1, CDK2, CDK4 and 

CDK6, and they can form active complexes with 4 types of Cyclins, which are Cyclin 

A, Cyclin B, Cyclin D and Cyclin E (Hochegger et al., 2008). The expression and 

degradation of Cyclins are timely regulated at specific cell cycle phases, thus 

controlling CDK kinase activity for proper cell cycle progression (Glotzer et al., 1991). 

Once cells receive a mitogenic stimulus, such as is provided by IGFs, cells enter 

into G1 phase. Activated PI3K/AKT and MEK/ERK pathways increase the 

expression of Cyclin D (Diehl et al., 1998; Lavoie et al., 1996; Muise-Helmericks et 

al., 1998; Tang et al., 2017). Cyclin D has high binding affinity with both CDK4 and 
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CDK6, which exhibit high sequence and structural homology and share a large 

number of overlapping phosphorylation substrates (Wood and Endicott, 2018). One 

of the most characterised substrates of CDK4/6-Cyclin D complex is retinoblastoma 

protein (RB) (Lundberg and Weinberg, 1998). CDK4/6-Cyclin D also phosphorylates 

RB related proteins p107 (RBL1) and p130 (RBL2) (Graña et al., 1998). RB, RBL1 

and RBL2 bind and inhibit the transactivation domain of E2F transcription factors 

(Chellappan et al., 1991). Phosphorylation of RB, RBL1 and RBL2 releases and 

activates E2F, promoting the expression of numerous proteins that drive G1/S 

transition, including Cyclin E (Weinberg, 1995). CDK2 preferably interacts with 

Cyclin E, and CDK2-Cyclin E complex further phosphorylates RB and releases E2F, 

forming a positive feedback loop (Akiyama et al., 1992). After cells enter into S 

phase, CDK2-Cyclin E complex phosphorylates various proteins that mediate DNA 

replication and centrosome duplication (Coverley et al., 2002; Okuda et al., 2000). 

Of note, during S phase, Cyclin E protein level gradually decreases, which is mainly 

due to SCF-Fbw7-mediated ubiquitination and degradation (Koepp et al., 2001). 

However, Cyclin A protein level increases and CDK2 switches to form complexes 

with Cyclin A (Coverley et al., 2002). Cyclin E and Cyclin A have distinct roles when 

binding with CDK2, in that CDK2-Cyclin E stimulates replication machinery 

assembly, whereas CDK2-Cyclin A activates replication machinery that is already 

assembled and prevents replication re-initiation (Coverley et al., 2002). Cyclin A 

protein level maintains until cells enter into mitosis when Cyclin A is recognised by 

APC/C ubiquitin ligase for degradation (Geley et al., 2001). During G2 phase and 

mitosis, CDK1 is the predominant CDK that can bind to either Cyclin A or Cyclin B, 

phosphorylating many substrates, including proteins that mediate G2/M transition, 

chromosome condensation, mitotic spindle assembly, and cytokinesis (Enserink 
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and Kolodner, 2010). Cyclin B protein is also degraded by APC-CDC20-mediated 

proteolysis, but at a later stage of mitosis (Hershko, 1999). Cyclin A and Cyclin B 

are degraded at different time, which might be due to fact that the active spindle 

checkpoint during early mitosis appears to delay the degradation of cyclin B, while 

Cyclin A is not affected (Tin Su, 2001). 

1.2.2.2 CDK inhibitory proteins 

Given the important role of CDK-Cyclin complexes in promoting cell cycle 

progression, the interactions between CDKs and their partner Cyclins are tightly 

regulated. There are two important families of proteins, INK4 family and Cip/Kip 

family that negatively regulate CDK-Cyclin complexes, known as CDK inhibitors 

(CKIs) (Otto and Sicinski, 2017). The INK4 family consists of p15, p16, p18 and p19 

proteins, which specifically interact with CDK4/6, preventing their binding to Cyclin 

D (Jeffrey et al., 2000). The Cip/Kip family contains p21, p27 and p57 proteins that 

interfere with the formation of CDK2-Cyclin E, CDK2-Cyclin A, CDK4/6-Cyclin D 

(Denicourt and Dowdy, 2004). Of note, the p21 gene is a transcriptional target of 

p53 tumour suppressor (el-Deiry et al., 1993). In addition to the function of p21 in 

cell cycle control, p21 protein also mediates DNA replication by directly interacting 

with PCNA (Waga et al., 1994; Xiong et al., 1993). 

1.2.2.3 Cell cycle checkpoints 

In response to replication stress or DNA damage, cells can activate cell cycle 

checkpoints to arrest cell cycle, providing sufficient time for replication fork recovery 

and DNA repair (Kastan and Bartek, 2004). Cell cycle checkpoints play a critical role 

in safeguarding genome integrity. There are 4 checkpoint kinases that have been 

characterised, including Checkpoint kinase 1 (CHK1), CHK2, WEE1 and MYT1 

kinases. CHK1 and CHK2 are mainly activated by two master regulators of DNA 
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damage ataxia-telangiectasia mutated (ATM) and ATM and RAD3-related (ATR) 

protein kinases (Figure 1.3). 

 

Figure 1.3 ATR and ATM signalling pathways 
Schematic representation of ATR-CHK1 signalling pathway in response to replication stress 
(left) and ATM-CHK2 signalling pathway in response to DSB (right). Adapted from (Cimprich 
and Cortez, 2008) 
 

In response to DNA single stranded breaks (SSB) induced by ultraviolet (UV) 

exposure or replication stress, the exposed single-stranded DNAs (ssDNA) are 

coated with replication protein A (RPA), which is essential to stabilise the stalled 

replication fork and activate ATR signalling cascade(Iftode et al., 1999). The 

recruitment and activation of ATR requires RPA-coated ssDNA to first recruit a 

protein complex including ATR-interacting protein (ATRIP), DNA clamp protein 

Rad9-Rad1-Hus1 (9-1-1) and Topoisomerase II-binding protein 1 (TOPBP1) 

(Cimprich and Cortez, 2008). Activated ATR phosphorylates its major downstream 

effector CHK1 at Serine 317 and Serine 345 to transduce the signalling cascade 

(Zhao and Piwnica-Worms, 2001). Activated CHK1 phosphorylates numerous 
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substrates, including CDC25s (Figure 1.2), a family of phosphatases that remove 

the inhibitory phosphorylation of CDK1 and CDK2 at tyrosine 15 and threonine 14 

(Bartek and Lukas, 2003). CHK1 phosphorylates CDC25s and promotes their 

degradation (Xiao et al., 2003), resulting in the accumulation of inhibitory 

phosphorylation of CDK1 and CDK2. Therefore, CDK1 and CDK2 cannot form 

active complexes with Cyclin A or Cyclin B, leading to cell cycle arrest in S phase or 

at G2/M transition. The inhibitory phosphorylation of CDK1 and CDK2 at tyrosine 15 

is directly induced by protein kinase WEE1 (Parker and Piwnica-Worms, 1992) and 

the inhibitory phosphorylation at threonine 14 is performed by MYT1 kinase (Booher 

et al., 1997). WEE1 and MYT1 act as checkpoint kinases to restrain CDK1 or CDK2 

activity, but WEE1 is indispensable for cell cycle arrest, whereas MYT1 is 

considered to be not important for normal cell cycle checkpoint activation, but 

contribute checkpoint recovery when CHK1 or WEE1 is inhibited (Chow and Poon, 

2013).  

ATM is the major regulator to orchestrate responses to DSB (Shiloh, 2003). At DSB 

sites, ATM is recruited and activated in cooperation with Mre11-Rad50-Nbs1 (MRN) 

complex and the adaptors 53BP1 and DNA damage checkpoint 1 (MDC1) (Figure 

1.3) (Lee et al., 2010; Lou et al., 2006; Uziel et al., 2003). Activated ATM 

phosphorylates CHK2 at threonine 68 (Matsuoka et al., 2000). Similar to CHK1, 

activated CHK2 actives cell cycle checkpoints though CDC25s phosphorylation and 

CDKs inhibition (Bartek and Lukas, 2003). In addition, ATM is involved in two major 

DSB repair pathways, non-homologous end joining (NHEJ), which efficiently repairs 

most DSBs in mammalian cells and is mostly accurate, and homologous 

recombination (HR), which occurs only in S and G2 phases as sister chromatids are 

required (Beucher et al., 2009; Riballo et al., 2004; Scully et al., 2019). HR is 
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typically considered error-free, but it has also been shown that HR can be error-

prone, which is mainly caused by the intermediates of HR including gene conversion 

and crossing over, generating genetic instability (Guirouilh-Barbat et al., 2014). Of 

note, previous work from our lab and others showed that IGF-1R depletion or 

inhibition impairs both NHEJ and HR pathways and delays repair of ionising 

radiation (IR)-induced DSBs (Chitnis et al., 2014; Turney et al., 2012; Wang et al., 

2013).  

Both CHK1 and CHK2 can phosphorylate p53 at Serine 20, enhancing the 

expression of p21 for further inhibition of CDKs (Shieh et al., 2000). In addition, 

ATM/CHK2 and ATR/CHK1 pathways not only regulate cell cycle progression, but 

also play an important role in mediating apoptosis via regulating p53 (Figure 1.4) 

(Adam et al., 2018; Bartek and Lukas, 2003; Nai et al., 2019). 

 

 
Figure 1.4 Downstream effectors of CHK1 and CHK2 
Schematic representation of substrates that can be phosphorylated by CHK1 and/or CHK1. 
Yellow: phosphorylated by CHK1 alone. Brown: phosphorylated by CHK2 alone. Blue: 
phosphorylated by both CHK1 and CHK2.  
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1.2.3 Cell cycle and cancer 

Tumour cells usually acquire mutations that lead to aberrant cell cycle controls to 

maintain not only the sustained cell proliferation but also genome instability 

(Malumbres and Barbacid, 2009). For example, CCND1 gene that encodes Cyclin 

D1 is the second most frequently amplified locus in all human cancers (Beroukhim 

et al., 2010). The analysis of TCGA data showed that CCNE1 and CCNE2 genes 

that encode Cyclin E1 and Cyclin E2 are frequently amplified in ovarian, breast and 

bladder cancers (Otto and Sicinski, 2017). In human melanoma, an INK4-insensitive 

mutation (R24C) of CDK4 has been observed, which can constitutively activate 

CDK4 (Wolfel et al., 1995). RB is a tumour suppressor that is commonly depleted in 

many types of cancers, resulting in the loss of cell cycle control by CDKs (Otto and 

Sicinski, 2017). The genetic alterations of CKIs are also frequently detected in 

cancers. For example, CDKN2A that encodes INK4 p16 and p14 proteins is the 

most frequently deleted locus in human malignancies (Beroukhim et al., 2010). 

Tumour suppressor p53 is mutated in many types of cancers (Olivier et al., 2010). 

P53 inactivation leads to the reduction of p21 to abrogate cell cycle arrest upon DNA 

damage, which might contribute to p53 loss-induced tumorigenesis (Engeland, 

2018).  

Cell cycle checkpoint kinases were initially considered tumour suppressive because 

loss of cell cycle checkpoints may favour the rapid proliferation of cancer cells. 

Although homozygous mutations of CHK1 haven’t been reported so far (Zhang and 

Hunter, 2014), heterozygous loss of function mutations of CHK1 are detected in 

breast and gastric cancer (Menoyo et al., 2001; Mu et al., 2011). However, CHK1 

overexpression is also commonly observed in various types of cancers, including 

triple-negative breast cancer, cervical cancer and hepatocellular carcinoma 
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(Verlinden et al., 2007; Xie et al., 2014b; Xu et al., 2013). WEE1 overexpression is 

observed in many cancers, including glioblastoma, melanoma and hepatocellular 

carcinoma (Magnussen et al., 2012; Masaki et al., 2003; Mir et al., 2010). The 

elevated expression of CHK1 and WEE1 in cancer cells might reflect their important 

roles in cell cycle control and DNA replication upon DNA damage and replication 

stress. Both CHK1 and WEE1 play an important role in maintaining sufficient and 

balanced dNTP pools, required to avoid replication stress (Buisson et al., 2015; 

Koppenhafer et al., 2020; Pfister et al., 2015). Cell cycle checkpoint abrogation upon 

DNA damage leads to the premature transition of cell cycle phases, resulting in 

mitotic catastrophe or replication catastrophe (Aarts et al., 2012; Toledo et al., 2013). 

It has also been recently reported that CHK1 inhibition synergises with cyclin F loss 

in cancer cells to aberrantly accumulate E2F1 transcription factor, causing 

catastrophic DNA damage in S phase (Burdova et al., 2019). Therefore, targeting 

CHK1 and WEE1 might be a promising therapeutic strategy for cancer treatment.  

1.2.4 Targeting cell cycle checkpoints and CDKs in cancer treatment 

Several CHK1 inhibitors have been developed and evaluated in clinical studies 

(Table 1.2). Highly selective CHK1 inhibitor MK-8776 (also known as SCH-900776) 

has been tested in combination with gemcitabine in a Phase I clinical trial in patients 

with advanced solid tumours (NCT00779584), showing acceptable tolerability and 

early evidence of clinical efficacy (Daud et al., 2015). MK-8776 has also been 

evaluated in combination with cytarabine in a Phase I clinical trial in patients with 

acute myelogenous leukemia (AML) (NCT00907517), showing that the combination 

of MK-8776 and cytarabine were tolerable and showed some preliminary anti-

leukemia activity (Karp et al., 2012). However, the combination of cytarabine and 

MK-8776 did not show a better response rate than cytarabine alone in the Phase II 
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trial in patients with relapsed AML (NCT01870596) (Webster et al., 2017). 

LY2606368, also known as Preasertib, is a CHK1/2 inhibitor that is being tested as 

monotherapy in an ongoing Phase II trial in patients with breast, ovarian or prostate 

cancers (NCT02203513). Another Phase I clinical trial in patients with advanced 

solid tumours is studying LY2606368 in combination with PD-L1 inhibitor 

LY3300054 (NCT03495323). SRA737, a potent and orally bioavailable CHK1 

inhibitor, is currently in a phase I/II trial in patients with advanced solid tumours 

(NCT02797964). MK-1775 (also known as AZD 1775 or Adavosertib) is the only 

WEE1 inhibitor currently in clinical application. The completed clinical trials of MK-

1775 have shown preliminary clinical benefits either alone or in combination with 

other cancer therapies (Fu et al., 2018). To date, there are over 20 ongoing clinical 

trials in various types of cancers, including a Phase II trial of testing MK-1775 as 

monotherapy in patients with SETD2 mutated cancers (NCT03284385) based on 

the data from Pfister et al. 2015, and a Phase II trial testing MK-1775 in combination 

with cisplatin in patients with triple-negative breast cancer (NCT03012477).  

A large number of preclinical studies support the concept that targeting CDK activity 

to suppress cell cycle progression and cell proliferation is a potential strategy to treat 

cancers (Cook Sangar et al., 2017; McClue et al., 2002; O'Brien et al., 2018; Smith 

et al., 2008). Pharmaceutical companies have developed a large number of either 

specific or pan CDK small molecule inhibitors. Early generation of pan CDK 

inhibitors, including flavopiridol and roscovitine did not show sufficient clinical benefit 

due to their limited efficacy and dose-limiting toxicities (Otto and Sicinski, 2017). 

Abemaciclib is a specific and potent CDK4/6 inhibitor that has been used in breast 

cancer treatment in several clinical trials, such as MONARCH 1, 2, and 3 trials, 

which showed promising response rates in patients with advanced breast cancers 
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(Palumbo et al., 2019). Abemaciclib is currently being evaluated in several ongoing 

clinical trials, including a Phase Ib/II trial that is investigating abemaciclib in 

combination with xentuzumab and hormonal therapy in patients with lung or breast 

cancers (NCT03099174). This clinical trial of abemaciclib and xentuzumab was 

encouraged by the observation of a synergistic interaction between these two drugs 

in a preclinical study (Weyer-Czernilofsky et al., 2018). A most recently developed 

pan CDK inhibitor, Roniciclib (also known as BAY 1000394), has been investigated 

in combination with platinum-based chemotherapy in patients with small cell lung 

cancer in a Phase II trial (NCT02161419), but this study was prematurely terminated 

due to severe toxicities observed in patients (Reck et al., 2019). 

 

1.3 Replication stress 

1.3.1 Basic biology of DNA replication 

DNA replication is one of the most fundamental biological processes, which is 

crucial for cell proliferation and genome stability (Bell and Dutta, 2002). DNA 

replication is tightly regulated in coordination with cell cycle progression and DNA 

damage responses (Bell and Dutta, 2002). To initiate DNA replication, origin 

recognition complexes (ORCs) first bind to DNA at replication origins. During G1 

phase, ORCs recruit replication factors, including cell division control protein 6 

(CDC6) and chromatin licensing and DNA replication factor 1 (CDT1) (Cocker et al., 

1996; Nishitani et al., 2000). In coordination with these replication factors, 

minichromosome maintenance replicative helicases (MCM2-7) are loaded to form 

pre-replicative complexes (pre-RCs) (Tye, 1999). This process is described as DNA 

replication licensing. In humans, there are 30,000 ~ 50,000 replication origins, 

however only 10% origins are activated in S-phase for replication, and most of them 
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remained inactivated called dormant origins (McIntosh and Blow, 2012). When cells 

pass through G1/S transition, MCM helicases are activated through the 

phosphorylation by CDC7 and CDKs and also the interaction with other factors, 

including CDC45 and a protein complex of Sld5–Psf1–Psf2–Psf3, called GINS 

(Gambus et al., 2006; Roberts et al., 1999). Activated MCM helicases unwind 

double-strand DNA and establish the replication fork (Labib et al., 2000). At 

replication fork, DNA polymerases, proliferating cell nuclear antigen (PCNA) clamp 

protein and other replication factors are recruited as a protein-DNA complex, termed 

replisome (Branzei and Foiani, 2010). Replication forks progress bi-directionally 

from replication origin sites while replisome is responsible for the incorporation of 

nucleotides into newly synthesised DNA (Bell and Dutta, 2002). 

1.3.2 Causes of replication stress 

DNA replication machinery is tightly regulated to ensure the timely and accurate 

duplication of genetic information (Bell and Dutta, 2002). However, during DNA 

replication, cells are usually in face of numerous obstacles that slow, stall or 

terminate DNA replication, termed replication stress (Zeman and Cimprich, 2014). 

Replication stress can be caused by a large number of either endogenous or 

exogenous sources (Zeman and Cimprich, 2014). There are several major causes 

of replication stress and 3 are discussed here: (1) Limiting nucleotides; (2) 

Unrepaired DNA lesions; (3) Replication and transcription collisions. 

The first common recognised cause of replication stress is the lack of replication 

factors and nucleotide availability (Branzei and Foiani, 2010). A sufficient and 

balanced dNTP pool is crucial for providing the building blocks for faithful DNA 

replication, while dNTP reduction results in slow replication fork progression and 

increased origin firing (Anglana et al., 2003). Excessive origin firing and replication 
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initiation triggered by aberrant cell cycle control consumes dNTP pools and slows 

DNA replication, causing replication stress (Beck et al., 2012). On the contrary, 

excess dNTP pool seems also able to induce replication stress. This is 

demonstrated by a previous study showing that up-regulation of ribonucleotide 

reductase (RNR), which mediates dNTP de novo synthesis, induces the expansion 

of dNTP pools, resulting in replication stress and a hypermutation phenotype 

(Davidson et al., 2012).  

Secondly, unrepaired DNA lesions are considered a major source of replication 

stress because they inhibit replication fork progression as physical barriers (Zeman 

and Cimprich, 2014). These DNA lesions can be induced exogenously by UV light, 

IR and DNA damaging agents. For example, platinum anti-cancer drugs induce the 

accumulation of DNA inter-strand crosslinks, resulting in the arrest of DNA 

replication and cell cycle progression (Wang and Lippard, 2005). DNA lesions can 

also arise from endogenous sources including reactive oxygen species and 

metabolic by-products, such as reactive aldehyde from alcohol metabolism (Brooks 

and Theruvathu, 2005). Ribonucleotides (rNTP) can be misincorporated instead of 

dNTP during replication, and failure to resolve rNTP misincorporation leads to 

replication stress (Dalgaard, 2012). Moreover, cells intrinsically contain some types 

of DNA sequences and structures that are difficult to replicate. For example, 

trinucleotide repeats can form hairpins and triplex DNA structures, and G-

quadruplexes exist in GC-rich regions (Mirkin and Mirkin, 2007). When replication 

forks progress to the regions of these complicated secondary DNA structures, 

replicative helicases cannot efficiently unwind the DNA and cells need to repair or 

bypass of these impediments, leading to stalled replication forks and replication 

stress (Mirkin and Mirkin, 2007). 
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A third major source of endogenous replication stress is the collisions between 

replication and transcription machineries (Bermejo et al., 2012). As replication and 

transcription use the same DNA template, failure to coordinate these two processes 

results in the formation of RNA/DNA hybrids, such as R-loops, which hinder the 

passage of replication forks through transcription regions (Bermejo et al., 2012). 

Therefore, highly transcribed regions are also known as early replication fragile sites 

because these regions are prone to the collisions between replication and 

transcription (Barlow et al., 2013). In addition, replication machinery is more likely 

to encounter transcription complexes in long genes, thus these regions are sensitive 

to replication stress, known as common fragile sites (Helmrich et al., 2011). The 

collisions between replication and transcription can be caused by many processes. 

For example, inactivation of alternative splicing factor/splicing factor 2 (ASF/SF2) 

results in replication and transcription collisions, inducing R Loop formation and 

genomic instability, while Ribonuclease H (RNase H) cleaves RNA/DNA hybrids and 

suppress genomic instability (Li and Manley, 2005). Another study showed that 

deficiencies in Sen1/Senataxin, a DNA/RNA helicase, impairs DNA replication 

across the RNA-Polymerase-II-transcribed genes, causing the accumulation of 

RNA/DNA hybrids (Alzu et al., 2012). Both replication and transcription generate 

topological perturbations that need to be efficiently resolved by DNA 

topoisomerases (Wang, 2002). Topoisomerase II has been reported to orchestrate 

replication and transcription encounter in S phase, and topoisomerase II inhibition 

causes accumulation of DNA entangling, resulting in DNA breaks during 

chromosome segregation (Bermejo et al., 2009).  
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1.3.3 Replication stress responses 

Replication stress responses are activated at slowed or stalled replication forks in 

coordination with DNA damage responses and cell cycle controls to resolve 

replication stress and safeguard genome integrity (Zeman and Cimprich, 2014). At 

slowed or stalled replication forks, replicative helicases continue to unwind the 

parental double-stranded DNA, leading to the formation of stretches of ssDNA, 

which has been recognised as marker of replication stress (Buisson et al., 2015). 

These ssDNA are coated with RPA and activate ATR-CHK1 signalling cascade to 

stabilise replication forks, arrest cell cycle and efficiently remove the impediments 

at the forks (Figure 1.3). ATR phosphorylates and inhibits SWI/SNF-related, matrix-

associated, actin-dependent regulator of chromatin, subfamily A-like1 (SMARCAL1), 

preventing replication stress-induced replication fork collapse (Couch et al., 2013). 

Activating ATR/CHK1 also inhibits CDK activity and prevents BRCA2 

phosphorylation in the C-terminal to stabilise RAD51 filaments, suppressing the 

degradation of nascent DNA strands by MRE11 nuclease (Schlacher et al., 2011).  

If cells fail to rescue the stalled replication fork as some DNA lesions cannot be 

repaired, replication machinery can bypass the DNA lesions and restart DNA 

replication, which is mediated by translesion DNA synthesis (Mailand et al., 2013). 

High levels of replication stress may eventually lead to fork collapse, resulting in 

DSB formation either passively or through endonuclease-mediated cleavage 

(Hanada et al., 2006). ATM is recruited at DSB sites and activates ATM/CHK2 

signalling pathway to arrest cell cycle and regulate p53 and apoptosis (Bartek and 

Lukas, 2003; Hirao et al., 2002). Through activating ATR/CHK1 and ATM/CHK2 

signalling pathways, cells can also limit CDKs-mediated original firing (Shechter et 

al., 2004), preventing dNTP pool exhaustion. Severe replication stress leads to 
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excess ssDNA formation, replication fork collapse, deleterious DSBs accumulation 

and cell death in S phase, described as replication catastrophe (Buisson et al., 2015; 

Toledo et al., 2017; Toledo et al., 2013). Hereditary mutations in genes involved in 

DNA replication or replication stress responses cause various human syndromes. 

For example, Seckel syndrome characterised by growth retardation, microcephaly, 

mental retardation and dysmorphic features, is an inherited disorder caused by 

mutations in ATR or ATRIP (Faivre et al., 2002; Verloes et al., 1993). Mutations in 

components of pre-replication complexes including ORC1, ORC4, ORC6, CDT1 

and CDC6 cause Meier-Gorlin syndrome, characterised by microtia, patellar 

applasia/hypoplasia, and short stature (de Munnik et al., 2015). The autosomal 

recessive disease Rothmund-Thomson syndrome characterised by facial rash, 

sparse hair, eyelashes and/or eyebrows, short stature, skeletal and dental 

abnormalities, juvenile cataracts, and an increased risk of osteosarcoma, is caused 

by mutations in RECQL4 gene, which encodes ATP-dependent DNA helicase Q4 

(Wang and Plon, 1993). Loss-of-function mutations in BLM helicase cause Bloom 

Syndrome associated with growth deficiency, immune abnormalities, sensitivity to 

sunlight, insulin resistance and increased risk of cancers (Flanagan and Cunniff, 

1993). Patients with these syndromes commonly have growth abnormities and short 

stature, which are also the major symptoms in patients with partial deletion of IGF-

1 gene (Woods et al., 1996) and Laron-type dwarfism due to GH receptor mutation 

(Laron, 2015). Cockayne syndrome is caused by nucleotide excision repair defect, 

associated with growth retardation, abnormal sensitivity to light and progeria (Laugel, 

2013). It has been shown that the growth retardation in Cockayne syndrome is 

potentially due to the suppression of GH-IGF axis by unrepaired DNA damage 

(Garinis et al., 2009; Monnat, 2007; van der Pluijm et al., 2007). 
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1.3.4 Replication stress and cancer 

Replication stress is implicated in genomic instability, which is a hallmark of cancer 

(Hanahan and Weinberg, 2000, 2011). In cancer cells, constitutive activation of 

oncogenes, such as cyclin E and MYC, promote CDC45-mediated replication 

initiation and decrease dNTP pools, leading to replication stress and genomic 

instability (Bester et al., 2011; Srinivasan et al., 2013). Overexpression of oncogene 

MYC has also been reported to elevate global transcription activities in cancer cells 

(Lin et al., 2012), which might increase the possibility of replication and transcription 

collisions, leading to replication stress. Moreover, tumour suppressors BRCA1 and 

BRCA2 are directly involved in replication fork protection (Schlacher et al., 2012); it 

is plausible that loss of BRCA1/2 may induce replication stress, which contributes 

to tumorigenesis in BRCA deficient cancers. Although replication stress markers 

have been detected in various types of tumour, including NSCLC, colon cancer and 

melanoma, replication stress is hardly seen in normal tissues (Gorgoulis et al., 2005). 

This selective nature of intrinsic replication stress in cancers might represent a 

therapeutic vulnerability. Several approaches have been developed and used in 

clinical studies to exacerbate replication stress and induce cell death in tumour cells 

(Table 1.2). These include using (1) nucleoside analogues to directly inhibit DNA 

replication, (2) DNA damaging reagents to directly modify DNA structure, (3) RNR 

inhibitors to deplete dNTP availability, (4) Inhibitors targeting ATR-CHK1 and WEE1 

signalling to impair replication stress responses, (5) PARP inhibitors to impede SSB 

repair, (7) topoisomerase inhibitors to induce replication and transcription collisions.   

 
 
 
 



50 
 

Table 1.2 Examples of clinical therapies that potentially induce replication 
stress. Adapted from (Aye et al., 2015) 
 
Class of agents 
or target 

Mechanism of action Compounds Clinical 
stage 

Nucleoside 
analogues 

 

Inhibit DNA replication;  

Inhibit RNR  

  

  

Azacitidine All 
approved 
for use 

  

 

Cytarabine 

Decitabine 

Gemcitabine 

5-Fluorouracil 

Alkylating agents 
and platinum 
compounds 

  

Direct modification of DNA 

  

  

Carboplatin  
Cisplatin 

All 
approved 
for use 

  

  

  

Cyclophosphamide 

Dacarbazine 

Methotrexate 

Mitomycin C 

Oxaliplatin 

Procarbazine 

Temozolomide 

RNR inhibitors Inhibit RNR for 
suppressing dNTP 
biosynthesis 

Hydroxyurea Approved 

Triapine Phase III 

Topoisomerase I 
and II inhibitors 

  

  

  

  

  

  

Impair the relaxation of 
DNA supercoiling that 
occurs during DNA 
replication and 
transcription 

 

 

  

  

Belotecan Approved 

CRLX101 Phase II 

Doxorubicin Approved 

Epirubicin Approved 

Etoposide Approved 

Idarubicin Approved 

Irinotecan Approved 

LMP400 Phase I 
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LMP776 Phase I 

Mitoxantrone Approved 

NKTR-102 Phase III 

Teniposide Approved 

Topotecan Approved 

PARP inhibitors 

  

  

  

  

Impede single-strand DNA 
break repair 

  

  

  

  

Olaparib Approved 

Niraparib Approved 

Rucaparib Approved 

Talazoparib Approved 

Veliparib Phase III 

ATR inhibitors Inhibit central replication 
stress response kinase 

AZD6738 Phase I/II 

BAY1895344 Phase I/II 

M6620 Phase II 

CHK1 inhibitors 

  

  

  

Inhibit main effector of 
ATR in replication stress 
responses 

  

  

GDC-0575 Phase I 

MK-8776 (SCH 
900776) 

Phase I 

SRA737 Phase I 

Prexasertib 
(LY2606368) 

Phase I/II 

WEE1 inhibitor Abrogate G2/M checkpoint  MK-1775 (A7D1775) Phase I/II 

 

 

1.4 Ribonucleotide reductase 

1.4.1 RNR and dNTP biosynthesis 

Maintaining dNTP homeostasis is crucial for DNA replication, and as already 

discussed, dNTP imbalance leads to replication stress and genomic instability. 

Cellular dNTP levels are tightly regulated by de novo biosynthesis and the rate-

limiting step of dNTP synthesis is reduction of ribonucleoside diphosphate (NDP) to 
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produce deoxyribonucleoside diphosphate (dNDP), which is catalysed by RNR 

(Figure 1.5) (Mathews, 2015). Nucleoside diphosphate kinase (NDPK) then 

phosphorylates dNDP to produce dNTP (Mathews, 2015). Among four dNTPs, the 

synthesis of deoxythymidine triphosphate (dTTP) is more complicated than 

deoxyadenosine triphosphate (dATP), deoxycytidine triphosphate (dCTP) and 

deoxyguanosine triphosphate (dGTP), because it requires more reactions catalysed 

by thymidylate phosphate kinase (TMPK) and thymidylate synthase (Mathews, 

2015). RNR-catalysed reaction is essential for the synthesis of all four dNTPs and 

is highly conserved from prokaryotes to eukaryotes (Stubbe and van der Donk, 

1995). RNR consists of two subunits: ribonucleotide reductase subunit M1 (RRM1) 

and M2 (RRM2), also named α and β subunits (Figure 1.5). Catalytically-active RNR 

is formed as α2β2 heterotetramer, in which RRM1 contains the catalytic site and 

RRM2 contains the oxygen-linked di-iron center to generate tyrosyl radicals for 

catalysis (Stubbe and van der Donk, 1995). Of note, β subunit can be formed by an 

isoform of RRM2, ribonucleotide reductase regulatory TP53 inducible subunit M2B 

(RRM2B), which is encoded by p53R2 gene (Tanaka et al., 2000). RRM2B exhibits 

80% sequence homology with RRM2 and is directly involved in p53-mediated DNA 

damage responses (Tanaka et al., 2000). It has been previously reported that cells 

in hypoxia rely on the RRM1/RRM2B version of RNR to maintain the basal dNTPs 

level (Foskolou et al., 2017).  
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Figure 1.5 The basic catalytic reaction of RNR enzyme for dNDP formation 
A: adenosine; U: uracil; C: cytidine and G: guanosine. Adapted from (Huang et al., 2014) 
 
1.4.2 RNR activity regulation 

Given the essential role of RNR in catalysing dNTP synthesis for DNA replication, 

both RRM1 and RRM2 are tightly regulated throughout cell cycle. The gene 

transcription and protein translation of RRM1 and RRM2 are regulated by mTOR 

signalling (He et al., 2017). RRM1 and RRM2 expression can be transcriptionally 

upregulated by E2F1 transcription factor during G1/S phase transition (DeGregori 

et al., 1995). Although both RRM1 and RRM2 protein levels peak at S phase, RRM1 

protein level remains relatively constant and in excess throughout cell cycle due to 

its long half-life, whereas RRM2 protein level starts to decrease in G2 phase  

(Engstrom et al., 1985). This is because RRM2 protein is regulated by ubiquitin 

ligase for degradation when cells exit S phase. During the G2 phase, RRM2 is 

phosphorylated at Threonine 33 by CDK1/2, promoting the binding to Cyclin F, and 

is then degraded by Skip1/Cullin/F-box (SCF) complex ubiquitin ligase (D'Angiolella 

et al., 2012). During mitosis, RRM2 is further degraded via anaphase-promoting 
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complex (APC)-CDH1-mediated proteolysis (Chabes et al., 2003). Furthermore, 

upon DNA damage, both RRM1 and RRM2 can translocate to the cell nucleus and 

are recruited by histone acetyltransferase Tip60 to DSB sites to provide dNTPs for 

DNA repair (Niida et al., 2010). 

1.4.3 RNR and cancer 

The expression of RNR subunits RRM1, RRM2, and RRM2B are frequently elevated 

in many types of tumours (Aye et al., 2015), suggesting an important role of RNR in 

cancer. To maintain sustained proliferation, cancer cells require the sufficient supply 

of macromolecules, including dNTPs, mediated by RNR-catalysed de novo 

biosynthesis. Altered RNR activity (either increased or decreased) may induce 

dNTP imbalance and cause replication stress, contributing to genomic instability and 

tumorigenesis. Previous studies suggested that dNTP pool imbalance impairs the 

proofreading capacity of replicative DNA polymerases, promoting them to introduce 

mutations into DNA during replication (Mertz et al., 2015; Williams et al., 2015). It 

has also been reported that RNR recruitment in nucleus plays an important role in 

DNA repair by supplying dNTPs at DSB sites (Niida et al., 2010), which might be 

involved in mediating chemo/radiotherapy resistance. Indeed, a significant 

correlation between RRM1 expression and drug resistance to gemcitabine and 

platinum drugs has been reported in NSCLC (Bepler et al., 2006). The 

overexpression of RRM2 has been observed in breast, ovarian, bladder and 

colorectal cancers, and is correlated with poor clinical outcomes (Ferrandina et al., 

2010; Liu et al., 2013; Morikawa et al., 2010; Zhang et al., 2014). Given the important 

role of RNR in cancer, targeting RNR subunits has been recognised as a potential 

strategy to treat cancers (Aye et al., 2015). Nucleoside analogue drugs, such as 

gemcitabine and cytarabine, have been considered as RRM1-targeting drugs 
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because their active substrates form covalent complexes with RRM1, resulting in 

RRM1 inhibition (Galmarini et al., 2001b). Hydroxyurea (HU) and triapian (3AP) are 

commonly used anti-cancer drugs that target RRM2, and have been used to treat 

patients with multiple types of cancers (Aye et al., 2015). Notably, previous studies 

showed that cell cycle checkpoint abrogation by inhibiting CHK1 or WEE1 is another 

approach to deplete RRM2 proteins through promoting CDK-mediated RRM2 

degradation, suggesting a potential cancer treatment strategy (Buisson et al., 2015; 

Koppenhafer et al., 2020; Pfister et al., 2015). 

 

1.5 IGF and replication stress 

Previous studies in our group and others found that targeting IGF signalling 

sensitised human tumour cells to IR and cytotoxic drugs (Chitnis et al., 2014; 

Cosaceanu et al., 2007; Ferte et al., 2013; Riesterer et al., 2011; Rochester et al., 

2005; Turney et al., 2012). IGF-1R depletion delayed the repair of IR-induced DNA 

double-strand breaks in prostate cancer cells (Turney et al., 2012). Our group further 

reported that DSB repair via both HR and NHEJ was attenuated in IGF-1R inhibited 

cells (Chitnis et al., 2014). Notably, IGF-1R depletion or inhibition was also found to 

lead to accumulation of endogenous DNA lesions in prostate cancer cells (Lodhia 

et al., 2015). However, the origins of these endogenous DNA damage induced by 

IGF blockade is yet to be elucidated.  

Current unpublished work in our group done by post-doctoral scientist Dr Guillaume 

Rieunier revealed an unrecognised role of IGF-1 signalling in maintaining replication 

integrity even in the absence of exogenous damage. Dr Rieunier found that IGF-1R 

inhibited or depleted cells accumulated DNA damage marked by phosphorylation of 

histone H2AX at serine 139 (γH2AX). γH2AX foci accumulate at DSB sites and 
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stalled replication forks to recruit DNA repair machineries and signalling factors, 

serving as a sensitive indicator of DNA damage and replication stress (Gagou et al., 

2010; Rogakou et al., 1998). Cells after IGF blockade also contained more under-

replicated regions shielded by 53BP1 bodies, which are important to protect DNA 

against erosion during passage through mitosis (Harrigan et al., 2011; Lukas et al., 

2011). The increased endogenous DNA lesions induced by IGF-1R inhibition or 

depletion were accompanied by slowed replication fork progression and ATR/CHK1 

checkpoint activation, which are the key indicators of replication stress (Zeman and 

Cimprich, 2014). These are previously unreported effects of IGF axis blockade, 

although are consistent with a report that IGF-1 regulates the gene expression at 

the mRNA level of several components involved in DNA replication including RRM2, 

MCM7, replication factors C and GINS proteins PSF1/2 (Creighton et al., 2008). Dr 

Rieunier further demonstrated that IGF blockade reduced the expression of RRM2 

via inhibiting both MEK/ERK and PI3K/AKT pathways. Consistent with the critical 

role of RNR activity as the rate-limiting step for dNTP production (Mathews, 2015), 

Dr Rieunier found IGF blockade reduced dATP supply and impaired the balance of 

dNTP pools, leading to slow replication fork progression and replication stress. 

 

1.6 Research aim 

Current unpublished work in our group done by Dr Rieunier demonstrate a 

replication stress phenotype in IGF-1R depleted or inhibited cells. This replication 

stress phenotype is striking, but we found that cells remain viable after IGF blockade, 

albeit growing at a slower growth rate, suggesting that the replication is tolerable. 

We hypothesised that the replication stress induced by IGF blockade might be 

clinically relevant, serving as an exploitable vulnerability for cancer treatment. IGF-
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1R depleted or inhibited cells might be more sensitive to replication stress-inducing 

reagents, such as inhibitors targeting cell cycle controls, DNA replication and repair. 

The research aims of this project were: 

(1) To confirm replication stress phenotype in IGF-1R depleted or inhibited breast 

cancer cells; 

(2) To perform a targeted compound screen to identify effective drug combinations 

that sensitise cells to IGF inhibitor and validate screen hits in 2D cell and 3D 

spheroid culture model; 

(3) To identify approaches to exacerbate replication stress induced by IGF blockade 

to intolerable levels, leading to tumour cell death; 

(4) To investigate the mechanism of the interactions between IGF blockade and the 

identified treatment partners. 
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Chapter 2 

Methods and materials 

 

 

2.1 Materials, chemicals and reagents  

General laboratory chemicals, reagents and materials are listed in Table 2.1 

Table 2.1 Chemicals, reagents and materials used in this study 

Name Application Catalogue 
number Supplier 

Phosphate buffered saline 
(PBS) 

General chemicals 
/reagents P4417 Sigma-Aldrich  

Trizma hydrochloride (Tris-
HCl) 

General chemicals 
/reagents T3253 Sigma-Aldrich  

Sodium dodecyl sulfate 
(SDS) 

General chemicals 
/reagents 20-4002-01 Severn Biotech 

Tween 20 General chemicals 
/reagents 10113103 Fisher Scientific 

Triton X-100 General chemicals 
/reagents 30632410 BDH 

IGEPAL CA-630 (NP-40) General chemicals 
/reagents I-3021 Sigma-Aldrich  

EDTA General chemicals 
/reagents 3690 Sigma-Aldrich  

Sodium deoxycholate General chemicals 
/reagents D5670 Sigma-Aldrich  

Urea General chemicals 
/reagents U6504 Sigma-Aldrich  

Bromophenol blue General chemicals 
/reagents 114391 Sigma-Aldrich  

Glycerol General chemicals 
/reagents G/0650/08 Fisher Scientific 

β-mercaptoethanol General chemicals 
/reagents M6250 Sigma-Aldrich  
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Dithiothreitol (DTT) General chemicals 
/reagents D9779 Sigma-Aldrich  

Bovine serum 
albumin (BSA) 

General chemicals 
/reagents 421501J VWR 

Sodium Chloride (NaCl) General chemicals 
/reagents S/3120/60 Fisher Scientific 

Hydrochloric acid (HCl) General chemicals 
/reagents 320331 Sigma-Aldrich  

Sodium Hydroxide (NaOH) General chemicals 
/reagents 71690 Sigma-Aldrich  

Dimethyl sulfoxide (DMSO) General chemicals 
/reagents D2650 Sigma-Aldrich  

Ethanol General chemicals 
/reagents E/6665DF/17 Fisher Scientific 

Methanol General chemicals 
/reagents M/3950/17 Fisher Scientific 

Acetic acid General chemicals 
/reagents A/0400/PB16 Fisher Scientific 

Dulbecco's Modified Eagle 
Medium  (DMEM) Cell culture 41966-029 Gibco 

Roswell Park Memorial 
Institute (RPMI) 1640 Cell culture 21875-034 Gibco 

Fetal bovine serum (FBS) Cell culture 10500-064 Gibco 
Penicillin-Streptomycin Cell culture 15140-122 Gibco 
Trypsin/EDTA Cell culture BE02-007E Lonza 
MycoAlerta Mycoplamsa 
Detection Kit  Cell culture LT07- 318 Lonza 

Cryogenic vial 2 mL Cell culture 430489 Corning 
Trypan blue solution  Cell counting T10282 Invitrogen 
Cell counting chamber slide  Cell counting C10283 Invitrogen 
96-well white flat bottom 
microplate Cell viability assay 655094 Greiner Bio-One  

CellTiter-Blue Cell Viability 
Assay Cell viability assay G8081 Promega 

96-well clear flat bottom 
microplate Cell death assay 3596 Corning 

Propidium iodide Cell death assay P4864 Sigma-Aldrich  
Hoechst 33342 Cell death assay B2261 Sigma-Aldrich  
Brilliant Blue R Cell survival assay B7920 Sigma-Aldrich  
Opti-MEM, Reduced Serum 
Medium Cell transfection 31985-047 Gibco 

Oligofectamine Cell transfection 12252-011 Invitrogen 
Lipofectamine 3000 Cell transfection L3000-008 Invitrogen 
cOmplete, EDTA-free 
Protease Inhibitor Cocktail Western blot 11873580001 Roche 

Phosphatase Inhibitor 
Cocktail 2 Western blot P5726 Sigma-Aldrich  

Phosphatase Inhibitor 
Cocktail 3 Western blot P0044 Sigma-Aldrich  



60 
 

Pierce BCA Protein Assay 
Kit  Western blot 23225 Thermo 

Scientific 
Spectra Multicolor Broad 
Range Protein Ladder 

Western blot 26634 Thermo 
Scientific 

x4 LDS sample buffer  Western blot NP0007 Invitrogen 
4–15% Criterion TGX 
Precast Midi Protein Gel Western blot 5671084 Bio-Rad 

Tris/Glycine/SDS running 
buffer Western blot 1610772 Bio-Rad 

Trans-Blot Turbo RTA Midi 
Nitrocellulose Transfer Kit Western blot 1704271 Bio-Rad 

Nitrocellulose membrane Western blot 10600016 GE Healthcare 

Odyssey Blocking Buffer Western blot 927-40000 LI-COR 
Biosciences 

IRDye 680RD Donkey anti-
Goat IgG Secondary 
Antibody 

Western blot 926-68074 LI-COR 
Biosciences 

IRDye 680RD Goat anti-
Rabbit IgG Secondary 
Antibody 

Western blot 926-68071 LI-COR 
Biosciences 

IRDye 800CW Goat anti-
Mouse IgG Secondary 
Antibody 

Western blot 926-32210 LI-COR 
Biosciences 

Pepsin Flow cytometry P7000 Sigma-Aldrich 
5-Bromo-2'-deoxyuridine 
(BrdU) 

FACS/Immunofluorescenc
e 19-160 Sigma-Aldrich  

BrdU (B44) antibody  FACS/Immunofluorescenc
e 347580 BD Biosciences 

Paraformaldehyde 
(methanol free) Immunofluorescence 43368 Alfa Aesar 

Goat anti-Mouse IgG (H+L) 
Highly Cross-Adsorbed 
Secondary Antibody, Alexa 
Fluor 488 

Immunofluorescence A11029 Invitrogen 

Goat anti-Rat IgG (H+L) 
Highly Cross-Adsorbed 
Secondary Antibody, Alexa 
Fluor 594 

Immunofluorescence A11007 Invitrogen 

Goat anti-Rabbit IgG (H+L) 
Highly Cross-Adsorbed 
Secondary Antibody, Alexa 
Fluor 594 

Immunofluorescence A11037 Invitrogen 

VECTASHIELD Antifade 
Mounting Medium with 
DAPI 

Immunofluorescence H-1200 
VECTOR 
LABORATORIE
S 

22 x 22 mm cover glasses Immunofluorescence 631-0124 VWR 
Microscope slides, 
Superfrost Immunofluorescence 631-0912 VWR 

5-chloro-2’-deoxyuridine 
(CIdU) DNA fiber assay 105478 MP Biomedicals 
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5-Iodo-2’-deoxyuridine 
(IdU) DNA fiber assay 100357 MP Biomedicals 

VECTASHIELD Antifade 
Mounting Medium DNA fiber assay H-1000 

VECTOR 
LABORATORIE
S 

Adhesion slides, 
SuperFrost Plus DNA fiber assay/H&E/IHC 631-0108 VWR 

22 x 50 mm cover glasses DNA fiber assay/H&E/IHC 12342118 Menzel Gläser 
Deoxynucleotide (dNTP) 
Solution Set dNTP assay N0446S New England 

Biolabs 
Streptavidin coated 96-well 
plate  dNTP assay 15125 Thermo 

Scientific 

Klenow polymerase  dNTP assay EP0052 Thermo 
Scientific 

[3H]-dATP  dNTP assay NET268250UC PerkinElmer 
[3H]-dTTP  dNTP assay NET520A250UC PerkinElmer 
OptiPhase supermix 
cocktail dNTP assay 1200-439 PerkinElmer 

96-well Clear Round 
Bottom Ultra-Low 
Attachment Microplate 

3D spheroid assay 7007 Corning 

CellTiter-Glo 3D cell 
viability assay  3D spheroid assay G9681 Promega 

(2-Hydroxypropyl)-beta-
cyclodextrin Animal experiment H107 Sigma-Aldrich 

Matrigel matrix Animal experiment 356230 Corning 
neutral buffered formalin 
(NBF) Animal experiment HT501128 Sigma-Aldrich 

Citroclear H&E/IHC HC5005 TCS Biosciences 
Harris’s haematoxylin  H&E/IHC 351945S VWR 
Alcoholic Eosin  H&E/IHC HT110132 Sigma-Aldrich 
EnVisionTM + Dual Link 
System-HRP (DAB+)  H&E/IHC K4065 Dako 

DPX mountant  H&E/IHC 06522  Sigma-Aldrich 
 

2.2 Cell culture 

Cell lines used in this study are listed in Table 2.2, including the tissue type, provider 

and culture medium. Cells were tested for mycoplasma infection upon arrival and 

re-tested routinely by using MycoAlerta Mycoplasma Detection Kit (#LT07- 318, 

Lonza). Cell lines identify was verified by authentication of using PCR-based short 

tandem repeats (STR) locus detection by Eurofins Genomics. 
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Table 2.2 Cell lines used in this study 

Cell line  Tissue type Provider Culture 

medium 

MCF7 Breast cancer 1 DMEM 

ZR-75-1 Breast cancer 1 DMEM 

T47D Breast cancer 1 DMEM 

KPL-1 Breast cancer 2DSMZ #ACC317 DMEM 

HCC1143 Breast cancer 1 DMEM 

HeLa Cervical cancer 3 DMEM 

SK-CO-1 Colorectal cancer 4ATCC # HTB-39 DMEM 

H1299 Non-small cell lung cancer 5 DMEM 

 
1 Kindly provided by Dr Anthony Kong, University of Birmingham; 
2 DSMZ-German Collection of Microorganisms and Cell Cultures GmbH; 
3 Kindly provided by Professor Adrian Harris, University of Oxford; 
4 ATCC= American Type Culture Collection (Manassas, USA); 
5 Kindly provided by Professor Xin Lu, University of Oxford 
 

All cell lines is this study were maintained and cultured in Dulbecco's Modified Eagle 

Medium  (DMEM) (#41966-029, Gibco) supplemented with 10% fetal bovine serum 

(FBS, #10500-064, Gibco) and penicillin (100 units/mL) / streptomycin (100 µg/mL) 

(#10500-064, Gibco) at 37 °C with 5% CO2. Cells were routinely passaged at sub-

confluence (~80%) every 3 or 4 days. For cell passaging, cells were washed once 

with 1x sterile PBS after removing the culture medium, and then trypsinised with 2.5 

g/L trypsin (50% v/v of Trypsin/EDTA solution in sterile 1x PBS) (#BE02-007E, 

Lonza) for 3 minutes. Cells were collected with fresh medium and cell count was 

determined. For cell number counting, cell suspension was mixed with an equal 

volume of 0.4 % trypan blue stain (#T10282, Invitrogen) and added into a cell 

counting chamber slide (#C10283, Invitrogen) that could be measured on the 

Countess Automated Cell Counter (Invitrogen) for viability determination. For cell 
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seeding, cells were diluted from the cell suspension in fresh medium based on the 

desired plating densities. 

For cryostorage, cells were cultured to 80-90% confluency, trypsinised and collected 

as just described. Cells were pelleted after centrifugation at 300 g for 5 minutes at 

room temperature. Cell pellets were resuspended in cell freezing solution (10% 

DMSO in FBS), and then transferred to cryogenic vials (1 mL/vial, usually 3 vials for 

one T175 flask of cells at 80-90% confluency). Cryogenic vials were stored in Mr. 

Frosty Freezing Containers (Thermo Scientific) and frozen in -80 °C freezer for at 

least 24 hours before being transferred to liquid nitrogen storage tank in vapour 

phase. To recover cells from cryostorage, cryogenic vials were taken from liquid 

nitrogen storage tank or -80 °C freezer, and defrosted in 37 °C water bath until 

completely thawed. Cell suspensions were gently mixed and transferred to pre-

warmed cell culture medium in a T75 cell culture flask. Cell culture medium was 

changed to fresh complete medium on the next day to remove the excess DMSO 

and dead cells in the medium. 

 

2.3 Compounds 

IGF ligand-neutralising antibody BI-836845 (xentuzumab) in the same formulation 

as for clinical use (10 mg/mL, stored at 4 °C), and IGF-1R tyrosine kinase inhibitor 

(TKI) BI-885578 (10mM in DMSO, stored at −20 °C) were obtained under Material 

Transfer Agreement from Dr Ulrike Weyer-Czernilofsky and Dr Thomas Bogenrieder 

from Boehringer Ingelheim.  IGF-1R TKI BMS-754807 was purchased from Sigma-

Aldrich (#BM0003) and dissolved in DMSO at 10 mM and stored at −20 °C. CHK1 

inhibitors MK-8776 (#S2735, Selleck Chemicals), SRA737 (#S8253, Selleck 

Chemicals), UCN-01 (#18130, Cambridge Bioscience) and LY2603618 (#S2626, 
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Selleck Chemicals) and WEE1 inhibitor MK-1775 (#1494, Axon Medchem) were 

dissolved in DMSO at 10 mM and stored at −20 °C.  

 

2.4 Cell viability, death and survival assay 

For cell viability assay, cells were seeded in triplicate in white wall and clear bottom 

96-well plates (#655094, Greiner Bio-One). Seeding densities for different cell lines 

were determined in a pilot test (MCF7: 1000 cells/well; ZR-75-1, HCC1143, SK-CO-

1: 5000 cells/well; T47D: 8000 cells/well; KPL1: 10000 cells/well). The following day, 

different treatments were added into triplicate wells, usually 20 µL of x5 drug solution 

added to 80 µL or 10 µL of x10 drug solution added to 90 µL, or the equivalent 

volume of solvent as control. The treated cells were cultured for 5 days at 37 °C with 

5% CO2. For endpoint measurement, CellTiter-Blue reagent (#G8081, Promega) 

(1:5 v/v, usually 20 µL of reagent added to 100 µL) was added into the wells, 

followed by incubation at 37 °C with 5% CO2 for 1~3 hours, the duration of incubation 

being optimised for each cell line. The assay is based on the detection of resorufin 

that reduced from resazurin by viable cells, which can be measured by fluorescence. 

The fluorescence intensity (579Excitation/584Emission) was determined by reading on a 

POLARstar Omega microplate reader (BMG Labtech), and then exported and 

analysed in Graphpad Prism 8 to generate dose-response curve and calculate the 

half maximal inhibitory concentration (IC50).  

For cell death assay, cells were seeded in triplicate in clear and flat bottom 96-well 

plates (#3595, Corning). Cell seeding and treatment were the same as for cell 

viability assay. For endpoint measurement, 50 µL of a mixed solution of 4 µM 

Hoechst 33342 (#B2261, Sigma-Aldrich) and 4 µM propidium iodide (#P4864, 

Sigma-Aldrich) were added into the wells. The plate was incubated for 30 minutes 
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at 37 °C with 5% CO2. The cell death percentage (% PI positive cells / Hoechst 

positive cells) was determined by Celigo Imaging Cytometer (Nexcelom) and the 

dose-response curve was generated in Graphpad Prism 8. 

For clonogenic survival assay, cells were seeded in 6-well plates at a density of 

1000 cells per well. On the following day, different treatments were added into each 

well, usually 0.5 mL of x4 drug added to 1.5 mL, or the equivalent volume of solvent 

as control. After culturing at 37 °C with 5% CO2 for 7 days, cells were washed once 

with 1x PBS and fixed and stained with Brilliant Blue buffer (0.1% Brilliant Blue R, 

7%  acetic acid, 30% methanol) for 30 minutes. The plates were gently washed with 

deionized water and dried at room temperature for overnight. The plates were 

imaged and the colonies were counted on the GelCount automated counter (Oxford 

Optronix). 

 

2.5 Compound screen 

This compound screen was conducted with Dr Guillaume Rieunier in collaboration 

with Elena Seraia and Daniel Ebner from Target Discovery Institute, Oxford. The 

60-compound custom library consisted of 59 drugs with different targets and 1 

additional DMSO solvent control (listed in Table 4.1).  

This compound screen was performed in 5 estrogen receptor (ER) positive breast 

cancer cell lines: MCF7, ZR-75-1, KPL1, HCC1143 and T47D. The 60 compounds 

were treated at 3 concentrations (0.1 µM, 1 µM, 10 µM) in combination with PBS 

solvent control or BI-836845 (1 µM, near to the steady-state circulating 

concentration of ~1.3 µM in patients in Phase 2 clinical trials; personal 

communication, Dr Thomas Bogenrieder, Boehringer Ingelheim) for 5 days. A 

resazurin-based cell viability assay was used to determine the effects of the 
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treatments in the screen. Cells were seeded in 96-well plates with the seeding 

densities described in section 2.4, and treated with compound library on the 

following day. The treatment layout was shown in Table 2.3 and duplicate plates 

were prepared. For each cell line, there were 6 plates for single treatment with 

compounds at 0.1 µM, 1 µM, 10 µM and 6 plates for combination treatment with BI-

836845. 

Table 2.3 Compound treatment layout for screen 

 

The cell seeding and compound treatment processes on Janus liquid handling 

workstations (Perkin Elmer) were performed by Elena Seraia from Target Discovery 

Institute, Oxford. To determine the cell viability after 5 days treatment, cell culture 

medium was replaced by 100 μL phenol red-free DMEM (#21063029, Gibco) 

containing 10 μg/mL resazurin. After 2 hours incubation at 37 °C with 5% CO2, the 

fluorescence intensities were measured on an Envison multilabel plate reader 

(Perkin Elmer). Data were collected and further analysed using Microsoft Excel and 

GraphPad Prism 8. 

1 2 3 4 5 6 7 8 9 10 11 12

1 2 3 4 5 6 7 8 9 10

Veliparib Deforolimus Lapatinib Tozasertib BMS-599626 Obatoclax 
Mesylate

Olaparib Nutlin 3 MK-2206 KU-55933

11 12 13 14 15 16 17 18 19 20

Rucaparib BI 2536 Palbociclib SNS-032 Gemcitabine Roscovitine JNJ 
26854165

Fulvestrant CUDC-101 Irinotecan

21 22 23 24 25 26 27 28 29 30

PIK-75 Adriamycin Clofarabine Etoposide Flavopiridol Camptothecin
e

Rigosertib Ispinesib       MC1568 DMSO

31 32 33 34 35 36 37 38 39 40

AT7519 Hesperadin BIX 02189 AZD7762 PD318088 KU-60019 BS-181 LY500307 Cytarabine Flucytosine

41 42 43 44 45 46 47 48 49 50

Tamoxifen 
Citrate

MLN2238 SB 743921 Indirubin RITA Talazoparib Rociletinib E3330 CRT0044876 VE-821

51 52 53 54 55 56 57 58 59 60

BO2 Mirin Ro-3306 MK-8776 MK-1775 Abemaciclib ML-216 AZD 5363 Celastrol NSC 19630

Empty Empty Empty EmptyEmpty Empty Empty Empty Empty Empty

Aphidicolin 
500nM

E Aphidicolin 
500nM

Aphidicolin 
500nM

Empty

F Aphidicolin 
500nM

Aphidicolin 
500nM

G Aphidicolin 
500nM

Aphidicolin 
500nM

H Empty

C Aphidicolin 
500nM

Aphidicolin 
500nM

E Aphidicolin 
500nM

B Aphidicolin 
500nM

Aphidicolin 
500nM

Empty Empty Empty Empty EmptyA Empty Empty Empty EmptyEmpty Empty Empty
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To assess the quality of the compound screen, Z-factor was calculated using Zhang 

and colleagues’ method (Zhang et al., 1999): 

 

𝑍 = 1 −
3(σ! + σ")
|µ! −	µ"|

 

μP is the mean value of positive control and μN is the mean value of negative control. 

σP is the standard deviation (SD) of positive control and σN is the SD of negative 

control. 

For Z-factor calculation, the fluorescence intensity of DMSO solvent control well was 

used as negative control. The fluorescence intensity of PLK inhibitor (BI-2536) - 

treated well was used as positive control since PLK inhibition is toxic to many cell 

types (Plyte and Musacchio, 2007), and PLK depletion had been used as positive 

control in the siRNA screen previously published in our group (Gao et al., 2014). To 

interpret the Z-factor, guideline from Zhang and colleagues’ publication (Zhang et 

al., 1999) was used (Table 2.4): 

Table 2.4 Interpretation of Z-factor 

Z-factor Interpretation 

1.0 Ideal, Z-factors can never exceed 1. 

0.5-1.0 Excellent assay 

0-0.5 Marginal 

≤0 Not useful, too much overlap between positive and negative controls 

 

To determine the efficacy of each compound as single treatment or in combination 

treatment with BI-836845, the fluorescence intensities measured in the duplicate 

plates were first averaged. The relative viability (compared with the DMSO solvent 
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control well) of the cells in single treatment plate or combination treatment plate was 

calculated: 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦

=
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	𝑡𝑒𝑠𝑡	𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑	𝑤𝑒𝑙𝑙	(+/−𝐵𝐼836845)

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	𝐷𝑀𝑆𝑂	𝑤𝑒𝑙𝑙	(+/−𝐵𝐼836845)  

 

The relative viability of cells in DMSO solvent control-treated well in single treatment 

plate or combination treatment plate becomes 1.  

To compare the efficacies of each compound in single treatment and combination 

treatment with BI-836845, the relative effectiveness was calculated with the formula: 

 

𝐸#$%&$'() = log*+
𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦	𝑖𝑛	𝑠𝑖𝑛𝑔𝑙𝑒	𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡	𝑝𝑙𝑎𝑡𝑒

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦	𝑖𝑛	𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛	𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡	𝑝𝑙𝑎𝑡𝑒	 

 

Ecompound = 0 indicates no combination effect as the relative viability of the cells 

treated with the compound in single treatment plate is the same with the combination 

treatment plate (E= Log10(1) = 0). ER > 0 indicates the increase of efficacy when the 

compound is combined with BI-836845 (relative viability of the cells in single 

treatment is larger than in combination treatment), suggesting a combination effect. 

ER < 0 indicates the decrease of efficacy when the compound is combined with BI-

836845 (relative viability of the cells in single treatment is smaller than in 

combination treatment). 
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For each cell line, Ecompound values of all compounds at 0.1 µM, 1 µM, 10 µM were 

ranked. Z-score was calculated using a robust method based on median and 

median absolute deviation (MAD) as follows (Brideau et al., 2003): 

 

𝑍#$%&$'() =
𝐸#$%&$'() −𝑀𝑒𝑑𝑖𝑎𝑛	(𝑎𝑙𝑙		𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠)

𝑀𝐴𝐷  

 

𝑀𝐴𝐷 = 1.4826	 × 𝑀𝑒𝑑𝑖𝑎𝑛	(|𝐸#$%&$'() −𝑀𝑒𝑑𝑖𝑎𝑛	(𝑎𝑙𝑙		𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠)|) 

 

To identify the positive hits showing the combination effect with BI-836845 treatment, 

the cut-off of Z-score > 2 was used, suggested by the previous publication (Goktug 

et al., 2013). The positive hits in all cell lines were imported into 

(http://bioinformatics.psb.ugent.be/webtools/Venn/) to generate Venn diagram and 

identify the overlapping hits in different cell lines. 

 

2.6 Gene silencing by siRNA 

Cells were cultured to 30% confluency in 10 cm dishes. Transfection used IGF-1R 

siRNA #1 (S100017521, Qiagen) and #2 (designed in house (Bohula et al., 2003)), 

synthesised by Qiagen or AllStars Negative Control siRNA (1027281, Qiagen). The 

siRNAs (50nM) were mixed with Oligofectamine Transfection Reagent (#12252-011, 

Invitrogen) and Opti-MEM I Reduced-Serum Medium (#31985-047, Gibco) for 25 

minutes at room temperature (shown in Table 2.5). 
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Table 2.5 siRNA transfection solution components 

 Volume (µL) 

Tube 1   

          20 µM siRNA stock 6.8 

          Opti-MEM                      1523.5 

Tube 2  

           Oligofectamine 12.3 

           Opti-MEM 410 

In cell culture dish  

            Opti-MEM 780 

  

Cells were washed twice with Opti-MEM I Reduced-Serum Medium, and incubated 

with the siRNA mixtures at 37 °C with 5% CO2 for 4 hours, followed by adding 11 

mL fresh cell culture medium with 10% FBS. After 24 hours or 48 hours transfection, 

cells were collected for western blot analysis or reseeded for other experiments. 

 

2.7 Generation of RRM2-overexpressing MCF7 cells 

To generate RRM2-overexpressing cell lines, plasmid pcDNA3.1 RRM2 (Addgene, 

Plasmid #13796) (Duxbury and Whang, 2007) and pcDNA3.1 empty vector control 

(#V79520, Invitogen) were used. To amplify the plasmids in bacteria, DH5α 

Competent E. coli (#C2987I, New England Biolabs) were first transformed. 

Specifically, 50 μL of competent cells were thawed on ice and mixed with 70 ng 

DNA. The cell mixtures were incubated on ice for 30 minutes, followed by a heat 

shock at 42 °C for 30 seconds. Then 950 μL of SOC medium (#H8032, Sigma-

Aldrich) was added, and then the cells were incubated at 37°C for 1 hour while 

shaking. Transformed cells were spread onto LB-agar plates supplemented with 
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ampicillin and incubated at 37 °C overnight. On the following day, a sterile tip was 

used to pick a single bacterial colony, which was placed in 3 mL of LB in a 15 mL 

tube and incubated at 37°C with shaking overnight. Bacterial culture was then 

expanded into a 2 L culture flask in 100 ml of LB with ampicillin at 37 °C overnight. 

The bacterial cells were harvested after centrifugation at 6000 x g for 15 minutes at 

4 °C and stored as a glycerol stock (1:1 v/v) at - 80 °C. The plasmid DNA was 

extracted and purified by using Maxi preparation kit (Qiagen) following the 

manufacturer’s instructions. DNA concentration was determined by NanoDrop 

Microvolume Spectrophotometer (Thermo Fisher Scientific). Purified plasmid was 

sent to Integrated DNA Technologies (IDT) for sequence validation using 5’ 

sequencing primer T7 (5’-TAATACGACTCACTATAGGG-3’) and 3’ sequencing 

primer BGH reverse (5’-TAGAAGGCACAGTCGAGG-3’). 

To generate RRM2-overexpressing MCF7 cells, 2.5 µg plasmid DNA was 

transfected into MCF7 cells using Lipofectamine 3000 Reagent Kit (Thermo Fisher 

Scientific, #L3000001) following the manufacturer’s instructions. Specifically, MCF7 

cells were cultured to 70% confluency. Lipofectamine 3000 reagent and P3000 

reagent in the kit were diluted with Opi-MEM medium and then mixed with 2.5 µg 

pcDNA 3.1 control plasmid or pcDNA3.1 RRM2 plasmid. The transfection mixtures 

were added into cell culture medium for 48 hours. The cells were then cultured with 

medium containing 800 µg/mL G418 (#G8186, Sigma-Aldrich) for 72 hours. The 

surviving colonies were picked and cultured with medium containing 800 µg/mL 

G418 for 30 days to obtain stably expressing cells. The expression level of RRM2 

was determined by western blot analysis. 
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2.8 Protein extraction and western blot 

Cells were harvested after the required treatment in 6 cm dishes. Cell pellets were 

washed with cold 1x PBS and lysed in 80 µL Radioimmunoprecipitation assay (RIPA) 

buffer (0.1% SDS, 1% NP-40, 1 mM EDTA, 50 mM Tris PH 7.5, 150 mM NaCl, 0.25% 

Deoxycholate) or Urea-Tris-Bicine (UTB) buffer (1 M Tris PH 7.5, 1 M Urea) 

containing protease inhibitor cocktail (#11873580001, Roche) and phosphatase 

inhibitor cocktail solutions (#P5726 and #P0044, Sigma-Aldrich) for 15 minutes on 

ice. Cell lysates were centrifuged at 13,000 x g for 15 minutes at 4 °C. The 

supernatants were collected as protein extracts. Protein concentrations were 

determined by Pierce BCA Protein Assay (#23225, Thermo Fisher Scientific). The 

protein extracts were mixed with x4 LDS sample buffer (#NP0007, Invitrogen) 

containing 0.1 M DTT and boiled at 4 °C for 5 minutes. Equal amounts of protein 

extracts (50~70 μg) were separated by electrophoresis on 4-15% Midi-PROTEAN 

TGX precast Gels (#5671084, Bio-Rad) and transferred to Nitrocellulose Blotting 

Membranes (#10600016, GE Healthcare) using Trans-Blot Turbo RTA Midi 

Nitrocellulose Transfer Kit (#1704271, Bio-Rad). Membranes were washed with 1x 

PBS containing 0.1% Tween 20 (PBST) and blocked in Odyssey Blocking Buffer 

(#927-40000, LI-COR Biosciences) for 45 minutes. Membranes were incubated with 

primary antibodies (shown in table 2.6, diluted in Odyssey Blocking Buffer) overnight 

at 4 °C.  
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Table 2.6 Antibodies used for western blot 

Antibody name Species Dilution Catalogue # Supplier 

IGF-1R β Rabbit 1:1000 3027 Cell Signaling Technology 

pIGF-1Rβ(Tyr1135/1136) 
/pINSR β (Tyr1150/1151) 

Rabbit 1:500 3024 Cell Signaling Technology 

AKT Rabbit 1:1000 9272 Cell Signaling Technology 

pATK (S473) Rabbit 1:1000 4060 Cell Signaling Technology 

ERK Mouse 1:1000 4696 Cell Signaling Technology 

pERK (T202/Y204) Rabbit 1:1000 9101 Cell Signaling Technology 

RRM2 Goat 1:2000 SC-10844 Santa Cruz Biotechnology 

CHK1 Mouse 1:1000 SC-8408 Santa Cruz Biotechnology 

pCHK1 (S296) Rabbit 1:1000 90178 Cell Signaling Technology 

pCHK1 (S345) Rabbit 1:1000 2348 Cell Signaling Technology 

CDK1 Rabbit 1:1000 77055 Cell Signaling Technology 

pCDK1 (Y15) Rabbit 1:1000 4539 Cell Signaling Technology 

β-tubulin Mouse 1:3000 86298 Cell Signaling Technology 

β-actin Mouse 1:3000 A1978 Sigma-Aldrich 

γH2AX (S139) Rabbit 1:1000 2577 Cell Signaling Technology 

 

Membranes were washed 3 times with PBST (5 minutes each time), and then 

incubated with IRDye secondary antibodies (#926-68074, #926-68071, #926-32210, 

LI-COR Biosciences) for 1 hour at room temperature. After 3 times washes with 

PBST, the signals on membranes were detected by Odyssey Imaging System (LI-

COR Biosciences). The quantification of western blot data was performed on 

ImageJ software (NIH). 
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2.9 Cell cycle analysis with flow cytometry 

Cells were cultured to ~70% confluence on the day of cell cycle analysis. Cells were 

first incubated with 20 µM 5-Bromo-2'-deoxyuridine (BrdU, #19-160, Sigma-Aldrich) 

in cell culture medium for 30 minutes at 37 °C with 5% CO2, and then trypsinised. 

After trypsinisation, cells were collected in fresh medium as previously described 

(section 2.2). Cells were pelleted by centrifugation at 300 g for 5 minutes and fixed 

with 1 mL cold 70% ethanol, added dropwise while gently vortexing. Cells were then 

incubated for 30 minutes or overnight at -20 °C. Cells were pelleted again by 

centrifugation at 300 g for 5 minutes and then denatured with 1mL 2 M HCl 

containing 0.1 mg/mL pepsin (#P7000, Sigma-Aldrich) for 20 minutes. Cells were 

pelleted, washed once with 1x PBS and once with 1x PBS containing 2% FBS, 

followed by overnight incubation with primary BrdU antibody (1:500 in 1x PBS 

containing 2% FBS, #347580 BD Biosciences) at 4 °C. Cells were washed once 

with 1x PBS containing 2% FBS and incubated with anti-mouse secondary antibody 

Alexa Fluor 488 (1:500, #A11029, Invitrogen) in 1x PBS containing 2% FBS for 90 

minutes at room temperature (protected from light and vortexing every 30 minutes). 

Cells were washed once with 1x PBS and then re-suspended in PBS containing 0.1 

mg/ml propidium iodide (#P4864, Sigma-Aldrich). Intensity of BrdU staining and PI 

staining of 10,000 cells per sample were acquired by FACS Calibur (BD Biosciences) 

using BD Cell Quest Pro software (BD Biosciences). The analysis of data was 

performed with FlowJo V10 Software (BD Biosciences). 
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2.10 DNA fiber assay 

DNA fiber assay was performed with the method modified from (Manders et al., 

1992; Merrick et al., 2004).  

2.10.1 Pulse and chase labelling 

Cells were cultured to ~70% confluence on the day of DNA fiber assay. Cells were 

first labelled with 25 µM 5-chloro-2’-deoxyuridine (CIdU, MP Biomedicals #105478, 

diluted in full DMEM) for 20 minutes at 37 °C with 5% CO2, following by two quick 

washes with 1x PBS to remove the remaining CIdU. Cells were then incubated with 

20 µM 5-Iodo-2’-deoxyuridine (IdU, #100357, MP Biomedicals, diluted in DMEM) for 

20 minutes at 37 °C with 5% CO2. Cells were washed twice with 1x PBS, trypsinised 

and collected in cold 1x PBS. Cell number was counted as previously described, 

and cell suspension was diluted to 5 x 105 cells/mL.  

2.10.2 DNA spreading 

Cell suspension (2 µL) was placed as one drop near to one end of a positively 

charged slide (#631-0108, VWR). After 6 minutes, cells were gently mixed with 7 μL 

spreading buffer (200 mM Tris-HCl, pH 7.4, 50 mM EDTA, 0.5% SDS in H2O). 

Samples became relatively sticky after mixing with spreading buffer. DNA fibers 

were spread by tilting the slides slowly to an approximate angle of 15°~30°, allowing 

the samples to slowly spread to the end of the slides in about 3 minutes. All the 

slides were air-dried (less than 10 minutes at room temperature), followed by the 

fixation with methanol/acetic acid (3:1, v/v) for 10 minutes at room temperature. The 

slides were air-dried again at room temperature for 10 minutes and were ready for 

DNA fiber staining.  
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2.10.3 DNA fiber staining 

The slides were first re-hydrated with 1x PBS for 5 minutes and then DNA were 

denatured in 2.5 M HCl for 1 hour at room temperature. After washing 3 times with 

1x PBS, slides were blocked with blocking buffer (2% BSA and 0.2% Tween 20 in 

1x PBS, filtered with 0.22 µm filter) for 40 minutes. Slides were incubated in primary 

antibodies (1:300 for CIdU, # ab6326, abcam and 1:100 for IdU, #347580, BD 

biosciences) in blocking buffer overnight at 4 °C. After gently washing with 1x PBS 

twice and blocking buffer once, slides were then incubated with anti-mouse 

secondary antibody Alexa Fluor 488 (#A11029, Invitrogen, 1:500) and anti-rat 

secondary antibody Alexa Fluor 594 (#A11007, Invitrogen, 1:500) for 1 hour at room 

temperature (protected from light). The slides were washed twice with 1 x PBS and 

mounted with coverslips with antifade mounting medium (#H-1000, Vector 

Laboratories). DNA fibers were visualised on ZEISS LSM710 confocal microscope 

(Carl Zeiss Microscopy) and analysed using ImageJ software (NIH), typically 

measuring 150-200 fibers per condition. 

 

2.11 Immunofluorescence 

Cells were seeded on 22 mm x 22 mm sterile coverslips in 6-well plates. To visualize 

ssDNA, BrdU was used to label DNA and detected under non-denaturing condition 

(Buisson et al., 2015). Specifically, 10 µM BrdU (#19-160, Sigma-Aldrich) was 

added in cell culturing medium 36 hours before fixation, which enabled BrdU 

incorporation into DNA. For immunostaining, cells were fixed with 4% 

Paraformaldehyde (#43368, Alfa Aesar, diluted in 1 x PBS) for 12 minutes, followed 

by washing twice with 1 x PBS for 5 minutes on a shaker. Cells were then 

permeabilized using TFT buffer (0.1% Triton X-100, 4% FBS in 1x PBS, stored at 
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4 °C) for 5 minutes. Cells were washed twice with 1x PBS, and blocked with 5% 

BSA in PBS for 1 hour. Primary BrdU antibody (#347580, BD biosciences) and 

γH2AX antibody (# 2577, Cell Signaling Technology) were diluted 1:500 in 1% BSA 

and incubated overnight at 4 °C. After 3 times washes with 1 x PBS, anti-mouse 

secondary antibody Alexa Fluor 488 (#A11029, Invitrogen) and anti-rabbit 

secondary antibody Alexa Fluor 594 (#A11037, Invitrogen) were diluted 1:500 in 1% 

BSA and incubated for 1 hour at room temperature (protected from light). After 3 

times washes with 1x PBS, coverslips were mounted onto microscope slides (#631-

0912, VWR) with antifade mounting medium containing DAPI (#H-1200, Vector 

Laboratories). The slides were imaged on ZEISS LSM 710 confocal microscope 

(Carl Zeiss Microscopy).  

 

2.12 dNTP measurement 

The method for dNTP measurement was a solid-phase polymerase assay using 

tritium (3H)-labelled substrates, modified from (Landoni et al., 2018; Sherman and 

Fyfe, 1989). 

2.12.1 dNTP extraction 

At least 106 cells were cultured to similar confluency (~70%) for all samples. Cells 

were gently washed with 1 x PBS, trypsinised and collected in 1x PBS, followed by 

cell number counting as previously described. All samples were normalised with the 

same cell number and diluted in 1x PBS at 106 cells/mL. Same number of cells were 

pelleted by centrifugation at 250 g for 5 minutes at room temperature. To extract the 

dNTPs from the cell pellets, 1 mL cold (- 20 °C) 60% methanol was added while 

vortexing, and then incubated for 1 hour (or overnight) at – 80 °C. The samples were 

boiled at 95 °C for 3 minutes. After cooling down to room temperature for ~30 
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minutes, samples were centrifuged at 15,000 g for 10 minutes. The supernatants 

were collected and divided into two aliquots of 500 µL and dried in a speed vacuum 

concentrator for 1 hour at 60 °C. The solid dNTP extracts were assayed immediately 

or stored at – 80 °C until analysis. 

2.12.2 Solid-phase polymerase assay using tritium (3H) labelled substrates 

The polymerase reactions were performed in a streptavidin-coated 96-well plate 

(#15125, Thermo Scientific). The streptavidin-coated 96-well plate was first 

prepared by affinity capture of biotinylated oligonucleotides as the templates for 

dNTP incorporation. The 4 oligonucleotides and the common primer for 4 dNTP 

incorporation reactions were designed and modified based on Sherman and Fyfe’s 

protocol (Sherman and Fyfe, 1989) (shown in Table 2.7).  

Table 2.7 Primer and 5’-biotinylated [B] oligonucleotides used for dNTP assay 

 Sequence (5’ – 3’) Length 

Primer                                                CCCGCCTCCACCGCC 21 bp 

Oligo for dATP  [B]AAATAAATAAATAAATAAATGGCGGTGGAGGCGGG 41 bp 

Oligo for dTTP  [B]TTATTATTATTATTATTAGGCGGTGGAGGCGGG 39 bp 

Oligo for dCTP  [B]TTTGTTTGTTTGTTTGTTTGGGCGGTGGAGGCGGG 41 bp 

Oligo for dGTP  [B]TTTCTTTCTTTCTTTCTTTCGGCGGTGGAGGCGGG 41 bp 

 

 

The 5’-biotinylated oligonucleotides were synthesised and HPLC-purified by IDT, 

diluted to 5 µM in sterile H2O, aliquoted and stored at – 20 °C. The biotinylated 

oligonucleotides were added into the streptavidin-coated plate at the final 

concentration of 0.25 µM in 50 µL PBS-0.1 % TWEEN 20 (PBST). The plate was 

incubated while gently shaking at room temperature for 2 hours, allowing for biotin-
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streptavidin binding. After washing 3 times with 50 µL TENT buffer (40 mM Tris-HCl, 

1mM EDTA, 50mM NaCl, 0.1% TWEEN-20, pH 8.0), the primer was added into the 

plate at the concentration of 0.25 µM in 50 µL PBST. The plate was heated up to 

95 °C for 4 minutes and cooled down to room temperature over 1 hour, allowing 

primer annealing to the oligonucleotide template. Commercial dNTPs (#N0446S, 

New England Biolabs), dATP, dTTP, dCTP and dGTP were individually diluted to 

series concentrations with sterile water as the standards (Landoni et al., 2018): 100 

nM, 80 nM, 40 nM, 20 nM, 10 nM, and a sterile water blank. Through initial tests 

with these standards of each dNTP, we determined the optimal measurement range 

to be 10~100 nM because the radioactivity showed linear correlation with the 

concentration of each dNTP within the measurement range. To prepare the samples, 

solid dNTP extracts were diluted in sterile water (normally 500 µL for the extracts 

from 106 MCF7 cells gave the concentrations within optimal measurement range). 

The next step was preparing polymerase reaction solution, and all the procedures 

from this step onwards were performed in the supervised radiation suite after 

radiation safety training and registration as a radiation worker in accordance with 

University rules. The components of polymerase reaction mixtures (50 µL/sample) 

for each dNTP measurement are shown in Table 2.8. 
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Table 2.8 DNA polymerase reaction components for dNTP assay 

 Volume (µL) Final concentration 
10x polymerase buffer 5 1x 

Klenow polymerase (10 U/ µL) 0.125 1.25 U 

DTT (500 mM) 0.5 5 mM 

[3H]-dATP/[3H]-dTTP 2 [3H]-dATP: 0.04 uCi/ µL 

[3H]-dTTP: 0.1 uCi/ µL 

Sample/standard 12.5  

Sterile water 29.875  

Total 50  

 

For dATP measurement, [3H]-dTTP (#NET520A250UC, PerkinElmer) was used. 

For dTTP, dCTP and dGTP measurement, [3H]-dATP (#NET268250UC, 

PerkinElmer) was used. The reaction mixtures were first prepared by mixing the 

components without samples or standards and then aliquoted (37.5 µL/well) into 

oligonucleotide template-coated 96-well plate. The samples (in triplicate) and the 

standards (in duplicate) were added into the plate (12.5 µL/well). The plate was 

incubated at room temperature for 1 hour, allowing dNTP incorporation. The 

contents of the wells were discarded and the wells were washed 4 times with 50 µL 

TENT buffer. All the TENT buffer was removed after the final wash. To release the 

newly synthesised labelled DNA strand, 60 µL of 50 mM NaOH was added into the 

wells and incubated for 3 minutes at room temperature. The eluted DNA was 

transferred to scintillation vials containing 3 mL scintillation cocktail (OptiPhase 

supermix cocktail, #1200-439, PerkinElmer). The radioactivity was determined on a 

Beckman LSC LS6500 scintillation counter (PerkinElmer) at 1 minute counting per 

sample. The counts-per-minute (CPM) data were imported into Microsoft Excel for 

further analysis. Data first were normalised to the blank controls, and the data from 
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assays where the standard curves gave concentration-dependent results were used 

and expressed as % controls. 

 

2.13 3D spheroids culture 

Tumour spheroids were generated in a round bottom ultra-low attachment 96-well 

plate (#7007, Corning), seeding 5000 cells (for HeLa, SKCO1, MCF7 cells) were 

seeded in 160 μL full culture medium in each well. Plates were centrifuged at 250 g 

at room temperature for 10 minutes and incubated for 72 hours at 37 °C with 5% 

CO2, allowing for spheroid formation. After 72 hours, plates were imaged at 1200 

dpi on the Gelcount (Oxford Optronix). Spheroids were treated by adding 40 μL x 5 

drug or solvent control (or 20 μL x 10 drug #1 + 20 μL x10 drug #2 for drug 

combinations). At least 6 spheroids were used for each treatment condition. Plates 

were imaged daily on the Gelcount for 7~14 days. All images were exported and 

analysed by ImageJ for spheroid size quantification (set measurements to area 

limiting to threshold on ImageJ in order to quantify spheroid size above background). 

In addition to measuring size, spheroids were used for three endpoint experiments:  

2.13.1 CellTiter Glo 3D cell viability assay  

At least 3 spheroids per treatment condition were measured following the 

manufacturer’s protocol. CellTiter-Glo 3D (#G9681, Promega) reagent was 

defrosted at room temperature. Plates were equilibrated to room temperature for 

approximately 30 minutes. CellTiter-Glo 3D reagent was gently mixed to obtain a 

homogeneous solution and 100 μL reagent/well was added into the plate. The 

solutions in the wells were vigorously mixed for 300 seconds to induce cell lysis 

using the shake function (orbital shaking 700 rpm) of POLARstar Omega Plate 

Reader (BMG LABTECH). The well content (spheroids with medium/assay solution) 
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were then transferred into a new clear bottom and white wall 96-well plate (#655094, 

Greiner Bio-one). The plate was incubated at room temperature for an additional 25 

minutes to stabilize the luminescent signal. The luminescence intensity was 

determined on a POLARstar Omega Plate Reader. Data were exported and further 

analysed in GraphPad Prism 8. 

2.13.2 Western blot 

Multiple spheroids (3~12 spheroids per condition) were collected with wide bore 

pipette tips into 1.5 mL tubes. Once the spheroids settled on the bottom of the tubes, 

medium was removed and spheroids were washed once with ice-cold 1x PBS and 

then directly lysed in 3 x Laemmli sample buffer (150 mM Tris-HCl PH 6.8, 0.3 

mg/mL Bromophenol blue, 30% Glycerol, 9% SDS, 15% β-mercaptoethanol). 

Samples were homogenized, denatured by boiling for 10 mins, and then loaded onto 

4-15% Midi-PROTEAN TGX precast Gel (#5671084, Bio-Rad) for electrophoresis 

and western blot analysis as described in section 2.8. 

2.13.3 dNTP measurement 

Twelve spheroids were collected with wide bore pipette tips and washed once with 

1 x PBS. The dNTPs were extracted by adding 1 mL cold (- 20 °C) 60% methanol. 

The solutions were vigorously vortexed to break down the spheroids or sonicated at 

4 °C using the Bioruptor sonicator for 30 cycles of 15 seconds on/15 seconds off. 

The samples were incubated at – 80 °C overnight, followed by the same procedures 

as described in section 2.12. For sample normalization, CellTiter Glo 3D readings 

from assay described in 2.13.1, or BCA protein assay results were used to adjust 

the volume of each extract used for dNTP assay. 
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2.14 Statistics 

Data were presented as mean ± standard error of the mean (SEM), n=3 independent 

experiments, unless stated otherwise. Using Graphpad Prism 8, one-way analysis 

of variance (ANOVA) was used for group comparisons (>2 groups), and unpaired 

and two-tailed t test was used if 2 groups were compared. Two-way ANOVA was 

used to compare the growth curves of 3D spheroids. P value of less than 0.05 was 

considered as statistically significant. Combination index was calculated in 

CalcuSyn Software (Chou, 2010).  
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Chapter 3 

IGF blockade induces replication stress 

 

 

3.1 Introduction 

As described in section 1.1.3, high levels of circulating IGF ligands or 

overexpression of IGF-1R have been frequently detected in many types of cancers, 

including prostate, breast and colorectal cancers (Ahlgren et al., 2004; Chan et al., 

1998; Farabaugh et al., 2015; Hellawell et al., 2002; Renehan et al., 2004; Weber 

et al., 2002). IGF signalling through MEK/ERK and PI3K/AKT pathways mediates 

cancer cell proliferation, cell cycle progression, DNA damage response, and 

protection from apoptosis (Borowiec et al., 2011; Chitnis et al., 2008; Hamelers et 

al., 2002). Current unpublished work in our group done by post-doctoral scientist Dr 

Guillaume Rieunier suggested that IGF signalling mediated the expression of RRM2, 

the essential regulatory subunit of RNR, through both MEK/ERK and PI3K/AKT 

pathways. Dr Rieunier found that IGF blockade induced accumulation of 

endogenous DNA lesions, accompanied by slowed replication fork progression and 

ATR/CHK1 checkpoint activation, which are the key markers of replication stress 

(Zeman and Cimprich, 2014). Dr Rieunier further demonstrated that replication 

stress induced by IGF blockade was through downregulating RRM2 and reducing 
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dATP supply, leading to the imbalanced dNTP pools, which is in line with the critical 

role of RNR activity as the rate-limiting step for dNTP production (Mathews, 2015),  

In work described in this Chapter, multiple IGF-1R inhibitors and small interfering 

RNA (siRNA) targeting IGF-1R were used to examine the effects of IGF blockade 

on cell proliferation and replication fork progression to confirm the replication stress 

phenotype identified by Dr Rieunier in breast cancer cells. Through collaboration 

with Drs Ulrike Weyer-Czernilofsky and Thomas Bogenrieder from Boehringer 

Ingelheim, we have access to two IGF signalling-targeting drugs, BI-836845 

(xentuzumab) and BI-885578. BI-836845 is an efficient and tolerable IGF ligand-

neutralising antibody used in clinical trials (NCT02204072, NCT02123823, 

NCT03659136) that shows high selectivity for IGFs without interfering with insulin 

signalling (Friedbichler et al., 2014; Mireuta et al., 2014), compared to the IGF-1R 

tyrosine kinase inhibitors used in previous preclinical and clinical studies, such as 

BI-885578 and BMS-754807 that also inhibit INSR on its kinase domain  (Carboni 

et al., 2009; Sanderson et al., 2015; Sanderson et al., 2017). 

3.2 Results 

3.2.1 IGF blockade suppresses cancer cell proliferation 

We first used three IGF signalling-targeting inhibitors: BI-836845 (IGF ligand 

antibody), BI-885578 (IGF-1R TKI), and BMS-754807 (IGF-1R TKI) to investigate 

their effects on IGF signalling. Western blot analysis was performed with MCF7 cells 

after IGF stimulation with or without exposure to different concentrations of these 

inhibitors. All three inhibitors led to the inhibition of IGF-induced phosphorylation of 

IGF-1R (Y1135/1136) and its downstream effectors, pAKT (s473) and pERK 

(T202/Y204) in a dose-dependent manner (Figure 3.1 A). A resazurin-based viability 

assay was performed and the results showed that 5 days treatment of all three 
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inhibitors suppressed the proliferation of MCF7 cells in a dose-dependent manner 

(Figure 3.1 B), consistent with previous findings of tumour growth inhibition by these 

IGF inhibitors in other models (Carboni et al., 2009; Friedbichler et al., 2014; 

Sanderson et al., 2015). Notably, although high concentrations of IGF or IGF-1R 

inhibitors that almost abolished IGF-1R signalling significantly did suppress cell 

proliferation, the cells after the treatment still remained a cell viability of 50% ~ 60% 

of levels in solvent treated controls (Figure 3.1 B). 

 

Figure 3.1 IGF signalling blockade inhibits breast cancer cell viability  
(A) Western blot analysis of MCF7 cells exposed to BI-836845 (IGF ligand antibody), BI-
885578 (IGF-1R TKI), and BMS-754807 (IGF-1R TKI) for 4 days, then serum starved for 24 
hours in the presence of the same inhibitors and stimulated with 50 nM IGF-1 for 15 minutes. 



87 
 

Western blot analysis was performed twice. Similar results were seen in a repeat western 
blot using a second set of independently prepared lysates. (B) Cell viability tested 5 days 
after drug treatment (CellTiter Blue assay) expressed as % viability of solvent-treated 
control (left). Data are represented as mean ± SEM, pooled from 3 independent experiments. 
One-way ANOVA analysis was applied. ***P < 0.001. 
 

We also genetically depleted IGF-1R by using two different siRNAs targeting IGF-

1R (#1 purchased from Qiagen, #2 from the sequence designed in our group 

(Bohula et al., 2003)). The expression of IGF-1R markedly decreased 24 hours after 

siRNA transfection (Figure 3.2 A).  

 

Figure 3.2 IGF-1R depletion inhibits breast cancer cell viability and survival  
(A) Western blot analysis of MCF7 cells transfected with siControl or siIGF-1R and lysed 
after 24 hours. (B, C) Cells transfected as A were collected 24 hour later and reseeded for 
assay of B) cell viability (5 days after 24 hours transfection) and C) cell survival (7 days after 
24 hours transfection). Results were expressed as % viability or % survival of siControl-
transfected cells (left). Data are represented as mean ± SEM, pooled from 3 independent 
experiments. One-way ANOVA analysis was applied. ***P < 0.001. 

 

After 24 hours of siRNA transfection, the IGF-1R-depleted and siControl cells were 

re-plated in 96-well plates for resazurin-based cell viability assay or in 6-well plates 

for clonogenic survival assay. After 5 days, cell viability of IGF-1R-depleted cells 

reduced to ~70% of siControl cells (Figure 3.2 B). Cell survival rate also reduced in 

IGF-1R depleted cells, compared to siControl cells (Figure 3.2 C). Thus, these data 
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showed that both pharmacological inhibition of IGF signalling and genetic depletion 

of IGF-1R slowed cell proliferation and survival, but cells still remained viable. 

3.2.2 IGF-1R depletion or inhibition induces endogenous DNA damage 

Previous study in our group found IGF-1R inhibitor AZ12254801 (IGF-1R TKI) 

delayed the repair of IR-induced DNA damage and also caused accumulation of the 

endogenous DNA damage in prostate cancer cells, assessed by foci formed by 

phosphorylated-H2AX at serine 139 (γH2AX) (Chitnis et al., 2014; Lodhia et al., 

2015). Using the same method of immunofluorescence (IF) to assess the formation 

of γH2AX foci, we examined the induction of endogenous DNA damage after IGF-

1R depletion by siRNA and IGF-1R inhibition by inhibitor treatment in breast cancer 

cells. 

 

Figure 3.3 IGF-1R depletion induces endogenous DNA damage 
Representative image of γH2AX immunostaining in MCF7 cells transfected with siControl 
or siIGF-1R for 48 hours. Cell nucleus was stained by DAPI. Scale bar: 20 μm. 
Quantification of γH2AX (>50 cells) shown on the right. Data are represented as mean ± 
SEM, pooled from 3 independent experiments. Unpaired and two-tailed t test was applied. 
**P < 0.01. 
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The IF analysis showed that 48 hours transfection of siRNA targeting IGF-1R 

significantly promoted the formation of γH2AX foci in MCF7 cells (Figure 3.3), 

consistent with the data in prostate cancer cells reported by our group (Lodhia et al., 

2015). Furthermore, MCF7 cells treated with BI-836845 for 72 hours also 

represented significantly higher number of γH2AX foci, compared to the solvent 

control-treated cells (Figure 3.4 A). A similar increased level of γH2AX foci formation 

was observed in a second ER+ breast cancer cell line ZR-75-1 (Figure 3.4 B). 

Therefore, these results supported the concept that IGF-1R depletion or inhibition 

accumulated γH2AX foci that formed at endogenous DNA damage lesions. 

Together with the work by Dr Rieunier showing the accumulation of under-replicated 

DNA after IGF blockade, measured by 53BP1 bodies in G1 phase (unpublished data 

not shown), these results strongly suggested replication stress in cells after IGF 

blockade that might be responsible for the increased endogenous DNA damage. 
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Figure 3.4 IGF-1R inhibition induces endogenous DNA damage 
(A) Representative image of γH2AX immunostaining in MCF7 cells treated with 1 µM BI-
836845 for 72 hours. Cell nucleus was stained by DAPI. Scale bar: 20 μm. Quantification 
of γH2AX (>50 cells) shown on the right. Data are represented as mean ± SEM, pooled 
from 3 independent experiments. (B) Same experiment performed in ZR-75-1 cells. 
Quantification of γH2AX (>50 cells) shown on the right. Data are presented as mean ± SEM, 
pooled from 2 independent experiments. Unpaired and two-tailed t test was applied. ***P < 
0.001. 
 

3.2.3 IGF-1R depletion or inhibition slows replication fork progression 

To investigate replication stress, we next performed DNA fiber assay to directly 

assess replication fork dynamics. Using double DNA labelling scheme with two 

modified nucleotides CIdU and IdU, DNA fiber assay is able to measure the rate of 
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fork progression, fork stalling and origin firing (Merrick et al., 2004). DNA fiber tracts 

were analysed 48 hours after siRNA transfection in MCF7 cells, and the significantly 

shorter DNA fibers were observed in IGF-1R-depleted cells compared to siControl 

cells (Figure 3.5 A), suggesting DNA replication is slower after IGF-1R depletion.  

 

Figure 3.5 IGF-1R depletion or inhibition suppresses DNA replication fork 
progression  
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(A) Representative image of DNA fiber tract (CIdU (Red), IdU (Green)) in MCF7 cells 
transfected with siControl or siIGF-1R for 48 hours. Scale bar: 20 μm. Quantification of fiber 
tract length (>150 tracts) shown on the right. (B) Representative image of DNA fiber tract 
(CIdU (Red), IdU (Green)) in MCF7 treated with BI-836845 (1 μM) or BI-885578 (300nM) 
for 24 hours. Scale bar: 20 μm. Quantification of fiber tract length (>150 tracts) shown on 
the right. Data (mean ± SEM) are one representative experiment of 3 independent 
experiments with similar results. One-way ANOVA analysis was applied. ***P < 0.001. (C) 
Quantification of stalled replication forks (CIdU (red)-only tracts) as percentages of the total 
number of tracts (≥ 5 images in A and B). (D) Quantification of newly fired origins (IdU 
(green)-only tracts) as percentages of the total number of tracts (≥ 5 images in A and B). 
Unpaired and two-tailed t test (left) and one-way ANOVA (right) were applied. (E) 
Representative images of sister forks from MCF7 cells after 48 hours siRNA transfection. 
Quantification of ratios of sister forks (> 20 pairs of sister forks) shown on the right as median 
with 25th and 75th percentiles and the whiskers mark the smallest and largest values. 
Unpaired and two-tailed t test was applied. NS: P> 0.05 not significant. 
 

Consistent with the results in IGF-1R depleted cells, a similar reduction of DNA fiber 

length was observed in cells treated with BI-836845 or BI-885578 for 24 hours 

(Figure 3.5 B). Notably, replication forks in IGF-1R depleted or inhibited cells were 

still able to progress, albeit at a slower rate. In response to replication fork slowing 

or stalling, cells can either fire more dormant origins nearby to compensate the 

replication or inhibit origin firing via activating CHK1 or WEE1-mediated checkpoint 

to prevent the global exhaustion of replication factors (Yekezare et al., 2013). We 

next analysed DNA fiber results to assess fork stalling (only CIdU labelling) and 

origin firing (only IdU labelling) (Merrick et al., 2004).  We did not observe significant 

fork stalling or increased newly fired origins after IGF-1R depletion or inhibition 

(Figure 3.5 C, D), suggesting that IGF blockade slowed replication fork progression 

but not affected origin firing. In line with the unpublished results by Dr Rieunier, no 

significant sister fork asymmetry was observed after IGF-1R depletion or inhibition 

(Figure 3.5 E), suggesting that replication stress induced by IGF blockade was 

mainly caused by global reduction of DNA replication, not physical impediment by 

DNA lesions, which have been shown to affect sister fork symmetry (Conti et al., 
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2007). Taken together, these data suggested a replication stress phenotype in IGF-

1R depleted or inhibited cells. 

3.3 Discussion 

The results in this chapter confirmed that genetic and pharmacological inhibition of 

IGF signalling suppressed cell proliferation and led to accumulation of endogenous 

DNA damage, consistent with the previous study in our group (Lodhia et al., 2015). 

DNA fiber analysis shown in this chapter suggested that IGF blockade significantly 

slowed replication fork progression, confirming the replication stress phenotype in 

IGF-1R depleted or inhibited cells demonstrated by Dr Rieunier’s unpublished work. 

Dr Rieunier’s data further showed that slowed replication fork progression after IGF 

blockade was accompanied with the decrease of origin firing and the activation of 

replication stress responses, indicated by the increase of ATR-activated CHK1 

phosphorylation at serine 345 and RPA phosphorylation at serine 33. As a 

consequence of replication stress, IGF-1R depleted or inhibited cells accumulated 

endogenous DNA lesions, marked by 53BP1 bodies and γH2AX foci. However, 

although replication rates were significant slower after IGF blockade, DNA 

replication still proceeded and cells were still viable, albeit at a slower growth rate 

(Figure 3.1), suggesting that this replication stress is tolerable. 

The tolerable replication stress observed in IGF-1R depleted or inhibited cells 

prompted us to think whether this replication stress represents an exploitable 

therapeutic vulnerability to cancer treatments. From previous clinical trials of IGF-

targeted therapies, some patients responded well, but many did not benefit (King et 

al., 2014). If we could find approaches to enhance this replication stress induced by 

IGF blockade from tolerable level to intolerable replication catastrophe, we might be 
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able to identify potential biomarkers or novel combination treatments to improve the 

response to IGF inhibitory drugs in cancer patients.  
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Chapter 4 

Targeting CHK1 induces replication catastrophe after IGF 
blockade 

 

 

4.1 Introduction 

As described in section 1.3.2, the timely and accurate DNA replication requires cells 

to resolve numerous obstacles that slow or stall replication fork progression, termed 

replication stress (Zeman and Cimprich, 2014). Unpublished data generated in our 

group and the results in Chapter 3 demonstrated that IGF blockade induced 

replication stress, but only partially reduced DNA replication and cell proliferation. 

Previous studies suggested a tolerable threshold of intrinsic replication stress in 

cancer cells (Buisson et al., 2015; Toledo et al., 2017; Toledo et al., 2013). This 

basal level of replication stress is a consequence of the rapid cell proliferation and 

dysregulated DNA damage response, contributing to genome instability and 

tumorigenesis (Gorgoulis et al., 2005; Macheret and Halazonetis, 2015; Maya-

Mendoza et al., 2018). However, this intrinsic replication stress is at the tolerable 

level because cancer cells activate replication stress responses and DNA damage 

repair machinery to protect slowed or stalled replication forks and resolve toxic DNA 

lesions (Branzei and Foiani, 2010; Buisson et al., 2015; Toledo et al., 2017; Toledo 

et al., 2013; Zeman and Cimprich, 2014). If the replication stress is elevated above 
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the tolerable threshold, excess single stranded DNA (ssDNA) would be accumulated 

in cells, leading to replication fork collapse and deleterious DSBs, described as 

replication catastrophe (Buisson et al., 2015; Toledo et al., 2017; Toledo et al., 2013). 

We hypothesise that IGF-1R inhibited or depleted cells show tolerable replication 

stress, but might be more dependent on replication stress responses and DNA 

repair to resolve toxic replication intermediates, serving as an exploitable 

vulnerability for cancer treatment. Previous studies discussed the rationales to 

exacerbate replication stress in cancer cells as a promising strategy for cancer 

treatment (Bian and Lin, 2019; Buisson et al., 2015; Pfister et al., 2015; Ubhi and 

Brown, 2019). In this chapter, we aimed to develop approaches to enhance the 

replication stress induced by IGF blockade to an intolerable level, triggering 

replication catastrophe and cell death. Therefore, we performed a compound screen 

to combine IGF blockade with replication stress-inducing reagents, such as 

inhibitors targeting DNA replication, cell cycle controls and DNA damage repair.  

4.2 Results 

4.2.1 Compound screen for identifying effective drug combinations with IGF 
inhibition 

We first performed a compound screen to identify additive or synergistic drug 

combinations with BI-836845. We selected 5 ER+ luminal breast cancer cell lines: 

MCF7, ZR-75-1, KPL1, T47D, and HCC1143. These cell lines were first tested using 

IncuCyte live cell analysis imaging system with the help of Dr Rieunier and Elena 

Seraia from Target Discovery Institute, and the Incucyte results showed that BI-

836845 had a minor effect on cell growth inhibition (Figure 4.1 A). We next designed 

a custom compound library that consisted of DMSO solvent control and 59 bioactive 
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small molecule drugs, which are mainly targeting cell signalling, cell cycle controls, 

DNA replication and DNA damage responses (Table 2.3, 4.1, Figure 4.1 B).  

Table 4.1 Compound used in drug screen 

  Compound name Main compound target Catalogu
e number Supplier 

1 ABT-888 (Veliparib) PARP1/2 S1004 Selleck 
Chemicals 

2 Deforolimus (MK-8669) mTOR S1022 Selleck 
Chemicals 

3 Lapatinib Ditosylate EGFR | HER2 S1028 Selleck 
Chemicals 

4 VX-680 (Tozasertib) Aurora kinase (pan 
A,B,C) S1048 Selleck 

Chemicals 

5 BMS-599626 (AC480) EGFR | HER2 S1056 Selleck 
Chemicals 

6 Obatoclax Mesylate BCL-2 S1057 Selleck 
Chemicals 

7 AZD2281(Olaparib) PARP S1060 Selleck 
Chemicals 

8 Nutlin 3  Mdm2/p53 S1061 Selleck 
Chemicals 

9 MK-2206 AKT S1078 Selleck 
Chemicals 

10 KU-55933 ATM S1092 Selleck 
Chemicals 

11 AG-014699 (Rucaparib) PARP1 S1098 Selleck 
Chemicals 

12 BI 2536 PLK1 S1109 Selleck 
Chemicals 

13 PD0332991 (Palbociclib) CDK4/6 S1116 Selleck 
Chemicals 

14 SNS-032(BMS-387032) CDK2, CDK7/9 S1145 Selleck 
Chemicals 

15 Gemcitabine Hydrochloride DNA synthesis S1149 Selleck 
Chemicals 

16 Roscovitine (CYC202) CDK1/2, CDK5 S1153 Selleck 
Chemicals 

17 JNJ 26854165 
(Serdemetan) p53 S1172 Selleck 

Chemicals 

18 Fulvestrant Estrogen receptor S1191 Selleck 
Chemicals 

19 CUDC-101 HDAC | EGFR | HER2 S1194 Selleck 
Chemicals 

20 Irinotecan Topoisomerase I S1198 Selleck 
Chemicals 

21 PIK-75 Hydrochloride PI3K | DNA-PK S1205 Selleck 
Chemicals 

22 Adriamycin (Doxorubicin) Topoisomerase II S1208 Selleck 
Chemicals 

23 Clofarabine Ribonucleotide reductase S1218 Selleck 
Chemicals 

24 Etoposide Topoisomerase II S1225 Selleck 
Chemicals 
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25 Flavopiridol (Alvocidib) CDK1/2, CDK4/6, CDK9 S1230 Selleck 
Chemicals 

26 Camptothecin Topoisomerase I S1288 Selleck 
Chemicals 

27 ON-01910 (Rigosertib) PLK1 S1362 Selleck 
Chemicals 

28 Ispinesib (SB-715992) Kinesin spindle protein S1452 Selleck 
Chemicals 

29 MC1568 HDAC S1484 Selleck 
Chemicals 

30 DMSO Solvent control D2650 Sigma-Aldrich 

31 AT7519 CDK1/2, CDK4/6, CDK9 S1524 Selleck 
Chemicals 

32 Hesperadin Aurora kinase B S1529 Selleck 
Chemicals 

33 BIX 02189 MEK S1531 Selleck 
Chemicals 

34 AZD7762 CHK1/2 S1532 Selleck 
Chemicals 

35 PD318088 MEK S1568 Selleck 
Chemicals 

36 KU-60019 ATM S1570 Selleck 
Chemicals 

37 BS-181 hydrochloride CDK7 S1572 Selleck 
Chemicals 

38 LY500307 (Erteberel) Estrogen receptor β S1598 Selleck 
Chemicals 

39 Cytarabine (Cytosar-U) DNA synthesis S1648 Selleck 
Chemicals 

40 Flucytosine (Ancobon) DNA/RNA synthesis S1666 Selleck 
Chemicals 

41 Tamoxifen Citrate Estrogen receptor S1972 Selleck 
Chemicals 

42 MLN2238 (Ixazomib) Proteasome inhibitor S2180 Selleck 
Chemicals 

43 SB 743921 Kinesin spindle protein S2182 Selleck 
Chemicals 

44 Indirubin CDK pan| GSK-3β S2386 Selleck 
Chemicals 

45 RITA (NSC 652287) p53 inhibitor S2781 Selleck 
Chemicals 

46 BMN673 (Talazoparib) PARP1/2 S7048 Selleck 
Chemicals 

47 CO-1686 (Rociletinib) EGFR S7284 Selleck 
Chemicals 

48 E3330 APE1 S7445 Selleck 
Chemicals 

49 CRT0044876 APE1 S7449 Selleck 
Chemicals 

50 VE-821 ATR S8007 Selleck 
Chemicals 

51 B02 RAD51 SML0364 Sigma-Aldrich 

52 Mirin MRN complex  S8096 Selleck 
Chemicals 

53 Ro-3306 CDK1 15149 Cayman 
Chemical 

54 SCH-900776 (MK-8776) CHK1 S2735 Selleck 
Chemicals 
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55 MK-1775 (Adavosertib) WEE1 1494 Axon Medchem 

56 Abemaciclib (LY2835219) CDK4/6 S7158 Selleck 
Chemicals 

57 ML216 BLM SML0661 Sigma-Aldrich 

58 AZD5363 (Capivasertib) AKT S8019 Selleck 
Chemicals 

59 Celastrol NF-κB 3203 Tocris Bioscience 
60 NSC 19630 WRN Helicase 681647 Calbiochem 

 

MCF7, ZR-75-1, KPL1, T47D, and HCC1143 cells were seeded in 96-well plates at 

the seeding densities which were optimised in the initiate Incucyte tests (Figure 4.1 

C). Compounds were tested at the concentrations of 0.1 µM, 1 µM and 10 µM in the 

absence or presence of 1 µM BI-836845, which is near to the steady-state 

circulating concentration of ~1.3 µM in patients of Phase II clinical trials, and cell 

viability was determined by resazurin-based viability assay after 5 days (Figure 4.1 

C).  
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Figure 4.1 Compound screen to identify effective drug combinations with BI-
836845 
(A) Luminal breast cancer cell lines: MCF7, ZR-75-1, KPL1, T47D, HCC1143 were selected. 
Cells were exposure to 1 µM BI-836845 for 4-6 days and growth curves was obtained by 
using IncuCyte live cell analysis imaging system. Half maximal effective concentrations 
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(EC50) and the 95% confidence intervals were determined in Graphpad Prism 8. 
Experiment was performed once. (B) Total of 59 small molecule drugs and 1 DMSO solvent 
control were selected in the compound library. (C) Cells were seeded in 96-well plates and 
treated with the compound library drugs at 0.1 µM, 1 µM, 10 µM in combination of PBS 
solvent control or 1 µM BI-836845. Cell viability was determined after 5 days of treatment 
using resazurin-based cell viability assay. Data were exported and analysed in Microsoft 
Excel. The graph on the right showed the analysed results in MCF7 cells: each dot 
represents relative effectiveness of each compound reflecting the difference of efficacy 
between single treatment and in combination with 1 µM BI-836845. The line (relative 
effectiveness=0) indicates DMSO solvent control in compound library showing no 
combination effect. 
 
 
The cell viability data were used to calculate the relative effectiveness (described in 

section 2.5) to compare the efficacies of each compound as single treatment and in 

combination with BI-836845. Relative effectiveness of DMSO solvent control was 

normalised to 0 (Figure 4.1 C). If the relative effectiveness of the compound was 

greater than 0, cells were more sensitive to this compound in combination with BI-

836845, suggesting an additive or synergistic effect (Figure 4.1 C). If the relative 

effectiveness of the compound was less than 0, cells were more sensitive to this 

compound as single treatment, suggesting an antagonistic effect (Figure 4.1 C).   

We ranked the relative effectiveness of all compounds at 0.1 µM, 1 µM and 10 µM 

in MCF7 cells (Figure 4.2 A). To assess the ability of the screen to differentiate the 

negative and positive controls, Z-factors were calculated using Zhang and 

colleagues’ method (Zhang et al., 1999). As described in section 2.5, we used 

DMSO-treated well as negative control and PLK inhibitor (BI-2536)-treated well as 

positive control as PLK inhibition is toxic to many cell types (Plyte and Musacchio, 

2007), and we have used PLK depletion as negative control in the siRNA screen 

previously published in our group (Gao et al., 2014). According Zhang and 

colleagues’ method, Z-factor < 0.5 suggests excellent assay and Z-factor between 

0 and 0.5 indicates acceptable assay, while Z-factor ≤ 0 means that there are too 
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much overlap between positive and negative controls, suggesting insufficient quality 

of the screen (Zhang et al., 1999). The Z-factors for the MCF7 screens were ≥ 0.64, 

suggesting excellent quality of these screens (Figure 4.2 A). The Z-factors were 

calculated and compounds were also ranked in ZR-75-1 (Figure 4.3 A), T47D 

(Figure 4.4 A), KPL1 (Figure 4.5 A), and HCC1143 (Figure 4.6 A) cells. The T47D 

and HCC1143 screens were also of excellent quality with the Z-factors ≥ 0.5 (Figure 

4.4 A, 4.6 A). For ZR-75-1 screens, the Z-factors were 0.52 and 0.65 for 1 µM screen 

and 10 µM screen respectively, suggesting excellent quality, but 1 µM screen was 

only of acceptable quality with the Z-factor of 0.24 (Figure 4.3 A). For KPL1 cells, Z-

factors for screens at 0.1 µM and 1 µM were < 0, indicating small screen windows 

as positive and negative controls overlapped, and these screens might not be thus 

useful for further screen analysis (Figure 4.5 A). However, the Z-factor for KPL1 

screen at 10 µM was 0.48, showing acceptable quality (Figure 4.5 A). Therefore, we 

only analysed 10 µM screen for subsequent screen hit selection in KPL1 cells. 

We next calculated Z-scores of all compounds in each cell line for hit selection. 

Notably, several strong outliers were observed in ZR-75-1 (Figure 4.3 A), T47D 

(Figure 4.4 A), and HCC1143 (Figure 4.6 A) cells. These strong outliers can 

markedly affect mean and SD of the screen results especially in screen with a 

relative low number of compounds (60 for this screen) (Chung et al., 2008). 

Therefore, we calculated Z-score using a robust method based on median and 

median absolute deviation (MAD) (Chapter 2.5). This median and MAD-based 

method was reported as improving hit selection strategy for high-throughput RNA 

interference screen as it is less affected by outliers than mean and SD-based 

method (Chung et al., 2008). 
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Figure 4.2 Ranking of the compounds in MCF7 cells   
(A) The ranking of 60 compounds at 0.1 µM, 1 µM, 10 µM based on the relative 
effectiveness reflecting difference of efficacies of each compound as single treatment and 
in combination with 1 µM BI-836845. Z-factor was calculated using DMSO solvent control 
reading as positive control and PLK inhibitor (BI-2536) reading as negative control. (B) Z-
scores were calculated using the method in section 2.5 and ranked for all compounds. The 
dotted line indicates Z-score=2. The top hits with Z-score>2 were shown on the right. 
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All compounds at 3 concentrations were ranked based on their Z-scores, and the 

compounds with Z-score greater than 2 were identified as positive hits that 

sensitised cells to BI-836845. Total of 8 positive hits were identified in MCF7 cells, 

including 3 EGFR inhibitors, AKT inhibitor MK-2206, RAD51 inhibitor BO2, and 

CDK1 inhibitor RO-3306 (Figure 4.2 B). The combination effects of co-inhibiting IGF-

1R with EGFR, AKT or HR machineries have been showed in previous studies 

published in our groups and others (Li et al., 2013; Lodhia et al., 2015; Ou et al., 

2014; Suleymanova et al., 2017). Interestingly, ATM inhibitor KU-55933 was 

identified as a positive hit that sensitised cells to IGF inhibition, and this has not 

been shown in any published studies.  

Using the same method for hit selection (Z-score > 2), we identified the positive hits 

in ZR-75-1, T47D, KPL1, and HCC1143 cells (Figure 4.3 B - 4.6 B). ATM inhibitors 

KU-55933 and/or KU-60019 were also identified as positive hits in ZR-75-1 and 

HCC1143 cells (Figure 4.3 B, 4.6 B). Previous study suggested a critical role of ATM 

in DNA replication to maintain genome stability by coordinating SSB repair and cell 

cycle progression (Khoronenkova and Dianov, 2015). Therefore, ATM could be a 

promising target to exacerbate replication stress phenotype in IGF inhibited cells. 

ATM has been investigated as a screen hit by Dr Rieunier in our group, and his 

unpublished data strongly support this concept. 



105 
 

 

Figure 4.3 Ranking of the compounds in ZR-75-1 cells   
(A) The ranking of 60 compounds at 0.1 µM, 1 µM, 10 µM based on the relative 
effectiveness reflecting difference of efficacies of each compound as single treatment and 
in combination with 1 µM BI-836845. Z-factor was calculated as described in legend to 
Figure 4.2. (B) Z-scores were calculated using the method in section 2.5 and ranked for all 
compounds. The line dotted indicates Z-score=2. The top hits with Z-score>2 were shown 
on the right. 
 
 
Of note, PARP is another key player in mediating the repair of SSBs, which was 

reported as a synergistic target in HR deficient tumours (Bryant et al., 2005; Farmer 

et al., 2005).  Several PARP inhibitors Veleparib (ABT-888), Rucaparib (AG-014699) 

and/or Olaparib (AZD2281) were identified as positive hits in T47D, KPL1, and 

HCC1143 cells. (Figure 4.3 B – 4.6 B). These results were in line with a previous 

study showing that IGF-1R inhibition impaired HR function and sensitised cells to 
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PARP inhibitors (Amin et al., 2015). Results in T47D, KPL1 and HCC1143 

suggested that targeting checkpoint kinases CHK1 or WEE1 also sensitised cells to 

BI-836845 treatment (Figure 4.4 B – 4.6 B). Although IGF-1R inhibition was shown 

to sensitise breast cancer cells to ATR inhibitor (O'Flanagan et al., 2016), targeting 

ATR downstream effector CHK1 has not been previously studied in combination 

with IGF blockade. Given the important role of activating cell cycle checkpoints in 

response to replication stress (Saldivar et al., 2017), we next aimed to investigate 

whether targeting checkpoint kinases could exacerbate IGF blockade-induced 

replication stress and selectively kill IGF-1R depleted or inhibited cells. 

 

 
Figure 4.4 Ranking of the compounds in T47D cells   
(A) The ranking of 60 compounds at 0.1 µM, 1 µM, 10 µM based on the relative 
effectiveness reflecting difference of efficacies of each compound as single treatment and 
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in combination with 1 µM BI-836845. Z-factor was calculated as described in legend to 
Figure 4.2. (B) Z-scores were calculated using the method in section 2.5 and ranked for all 
compounds. The line dotted indicates Z-score=2. The top hits with Z-score>2 were shown 
on the right. 
 

 

 
 
Figure 4.5 Ranking of the compounds in KPL1 cells   
(A) The ranking of 60 compounds at 0.1 µM, 1 µM, 10 µM based on the relative 
effectiveness reflecting difference of efficacies of each compound as single treatment and 
in combination with 1 µM BI-836845. Z-factor was calculated as described in legend to 
Figure 4.2. (B) Z-scores were calculated using the method in section 2.5 and ranked for all 
compounds. The line dotted indicates Z-score=2. The top hits with Z-score>2 were shown 
on the right. 
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Figure 4.6 Ranking of the compounds in HCC1143 cells   
(A) The ranking of 60 compounds at 0.1 µM, 1 µM, 10 µM based on the relative 
effectiveness reflecting difference of efficacies of each compound as single treatment and 
in combination with 1 µM BI-836845. Z-factor was calculated as described in legend to 
Figure 4.2. (B) Z-scores were calculated using the method in section 2.5 and ranked for all 
compounds. The line dotted indicates Z-score=2. The top hits with Z-score>2 were shown 
on the right. 
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Figure 4.7 Positive hits identified in compound screen 
Venn diagram showing the overlap of the identified compounds in 5 cell lines. The overlap 
compounds in at least 2 cell lines were listed in the table below. The compounds identified 
in at least 3 cell lines were considered as positive hits in this screen. 

 

We compared the top-ranked compounds (Z-score > 2) in 5 cell lines in a Venn 

diagram (Figure 4.7). The overlapping compounds were identified shown in Figure 

4.7. Among the positive hits shown in at least 3 cell lines, the only hits that have not 

been reported as at least additive with IGFs or IGF-1R targeting in previous 

published studies are ATM inhibitor KU-55933 and CHK1 inhibitor MK-8776. CHK1 
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inhibitor MK-8776 has been shown to be an effective compound to induce replication 

stress and sensitise leukaemia and pancreatic cancer cells to histone deacetylase 

(HDAC) inhibitor or gemcitabine (Buisson et al., 2015; Dai et al., 2013; Parsels et 

al., 2018). Therefore, CHK1 was selected for further study to investigate the 

potential protective role of CHK1 function in cells upon IGF blockade. 

4.2.2 CHK1 inhibition sensitises cells to IGF blockade 

We next validated the combination effect of MK-8776 and BI-836845 in low-

throughput viability assay using different concentrations of MK-8776 in combination 

with PBS solvent control or 1 µM BI-836845. Although MK-8776 was not ranked as 

a positive hit in MCF7 and ZR-75-1 cells in the screen, the validation assays in 

MCF7 and ZR-75-1 after 5 days treatment showed that MK-8776 led to a 

significantly greater reduction of cell viability when in combination with 1 µM BI-

836845 (Figure 4.8 A and B). An additive inhibition of cell proliferation was also 

observed when KPL1 cells were treated with MK-8776 in combination with 1 µM BI-

836845 (Figure 4.8 C), consistent with identification of MK-8776 in the screen. A 

similar combination effect of MK-8776 and BI-836845 was observed in HeLa 

cervical cancer cells (Figure 4.8 D).  
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Figure 4.8 IGF inhibited cells are more sensitive to CHK1 inhibition  
MCF7, ZR-75-1, KPL1, HeLa cells were exposed to BI-836845 and MK-8776 for 5 days, 
followed by cell viability assay. Data were expressed as % viability of solvent-treated control 
and represented as mean ± SEM, pooled from (A: n=3 independent experiments; B and D: 
2 independent experiments, C: one experiment). Unpaired and two-tailed t test was applied. 
***P < 0.001, **P < 0.01, *P < 0.05. 

We next assessed whether cells were more sensitive to MK-8776 after IGF-1R 

depletion. MCF7 cells were transfected with siRNA control or siRNA targeting IGF-

1R for 24 hours and then exposed to different concentrations of MK-8776 for 5 days. 

Compared to PBS-treated control cells (Figure 4.8 A), we noted that cells after 

siControl transfection were more sensitive to lower concentrations (< 3 µM) of MK-

8776 (Figure 4.9 A). This might be due to the mild toxicity induced by transient 

siRNA transfection, increasing the drug sensitivity to MK-8776. Importantly, IGF-1R 

depleted cells were significantly more sensitive to MK-8776 treatment, compared 
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with the drug responses observed in siControl cells (Figure 4.9 A). IGF-1R TKI BI-

885578 was also tested in combination with MK-8776 in MCF7 cells. Consistent with 

the results in BI-836835 treated cells, BI-885578 treated cells were also more 

sensitive to MK-8776 compared with DMSO solvent control-treated cells in cell 

viability assay (Figure 4.9 B). 

 

Figure 4.9 IGF-1R depleted or inhibited MCF7 cells are more sensitive to CHK1 
inhibition  
(A) MCF7 cells were transfected with siControl or siIGF-1R for 24 hours, and then exposed 
to solvent-treated control or MK-8776 for 5 days, followed by cell viability assay. Viability 
was expressed as % viability of siControl cells. (B-D) MCF7 cells were exposed to IGF 
inhibitors BI-836845, BI-885578 and CHK1 inhibitors MK-8776, UCN-01, LY2603618 for 5 
days, followed by cell viability assay. Data were expressed as % viability of solvent-treated 
control and represented as mean ± SEM, pooled from (A, C, D: n=3 independent 
experiments; B: one experiment). Unpaired and two-tailed t test was applied. ***P < 0.001, 
**P < 0.01, *P < 0.05. 

To further validate the combinational interaction between CHK1 inhibition and IGF 

blockade, two alternative CHK1 inhibitors LY2603618 and UCN-01 were tested in 

combination with BI-835845. The cell viability assay in MCF7 cells showed that 

UCN-01, one of the early-generation CHK1 inhibitors, was poorly tolerated as a 
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single treatment with a substantial reduction of viability at nM concentrations (Figure 

4.9 C), whereas LY2603618 single treatment led to a mild inhibition of viability at µM 

concentrations, which was similar to MK-8776. The addition of BI-836845 shifted 

the drug-response curves to the left, suggesting the increased sensitivity to UCN-

01 or LY2603618 (Figure 4.9 C, D). Taken together, the results from these cell 

viability assays suggested that CHK1 inhibition sensitised cells to IGF blockade. 

4.2.3 CHK1 inhibition induces replication catastrophe after IGF blockade 

ATR/CHK1 pathway plays a critical role in mediating replication stress responses 

during S phase (Buisson et al., 2015; Toledo et al., 2017; Toledo et al., 2013). This 

prompted us to hypothesise that targeting CHK1 might be able to worsen the 

replication stress induced by IGF blockade, contributing to the inhibition of cell 

proliferation. We next performed DNA fiber assay to assess the replication fork 

progression. MCF7 cells were transfected with siControl or siRNA targeting IGF-1R 

for 24 hours and then exposed to solvent-treated control or MK-8776 for 24 hours. 

Consistent with the results in Figure 3.5 A, IGF-1R depletion induced a reduction of 

DNA fiber length (Figure 4.10 A). Importantly, the addition of MK-8776 further 

shortened DNA fibers in IGF-1R depleted cells (Figure 4.10 A). We also tested SK-

CO-1 colorectal cancer cells that were recently reported ATM-deficient (Wang et al., 

2017). Given the important roles of ATM and ATR in mediating DNA damage 

responses, ATM loss has been reported to sensitise cancer cells to ATR/CHK1 

inhibition (Rafiei et al., 2020). Therefore, we speculated that SK-CO-1 cells might 

be potentially sensitive to CHK1 inhibition. In our compound screen, ATM inhibitor 

KU-55933 was identified as a positive hit that sensitised cells to IGF inhibition in 3 

cell lines (Figure 4.7). The lack of ATM expression in SK-CO-1 cells might confer 

the increased sensitivity to IGF inhibition. Indeed, the DNA fiber assay in SK-CO-1 
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cells showed that both MK-8776 alone and IGF-1R depletion alone led to a 

significantly reduction of DNA fiber length (Figure 4.10 B). Moreover, the 

combination of MK-8776 and IGF-1R depletion induced a more dramatic 

suppression of replication fork progression, consistent with the results in MCF7 cells 

(Figure 4.10 B). It has been reported that ATR-CHK1 inhibition induces unscheduled 

origin firing, which is mediated by CDC7 and GINS (Moiseeva et al., 2017). Our 

DNA fiber analysis in MCF7 and SK-CO-1 cells showed that MK-8776 significantly 

promoted origin firing (Figure 4.10 A, B). However, IGF-1R depletion had no effect 

on origin firing (Figure 4.10 A, B), which is consistent with the results in Figure 3.5 

D. 
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Figure 4.10 CHK1 inhibition suppresses replication fork progression in IGF-
1R depleted cells  

Representative images of DNA fiber tract (CIdU (Red), IdU (Green)) in MCF7 (A) and SK-
CO-1 (B) cells transfected with siControl or siIGF-1R for 24 hours and then exposed to 
solvent control or MK-8776 at 300 nM (A) or 1 µM (B) for 24 hours. Scale bar: 20 μm. 
Quantification of fiber tract length (>150 tracts) and newly fired origins (IdU (green)-only 
tracts as percentages of the total number of tracts (≥ 5 images in A and B)) was shown on 
the right. Data in A (mean ± SEM) are from one representative experiment of 3 independent 
experiments with similar results. Data in B (mean ± SEM) are from one representative 
experiment of 2 independent experiments with similar results. One-way ANOVA was 
applied. ***P < 0.001. 
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We also performed DNA fiber assay in MCF7 cells after exposure to MK-8776 in 

combination with BI-836845 or BI-885578 for 24 hours. A significant reduction of 

DNA fiber length was observed in cells treated with BI-836845 or BI-885578 alone 

for 24 hours (Figure 4.11), consistent with the results in Figure 3.5 B. Although MK-

8776 alone also induced a moderate reduction of DNA fiber length, supporting the 

important role of CHK1 in DNA replication (Buisson et al., 2015), the addition of BI-

836845 or BI-885578 resulted in the much shorter DNA fibers, compared with either 

treatment alone (Figure 4.11). Consistent with the results in Figure 4.10, the addition 

of MK-8776 increased newly fired origins but IGF blockade by BI-836845 or BI-

885578 had no significant effect on origin firing (Figure 4.11). These DNA fiber 

assays suggested that CHK1 inhibition dramatically suppressed cell replication after 

IGF blockade, indicating a high level of replication stress. 
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Figure 4.11 CHK1 inhibition suppresses replication fork progression in IGF 
inhibited cells  
Representative images of DNA fiber tract (CIdU (Red), IdU (Green)) in MCF7 cells exposed 
to 1 µM BI-836845 or 300 nM BI-885578 in combination with solvent control or 3 µM MK-
8776 for 24 hours. Scale bar: 20 μm. Quantification of fiber tract length (>150 tracts) and 
newly fired origins (IdU (green)-only tracts as percentages of the total number of tracts (≥ 
5 images)) was shown below. Data (mean ± SEM) are from one representative of 3 
independent experiments with similar results. One-way ANOVA was applied. ***P < 0.001. 
 

We next examined the cell cycle distribution using BrdU labelling method analysed 

by flow cytometry. MCF7 cells were transfected with siRNA control or siRNA 
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targeting IGF-1R for 24 hours and then exposed to solvent-treated control or MK-

8776 for 24 hours. A clear disturbance in S-phase was observed in cells treated with 

MK-8776 and IGF-1R depletion (Figure 4.12 A). Particularly, MK-8776 caused 21.77 

± 6.62 % IGF-1R depleted cells to accumulate in non-replicating S phase, showing 

DNA content between 2N and 4N, but not incorporating BrdU, whereas MK-8776 

had no significant effect in siControl cells (Figure 4.12 A-C). These results further 

suggested that CHK1 inhibition delayed DNA replication in S phase in IGF-1R 

depleted cells.  

 

Figure 4.12 CHK1 inhibition induces the accumulation of non-replicating S 
phase cells in IGF-1R depleted cells  
(A) BrdU FACS analysis of cell cycle distribution of MCF7 cells after siRNA transfection for 
24 hours and then exposed to solvent control or 300 nM MK-8776 for 24 hours. (B) 
Quantification of cells in each cell cycle phase in A. (C) Quantification of non-replicating S 
phase cells in A. Data are represented as mean ± SD, pooled from 3 independent 
experiments. One-way ANOVA analysis was applied. ***P < 0.001, **P < 0.01. 
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To further investigate replication stress induced by CHK1 inhibition after IGF 

blockade, we performed a double immunostaining assay to examine two replication 

stress markers: γH2AX and ssDNA. To visualize ssDNA, BrdU was used to label 

DNA and detected by immunofluorescence under non-denaturing condition, in 

which BrdU antibody can only bind BrdU exposed on ssDNA (Buisson et al., 2015). 

MCF7 cells were transfected with siRNA control or siRNA targeting IGF-1R for 24 

hours and then exposed to solvent-treated control or MK-8776 for 24 hours. MK-

8776 significantly promoted γH2AX foci formation and induced the accumulation of 

cells with γH2AX pan-nuclear staining (Figure 4.13 A), consistent with the 

immunostaining results in UCN-01 treated cells reported in a previous study 

(Syljuasen et al., 2005). Both focal and pan-nuclear patterns of γH2AX are 

established markers of replication stress-induced strand breaks (Gagou et al., 2010; 

Moeglin et al., 2019) and pan-nuclear γH2AX formation is also associated with lethal 

DNA damage – induced apoptosis (Solier et al., 2009). Using the same 

quantification method in study by Gagou et al. (Gagou et al., 2010), we quantified 

the population of cells with >10 γH2AX foci and pan-nuclear staining as γH2AX 

positive cells to assess the levels of replication stress upon the treatments. The 

quantification revealed that MK-8776 induced the accumulation of γH2AX positive 

cells in siControl transfected cells, whereas a significantly higher percentage of 

γH2AX positive cells was detected in IGF-1R depleted cells (Figure 4.13 B). 

Similarly, we also quantified the BrdU staining in the same cells to examine their 

ssDNA levels. IGF-1R depletion did not induce a substantial increase of BrdU 

staining (Figure 4.13 B). Although a moderate increase of BrdU positive cells was 

observed in MK-8776-treated siControl cells, MK-8776 led to a significantly higher 

percentage of BrdU positive cells in IGF-1R depleted cells (Figure 4.13 B), 



120 
 

suggesting a higher level of ssDNA. The similar additive effects observed using 

γH2AX staining and ssDNA staining in cells upon treatment of IGF-1R depletion and 

CHK1 inhibition supported the concept that CHK1 inhibition exacerbates the 

replication stress induced by IGF blockade. In addition, native BrdU staining 

appeared to also be detected in cytoplasm after IGF-1R depletion and combining 

MK-8776 (Figure 4.13), might suggesting cytoplasmic ssDNA, and the possible 

implications would be discussed in Chapter 6. 

 

 



121 
 

 

Figure 4.13 CHK1 inhibition induces the accumulation of ssDNA and DNA 
damage in IGF-1R depleted cells  
(A) Representative images of BrdU and γH2AX immunostaining in MCF7 cells transfected 
with siControl or siIGF-1R for 24 hours and then exposed to solvent control or 300 nM MK-
8776 for 24 hours. Cells were cultured with 10 µM BrdU for 36 hours before fixation and 
analysed in non-denaturing condition to detect ssDNA. Nucleus was stained by DAPI. Scale 
bar: 20 μm. (B) Quantification of γH2AX positive (>10 foci + pan-nuclear staining) and BrdU 
positive (>5 foci + pan-nuclear staining) cells (≥10 images) shown on the right. Data are 
represented as mean ± SEM, pooled from 3 independent experiments. One-way ANOVA 
analysis was applied. ***P < 0.001, **P < 0.01, *P < 0.05. 
 

We also quantified the cells with double positive staining of both γH2AX and BrdU. 

The quantification showed that IGF-1R depletion caused accumulation of 10.76 ± 

5.96 %, MK-8776 caused the accumulation of 16.07 ± 5.04 % double positive cells 

in siControl cells, whereas 55.29 ± 9.58 % double positive cells were detected after 

MK-8776 treatment in IGF-1R depleted cells (Figure 4.13 B). Again, this suggests 

an additive effect of combining IGF-1R depletion and CHK1 inhibition. Moreover, 

those double positive cells contained high levels of both ssDNA and deleterious 

strand breaks, suggesting high levels of replication stress (Buisson et al., 2015).  
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We next investigated whether the replication stress induced by the combination of 

CHK1 inhibition and IGF blockade is catastrophic, causing cell death. We performed 

a cell death assay using Hoechst 33342 and propidium iodide (PI) double staining 

method. Hoechst 33342 is cell membrane permeable DNA dye and can stain both 

live and dead cells, but PI is not membrane permeable and can only bind DNA in 

dead cells (Ellwart and Dormer, 1990). The cell death assay in MCF7 cells revealed 

that IGF-1R depletion by siRNA or IGF inhibition by 1 µM BI-836845 had no 

substantial effect on cell death (<10%), whereas 1 µM BI-885578 caused 27 ± 1.22 % 

cell death (Figure 4.14 A-D), which might be due to its more potent inhibition of IGF 

signalling (as detected in Figure 3.1) and/or additional inhibition of INSR signalling. 

These results supported our concept that the replication stress induced by IGF 

blockade alone was largely tolerable. Importantly, MK-8776 selectively killed more 

IGF-1R depleted cells than siControl cells (Figure 4.14 A, B). Consistently, 

combination treatment of MK-8776 and BI-836845 or BI-885578 led to a significant 

increase of cell death, compared to the effect of either drug alone (Figure 4.14 C, 

D). Together, these data strongly suggested CHK1 inhibition enhanced the 

replication stress induced by IGF blockade to intolerable replication catastrophe, 

causing significant increase in cell death. 
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Figure 4.14 CHK1 inhibition induces cell death in IGF-1R depleted or inhibited 
cells  
(A) Representative images of Propidium iodide/Hoechst 33342 staining in MCF7 cells 
transfected with siControl or siIGF-1R for 24 hours and then exposed to solvent control or 
MK-8776 for 5 days. Scale bar: 200 μm. (B) Dead cells% expressed as % PI positive cells/ 
Hoechst positive cells was determined by Celigo Imaging Cytometer. (C, D) MCF7 cells 
were exposed to BI-836845 (C) or BI-885578 (D) in combination of solvent control or MK-
8776 for 5 days. Dead cells% expressed as % PI positive cells/ Hoechst positive cells was 
determined by Celigo Imaging Cytometer. Data are represented as mean ± SEM, pooled 
from (A-C: n=3 independent experiments; D: one experiment). Unpaired and two-tailed t 
test was used. ***P < 0.001, **P < 0.01, *P < 0.05. 
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4.2.4 Co-inhibition of IGF and CHK1 suppresses spheroid growth in 3D 
culture 

To further assess the combination effect of IGF and CHK1 co-inhibition, and to find 

a model suitable for in vivo testing, we assessed CHK1 inhibitors in combination 

with IGF inhibitors in 3D spheroids. Cancer cell lines cultured in 3D spheroids have 

been widely used in preclinical research, as 3D spheroids recapitulate more features 

of tumour growth in vivo, such as increased cell-cell interactions and the coexistence 

of normoxic, hypoxic and necrotic zones, reflecting the complexity in tumours 

(Hirschhaeuser et al., 2010; Nath and Devi, 2016; Sant and Johnston, 2017). 

Compared to conventional 2D monolayer cell culture, cells grown as spheroids show 

different morphology, cell signalling, cell cycle duration, metabolism, drug responses, 

and gene and protein expressions (Desoize and Jardillier, 2000; Fischbach et al., 

2009; Kumar et al., 2008; Pickl and Ries, 2009; Riedl et al., 2017). We first tested 

MCF7 cells in 3D culture. Cells were seeded in round bottom ultra-low attachment 

96-well plates, centrifuged to induce cell aggregation and then monitored by 

IncuCyte live cell analysis imaging system with the help of Xiao Wan and Stephanie 

Hatch from Target Discovery Institute, Oxford. MCF7 cells formed single tight round 

spheroids 3 days after cell seeding (Figure 4.15 A). Spheroids were then treated 

with 1 µM BI-836845 for 6 days, but no significant suppression of spheroid growth 

was detected (Figure 4.15 A, B). MK-8776 inhibited spheroid growth at 3 µM and 10 

µM, but not at 1 µM, and only 3 µM MK-8776 showed a significant combination effect 

with 1 µM BI-836845 (Figure 4.15 A, B). The growth rate of MCF7 spheroids in 3D 

culture was much slower than 2D culture with only ~0.5 fold increase over 6 days 

even without any treatment (Figure 4.15 A, B). Although 3 µM MK-8776 showed a 

statistically significant combination effect with 1 µM BI-836845, the lack of effect at 

other concentrations suggested that this might not be biologically significant. Similar 



125 
 

to MCF7 cells, the other ER+ breast cancer cells we used in compound screen all 

showed relatively slow growth rate (Figure 4.1 A).  Therefore, we next examined 

several alternative cell lines in 3D culture to test whether the co-inhibition of IGF and 

CHK1 would have a larger biological effect. 

 

Figure 4.15 IGF and CHK1 co-inhibition shows minor combination effect in 
MCF7 spheroids  
(A) Representative images of MCF7 spheroids treated with BI-836845 and MK-8776 for 6 
days, scale bar: 2 mm; (B) Spheroid growth curves were analysed using spheroid size 
measured on IncuCyte Live Cell Analysis Imaging System for 6 days. Data (mean ± SEM 
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of 6 technical replicates) are expressed as % spheroid size on Day 0, from one 
representative experiment of 2 independent experiments with similar results. Two-way 
ANOVA was used. ***P < 0.001. 

 

HeLa cells were sensitive to CHK1 and IGF co-inhibition in 2D culture (Figure 4.8 

D). We next tested HeLa cells in 3D by culturing spheroids in round bottom ultra-

low attachment 96-well plates. Since we began to see a lot of day-to-day variation 

in Incucyte results which possibly due to repeated opening of the incubator housing 

the Incucyte system at Target Discovery Institute, we switched assay platform. Hela 

spheroids were imaged on a Gelcount colony counter (Oxford Optronix) and the 

spheroid size was measured using ImageJ software (NIH). We found that HeLa cells 

were also able to form one compact spheroid after 3 days, and grew faster than 

MCF7 spheroids with ~3 fold increase of control spheroids on Day 7 compared to 

Day 0. Moreover, 1 µM BI-836845 and 3 µM or 10 µM MK-8776 as single treatments 

significantly slowed spheroid growth (~1.5 fold increase after 7 days), but the 

combination of BI-836845 and MK-8776 almost completely stopped spheroid growth 

(Figure 4.16 A, B). Similarly, IGF-1R TKI BI-885578 (300 nM) also slowed the growth 

of HeLa spheroids compared to solvent-treated controls, whereas the addition of 3 

µM or 10 µM MK-8776 almost completely abrogated spheroid growth (Figure 4.16 

C, D).  
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Figure 4.16 IGF and CHK1 co-inhibition shows combination effect in HeLa 
spheroids  
(A) Representative images of HeLa spheroids treated with BI-836845 and MK-8776 for 7 
days, scale bar: 2 mm; (B) Spheroid growth curves were analysed using spheroid size 
measured with ImageJ for 7 days. Data (mean ± SEM of 6 technical replicates) are 
expressed as % spheroid size on Day 0, from one representative experiment of 3 
independent experiments with similar results. (C) Representative images of HeLa spheroids 
exposed to BI-885578 and MK-8776 for 7 days, scale bar: 2 mm; (D) Spheroid growth 
curves were analysed using spheroid size measured with ImageJ for 7 days. Data (mean ± 
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SEM of 6 technical replicates) are expressed as % spheroid size on Day 0 from one 
experiment. Two-way ANOVA was used. ***P < 0.001. 

 

A previous study in our group showed that the presence of WT p53 associated with 

drug response to IGF-1R inhibition (Ramcharan et al., 2015). P53 plays critical roles 

in DNA damage, cell cycle controls and apoptosis (Brugarolas et al., 1995; Kastan 

et al., 1991; Kastan et al., 1992; Yonish-Rouach et al., 1991). Previous publications 

showed that the loss of p53 function via gene deletion or mutation was associated 

with drug resistance (Asada et al., 1999; Berns et al., 2000; Galmarini et al., 2001a). 

We next investigated whether p53 is required for the combination effect of CHK1 

inhibition and IGF blockade. H1299 non-small cell lung cancer cells lack the 

expression of p53 tumour suppressor protein (Lin and Chang, 1996) and therefore 

were cultured in 3D upon the treatments BI-836845 and MK-8776 for 5 days. Under 

the single treatment with BI-836845 or MK-8776, H1299 spheroids grew very slowly 

and even regressed at 3 µM MK-8776 alone during the 7 days treatment period 

(Figure 4.17 A, B). The combination of 1 µM BI-836845 and 1 µM or 3 µM MK-8776 

further slowed the spheroid growth, suggesting a combination effect (Figure 4.17 A, 

B). These data in H1299 p53 null cells suggested that the presence of WT p53 might 

not be essential for the combination effect of IGF and CHK1 co-inhibition. 
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Figure 4.17 IGF and CHK1 co-inhibition shows combination effect in H1299 
spheroids  
(A) Representative images of H1299 spheroids exposed to BI-885578 and SRA737 for 7 
days, scale bar: 2 mm; (B) Spheroid growth curves were analysed using spheroid size 
measured with ImageJ for 5 days. Data (mean ± SEM) are expressed as % spheroid size 
on Day 0 from one experiment. Two-way ANOVA was used. ***P < 0.001, **P < 0.01, *P < 
0.05. 

 

 

 

 

 

 

 



130 
 

 

We next tested SK-CO-1 colorectal cancer cells in 3D culture. Dr Rieunier’s 

unpublished data had shown that BI-836845 suppressed SK-CO-1 cell proliferation 

in 2D cell culture and in vivo mouse xenograft experiment. In this study, we have 

shown that in SK-CO-1 cells, MK-8776 dramatically suppressed replication fork 

progression after IGF-1R depletion (Figure 4.10 B). SK-CO-1 cells were able to form 

one single well-shaped spheroid after 3 days culture in round bottom ultra-low 

attachment 96-well plates, but they were less tightly packed than MCF7 cells and 

HeLa cells (Figure 4.18 A). SK-CO-1 spheroids were very sensitive to 1 µM BI-

836845 alone, and almost stopped growing during the 7 days treatment period 

(Figure 4.18 A, B), consistent with Dr Rieunier’s previous findings in 2D cell culture 

and in vivo mouse xenografts. 
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Figure 4.18 IGF and CHK1 co-inhibition shows combination effect in SK-CO-1 
spheroids  
(A) Representative images of SK-CO-1 spheroids exposed to BI-885578 and MK-8776 for 
7 days, scale bar: 2 mm; (B) Spheroid growth curves were analysed using spheroid size 
measured with ImageJ for 7 days. (C) Representative images of SK-CO-1 spheroids 
exposed to BI-885578 and SRA737 for 7 days, scale bar: 2 mm; (D) Spheroid growth curves 
were analysed using spheroid size measured with ImageJ for 7 days. Data (mean ± SEM 
of 6 technical replicates) are expressed as % spheroid size on Day 0, from one 
representative of 3 independent experiments with similar results. Two-way ANOVA was 
used. ***P < 0.001. 

 

SK-CO-1 spheroids were sensitive to CHK1 inhibitor MK-8776 alone at 3 µM, 

whereas 1 µM MK-8776 did not inhibition spheroid growth (Figure 4.18 A). The 

combination treatment of 1 µM BI-836845 and 1 µM or 3 µM MK-8776 further 
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reduced the spheroid growth, compared to treatment with either drug alone. 

Moreover, the combination of 1 µM BI-836845 and 3 µM MK-8776 led to significant 

spheroid regression over 7 days treatment that the spheroid size at Day 7 was 61.57 

± 4.76 % of the Day 0 value with p-value < 0.001 (Unpaired and two-tailed t test). 

We next tested a different CHK1 inhibitor SRA737 to treat SK-CO-1 spheroids in 

combination with BI-836845. SRA737 is a highly selective oral CHK1 inhibitor 

(Booth et al., 2018), which is currently in Phase I/II clinical trials (NCT02797964, 

NCT02797977). The analyses of spheroid size showed that SRA737 dose-

dependently suppressed SK-CO-1 growth at 1, 3, 10 µM, compared to solvent-

treated controls during the 7 days treatment (Figure 4.15 A, B). The addition of BI-

836845 significantly further suppressed spheroid growth (Figure 4.15 A, B). The 

combination of 10 µM SRA737 and 1 µM BI-836845 resulted in regression of SK-

CO-1 spheroids to 50 ± 3.6% at Day 7 compared to Day 0 (Figure 4.15 A, B). 

In SK-CO-1 spheroids, we observed that spheroids seemed more dense over 7 days 

treatment period (Figure 4.18), suggesting that comparing the spheroid sizes might 

not accurately reflect the drug responses in 3D. We therefore re-examined SK-CO-

1 spheroids utilising CellTiter-Glo 3D assay to determine cell viability, using 3 

replicate spheroids for each condition. SK-CO-1 spheroids were treated with BI-

836845 and MK-8776 or SRA737 for 7 days, followed by CellTiter-Glo 3D assay as 

the endpoint experiment. BI-836845 or MK-8776 alone induced a moderate 

reduction of cell viability in SK-CO-1 spheroids, whereas the combination 

significantly decreased cell viability in spheroids to a significant lower level (Figure 

4.19 A). SRA737 reduced cell viability in SK-CO-1 spheroids in a dose-dependent 

manner, and the addition of 1 µM BI-836845 led to a significantly lower cell viability 

in spheroids (Figure 4.19 B). Therefore, the drug responses analysed by CellTiter-
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Glo 3D assay in SK-CO-1 spheroids were consistent with the data analysed from 

size measurements. 

 

Figure 4.19 IGF and CHK1 co-inhibition shows combination effect in SK-CO-1 
and HeLa spheroids in CellTiter-Glo 3D viability assay  
(A) SK-CO-1 spheroids and (B) HeLa spheroids were treated with 1 µM BI-836845 and MK-
8776 or SRA737 for 7 days, followed by CellTiter Glo 3D viability assay. Data are expressed 
as % solvent-treated controls and represented as mean ± SEM, pooled from (A: n=3 
independent experiments, B: n=2 independent experiments, C, D: one experiment, each 
with 3 technical replicate spheroids). One-way ANOVA analysis was applied. ***P < 0.001, 
**P < 0.01, *P < 0.05. 
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A different drug response was observed in HeLa spheroids in CellTiter-Glo 3D assay. 

Viability of HeLa spheroids was largely unaffected by the treatment of 1 µM BI-

836845 and 3 µM or 10 µM MK-8776 alone in CellTiter-Glo 3D assay (Figure 4.19 

C), even though a clear reduction of spheroid size was observed after the treatment 

(Figure 4.16 A). However, the co-treatment of 1 µM BI-836845 with 3 µM or 10 µM 

MK-8776 still showed a significant combination effect on cell viability in spheroids 

(Figure 4.19 C). HeLa spheroids were also tested with SRA737 in combination with 

1 µM BI-836845 in CellTiter Glo 3D assay. A combination effect was only detected 

when SRA737 was treated at 10 µM, but not at 3 µM (Figure 4.19 D). 

 
 
Figure 4.20 BI-836845 and MK-8776 are synergistic in SK-CO-1 spheroids 
SK-CO-1 spheroids were treated with BI-836845 and MK-8776 for 7 days, followed by 
CellTiter Glo 3D viability assay. The cell viability results were imported into CalcuSyn 
Software for CI value calculation. CI<0.8 indicates synergism, CI<0.3 strong synergism 
(Chou, 2006). Data are represented as mean ± SD, pooled from 3 independent experiments. 

 

Combination index (CI) has been widely used to evaluate synergistic interaction of 

drug combinations (Chou, 2010). CI values were calculated based on the cell 

viability data from CellTiter Glo 3D assay performed in SK-CO-1 spheroids, in which 

MK-8776 was applied at 0.3 µM, 1 µM, 3 µM and 10 µM in combination with BI-

836845 at 100 nM, 300 nM and 1000 nM for 7 days. The CI calculation showed that 

the lower concentration combination (100 nM BI-836845 and 0.3 μM MK-8776) was 

not synergistic (CI > 1), but all other combinations had CI value < 0.8, indicating 
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synergy, with some values of 0.1 ~ 0.3, indicating strong synergy (Chou, 2006) 

(Figure 4.20). Together, these results suggested that co-inhibition of IGF and CHK1 

has synergistic effects on suppression of spheroid growth. 

 

4.3 Discussion 

In this chapter, aiming to exploit the replication stress induced by IGF blockade in 

cancer treatment, we first performed a compound screen with the drugs targeting 

DNA replication, cell cycle control and DNA repair that could potentially exacerbate 

replication stress. We identified two positive hits: ATM inhibitor KU-55933 and CHK1 

inhibitor MK-8776 in this screen, which sensitised cells to IGF ligand antibody drug 

BI-836845. Targeting ATM or CHK1 has not been reported as a sensitiser to IGF 

inhibition in previous studies. Given the critical role of ATM in coordinating SSB 

repair (Khoronenkova and Dianov, 2015), the unpublished data generated by Dr 

Rieunier showed that IGF inhibition induced accumulation of SSB, while the addition 

of ATM inhibitors converted the SSBs to deleterious DSBs, resulting in cell death. 

The results in this Chapter also demonstrated that SK-CO-1 cells, which lack ATM 

expression, were hypersensitive to BI-836845 in 3D spheroid model. The addition 

of CHK1 inhibitors significantly increased the sensitivity of SK-CO-1 spheroids to 

IGF inhibition, resulting in spheroid regression.  

The results presented here validated the combination effect of CHK1 and IGF co-

inhibition in both 2D and 3D culture in different cell lines (Figure 4.8-4.9, 4.15-4.20). 

CHK1 had not been identified a screen hit in MCF7 cells (Figure 4.2) but this seems 

to have been a false negative since low throughput assays were positive (Figure 

4.8A). Importantly, we showed that CHK1 inhibition markedly exacerbates the 
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replication stress phenotype in IGF-1R depleted cells, resulting in replication 

catastrophe and cell death. Of note, BI-885578 had more potent effects than BI-

836845 in several assays (Figure 4.11, 4.14, 4.16), consistent with its more 

profound inhibition of IGF signalling (Figure 3.1). 

The identification of CHK1 as an effective target whose inhibition worsens 

replication stress induced by IGF blockade might suggest that IGF-1R depleted or 

inhibited cells are more dependent on ATR/CHK1-mediated replication stress 

responses to maintain replication fork progression and proliferation, albeit at a lower 

rate than in controls. Indeed, unpublished work by Dr Rieunier showed that IGF-1R 

inhibition or depletion led to ATR-activated CHK1 phosphorylation at serine 345. In 

support of this, a previous study reported that ATR and IGF-1R co-inhibition led to 

a synergistic inhibition on the survival of breast cancer cells (O'Flanagan et al., 

2016). However, ATR was not a hit in the compound screen (Figure 4.2 - 4.6) and 

Dr Rieunier has confirmed that BI-836845 does not sensitise cells to ATR inhibition. 

The presence of DNA-PK/CHK1-mediated backup pathway in response to ATR 

inhibition suggests that inhibiting CHK1 might be more effective than ATR inhibition 

to induce replication stress (Buisson et al., 2015). 

Our findings demonstrate that co-inhibition of IGF and CHK1 induced replication 

catastrophe, suggesting a potential drug combination for cancer treatment. Previous 

unpublished work in our group by Dr Rieunier indicated that IGF blockade induced 

replication stress by disturbing dNTP pool via downregulating RRM2 expression. 

This prompted us to consider whether targeting CHK1 was also involved in 

regulating dNTP availability, contributing the enhanced replication stress after IGF 

blockade. 
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Chapter 5 

CHK1 inhibition exacerbates replication stress induced 
by IGF blockade via RRM2 downregulation 

 

 

5.1 Introduction 

As discussed in Chapter 1, maintaining a balanced dNTP supply via regulating RNR 

complex is crucial for DNA replication. RNR subunit RRM2 is frequently 

overexpressed in cancers, suggesting that tumour cells might be more dependent 

on RNR-mediated dNTP biosynthesis to support sustained proliferation (Aye et al., 

2015). RRM2 reduction and insufficient dNTP pools have been shown to cause 

replication fork stalling and replication stress (Bester et al., 2011; D'Angiolella et al., 

2012). Unpublished data generated by Dr Rieunier in our group suggested that IGF-

1R signalling regulated RRM2 expression at the transcription level, protecting breast 

cancer cells from endogenous replication stress. Dr Rieunier further showed that 

IGF-1R depletion or inhibition downregulates RRM2 expression, resulting in dATP 

reduction. Notably, RRM2 regulation was reported to be tightly coordinated during 

cell cycle progression through E2F-mediated transcription, mTORC1-mediated 

translation, and CDK-SCF(Cyclin F)-mediated degradation (D'Angiolella et al., 2012; 

He et al., 2017; Zhang et al., 2009). Previous studies demonstrated that cell cycle 
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checkpoint abrogation by CHK1 or WEE1 inhibition reduces RRM2 through 

activating CDK1/2-mediated degradation (Buisson et al., 2015; Koppenhafer et al., 

2020; Pfister et al., 2015). In Chapter 4, we showed that combining IGF blockade 

and CHK1 inhibition induced severe replication stress, resulting in cell death. We 

hypothesised that IGF blockade partially reduces RRM2 and dNTP pool to a 

tolerable level, and combining with CHK1 inhibition leads to further critical RRM2 

and dNTP reduction, causing cell death via replication catastrophe. Investigating 

this hypothesis was the focus of work in this chapter. 

5.2 Results 

5.2.1 Co-inhibition of IGF and CHK1 downregulates RRM2 expression 

We first used western blot analysis to assess RRM2 protein levels in MCF7 cells 

after IGF signalling inhibition or IGF-1R depletion. Consistent with Dr Rieunier’s 

results, IGF stimulation for 24 hours upregulated RRM2 at protein level in MCF7 

cells (Figure 5.1 A, B). IGF signalling blockade by either IGF ligand antibody drug 

BI-836845 or IGF-1R TKI BI-885578 led to the reduction of IGF-1-induced pAKT, 

pERK and RRM2 (Figure 5.1 A, B). These results were in line with Dr Rieunier’s 

findings that IGF signalling mediated RRM2 expression through both MEK/ERK and 

PI3K/AKT pathways. BI-885578 caused more downregulation of RRM2 than BI-

836845, but the differences in pAKT and pERK between these two inhibitors were 

not statistically significant (Figure 5.1 A, B). Consistently, a reduction of RRM2 was 

observed in cells after IGF-1R depletion by two different siRNAs (Figure 5.1 C, D). 

We also observed a minor increase of ATR-induced CHK1 phosphorylation at serine 

345 after IGF-1R depletion for 48 hours compared with controls, but the differences 

were not significant when one-way ANOVA was used for analysis (Figure 5.1 C, D). 

Dr Rieunier’s unpublished results showed that IGF-1R depletion or IGF inhibition by 
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BI-836845 significantly induced more ATR-mediated CHK1 phosphorylation at 

serine 345 after 72 and 96 hours, suggesting the activation of ATR/CHK1 pathway 

by IGF blockade.  

 

Figure 5.1 IGF blockade leads to the reduction of RRM2 
(A) Western blot analysis of MCF7 cells serum starved for 24 hours, and then stimulated 
with 50 nM IGF-1 for 24 hours in the presence of solvent control, 1 µM BI-836845 or 300 
nM BI-885578. (B) RRM2 and β-tubulin protein levels were quantified using ImageJ 
software. Results were expressed as % RRM2 protein of solvent control (left) after 
normalisation with β-tubulin. Same method was used for quantification of pIGF-1R 
(Y1135/1136), pAKT (S473), pERK (T202/Y204). Data are represented as mean ± SEM 
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from 3 independent experiments. (C) Western blot analysis of MCF7 cells transfected with 
siControl or siIGF-1R for 48 hours. Experiment was performed 3 times with independently 
prepared lysates and results were similar. (D) RRM2 and β-tubulin protein levels were 
quantified using ImageJ software. Results were expressed as % RRM2 protein of solvent 
control (left) after normalisation with β-tubulin. Same method was used for quantification of 
pCHK1 (S345). Data are represented as mean ± SEM from 3 independent experiments. 
One-way ANOVA analysis was used. ***P < 0.001, **P < 0.01, *P < 0.05. 

 

Inactivating ATR/CHK1 pathway was previously reported to downregulate RRM2 

(Buisson et al., 2015; Koppenhafer et al., 2020). We next assessed whether the 

addition of CHK1 inhibitor MK-8776 affected RRM2 protein levels. Western blot was 

performed in MCF7 cells transfected with siControl or siIGF-1R and then exposed 

to MK-8776 for 24 hours. Confirming compound bioactivity, we found that MK-8776 

strongly suppressed CHK1 autophosphorylation at serine 296 (Figure 5.2 A), which 

is essential for targeting its substrates CDC25 phosphatases to arrest cell cycle 

(Kasahara et al., 2010). We also detected an increase of CHK1 phosphorylation at 

serine 345 upon MK-8776 treatment (Figure 5.2 A). This was in concordance with 

the previous findings that CHK1 inhibition enhanced ATR-mediated CHK1 

phosphorylation at serine 345 by reducing protein phosphatase 2A (PP2A) (Leung-

Pineda et al., 2006). The quantification of RRM2 protein levels showed that MK-

8776 treatment or IGF-1R depletion alone led to a moderate reduction of RRM2, 

whereas combining MK-8776 with IGF-1R depletion further reduced RRM2 protein 

levels (Figure 5.2 A, B). RRM2 protein levels were also analysed in cells treated 

with MK-8776 after IGF signalling blockade by BI-886845 or BI-885578. We found 

that BI-886845 or BI-885578 alone reduced IGF-1-induced RRM2, whereas the 

addition of MK-8776 further reduced RRM2 protein levels (Figure 5.2 C).  
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Figure 5.2 CHK1 inhibition further reduces RRM2 protein after IGF blockade 
(A) Western blot analysis of MCF7 cells transfected with siControl or siIGF-1R for 24 hours, 
and then exposed to solvent control or 300 nM MK-8776 for 24 hours. (B) RRM2 protein 
levels were quantified as described in legend to Figure 5.1. Data are represented as mean 
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± SEM from 3 independent experiments. One-way ANOVA analysis was used. ***P < 0.001, 
**P < 0.01. (C) Western blot analysis of MCF7 cells serum starved for 24 hours, and then 
stimulated with 50 nM IGF-1 for 24 hours in the presence of solvent control, 1 µM BI-836845, 
300 nM BI-885578 or 10 µM MK-8776. This experiment was only performed once. 

 

To further assess the effect of co-inhibiting IGF and CHK1 on RRM2, we next 

assessed RRM2 protein levels in SK-CO-1 spheroids after 7 days treatment with BI-

836845 and MK-8776, as shown in Figure 4.18 A. Western blot analysis of the 

protein extracted from spheroids using RIPA lysis buffer showed that BI-836845 or 

MK-8776 alone did not lead to a substantial decrease of RRM2, whereas the 

combination treatment significantly reduced RRM2 protein levels (Figure 5.3 A, B). 

In order to detect chromatin bound γH2AX protein, we used UTB lysis butter for 

protein extraction as described by Olcina et al. (Olcina et al., 2013). In these lysates, 

progressive reduction in RRM2 protein was confirmed, with a suggestion that 

combining BI-836845 and MK-8776 induced more γH2AX than either drug treatment 

alone (Figure 5.3 A), suggesting the increased replication stress after co-inhibiting 

IGF and CHK1. Of note, as shown in Figure 5.3 A, we observed unexpected bands 

below pIGF-1R (Y1135/1136), identity unknown, which were only present in 

samples extracted from BI-836845-treated cells. As this pIGF-1R (Y1135/1136) 

antibody (CST #3024) was also able to recognise Insulin Receptor phosphorylation 

at Tyr1150/1151, this might suggest the activation of Insulin signalling after 7 days 

treatment of BI-836845. 
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Figure 5.3 Co-inhibition of IGF and CHK1 reduces RRM2 protein in SK-CO-1 
spheroids 
(A) Western blot analysis of SK-CO-1 spheroids (6 spheroids per condition) exposed to 
solvent control or MK-8776 in the presence or absence of 1 µM BI-836845 for 7 days, as 
shown in Figure 4.14 and lysed in RIPA lysis buffer or UTB lysis buffer. (B) RRM2 protein 
levels were quantified as described in legend to Figure 5.1. Data are represented as mean 
± SEM from 3 independent experiments. One-way ANOVA analysis was used. ***P < 0.001, 
**P < 0.01. 

 

Together, these data supported our hypothesis that IGF blockade downregulated 

RRM2 expression, and combining with CHK1 inhibition led to a further reduction of 

RRM2 protein levels. 

 

5.2.2 Co-inhibition of IGF and CHK1 reduces dNTP availability 

RRM2 is a key component of RNR complex, which is required for the conversion of 

NDPs into dNDPs, the rate-limiting step for dNTP production (Stubbe and van der 

Donk, 1995). We next investigated whether RRM2 protein reduction after co-

inhibiting IGF and CHK1 affected cellular dNTP levels. Unpublished results of HPLC 

assay performed by Dr Rieunier showed that IGF-1R depletion induced a significant 

reduction in only dATP level with no change in dTTP, and dCTP and dGTP were not 
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detectable in MCF7 cells using HPLC assay. Here, we modified an alternative dNTP 

measurement assay (Landoni et al., 2018) as described in Chapter 2.12 that was 

based on in vitro polymerase reaction for incorporation of tritium-labelled dNTPs into 

a template DNA. Exogenous dNTPs with known concentrations were used to 

determine the optimal measurement range to be between 10 nM to 100 nM in which 

radioactivity showed good linear correlation with concentrations of all four dNTPs 

with R square values of 0.66 – 0.97(Figure 5.4 A).  
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Figure 5.4 Co-inhibition of IGF and CHK1 reduces dNTP availability 
(A) H3 radioactivity (counts per minutes) showed good linear correlations with the 
concentrations of exogenous dATP, dTTP, dCTP and dGTP within the range of 10 nM ~ 
100 nM. Data are represented as mean ± SEM, pooled from 2 independent experiments 
and each experiment has duplicate datapoints. R square values for linear regression were 
determined in Graphpad Prim 8. (B-E) MCF7 cells transfected with siControl or siIGF-1R 
for 24 hours and then exposed to solvent-treated control or 300 nM MK-8776 for 24 hours. 
dATP (B), dTTP (C), dCTP (D) and dGTP (E) were measured. (F) dATP levels in SK-CO-1 
spheroids exposed to solvent control or MK-8776 in the presence or absence of 1 µM BI-
836845 for 7 days. Results were normalised to solvent controls (left bar) and represented 
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as mean ± SEM, pooled from 3 independent experiments. One-way ANOVA analysis was 
used. ***P < 0.001, **P < 0.01, *P < 0.05.  

MCF7 cells were transfected with siControl or siIGF-1R and then exposed to MK-

8776 for 24 hours. We extracted the cellular dNTPs and diluted to concentrations 

within optimal measurement range as described in section 2.12. All four dNTPs were 

detectable using this assay. Consistent with Dr Rieunier’s HPLC results, IGF-1R 

depletion reduced dATP level, but did not affect dTTP, dCTP, and dGTP levels 

(Figure 5.4 A-D). MK-8776 alone did not lead to reduction of any dNTPs, whereas 

combining MK-8776 and IGF-1R depletion significantly reduced dATP, dTTP, and 

dCTP levels, but not dGTP level (Figure 5.4 A-D). We also measured dATP levels 

in SK-CO-1 spheroids exposed to MK-8776 in the presence or absence of 1 µM BI-

836845 for 7 days, following serial measurement of spheroid growth shown in Figure 

4.18 A. In the small amount of material available, only dATP was detectable. The 

combination of MK-8776 and BI-836845 markedly reduced dATP levels, whereas 

either drug alone had no significant effect (Figure 5.4 E). These data suggested that 

combining CHK1 inhibition and IGF blockade significantly decreased cellular dNTP 

availability, indicating a functional consequence of the reduction in RRM2 protein 

levels. 

5.2.3 Generation of RRM2-overexpressing cell lines 

So far, we have shown that CHK1 inhibition enhanced replication stress induced by 

IGF blockade, accompanied by a further reduction of RRM2 protein levels. This 

prompted us to ask whether the reduction of RRM2 contributed to the interaction 

between CHK1 inhibition and IGF blockade, and whether this significant reduction 

in RRM2 resulted in replication catastrophe. We next generated MCF7 cells 

overexpressing exogenous RRM2. As described in section 2.7, MCF7 cells were 

transfected with pcDNA3.1 empty vector control or pcDNA3.1 RRM2. G418 
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selection led to the emergence of positive clones. We continued to culture the 

surviving colonies with medium containing G418 for 30 days to obtain the stably 

expressing clonal cells. Using western blot analysis, we confirmed that RRM2-

overexpressing cells expressed a higher level of RRM2 than empty vector control 

cells (Figure 5.5). IGF-1R depletion led to a reduction of RRM2 protein levels in 

empty vector control cells (Figure 5.5), similar to the results in parental MCF7 cells 

(Figure 5.1 C). Although IGF-1R depletion detectably reduced RRM2 in RRM2-

overexpressing cells, which might be due to the reduction of endogenous RRM2 

after IGF-1R depletion, residual RRM2 was at the similar levels to siControl-

transfected empty vector control cells (Figure 5.5). Furthermore, there was a minor 

increase of ATR-induced CHK1 phosphorylation in empty vector control cells upon 

IGF-1R depletion for 48 hours, but not in RRM2-overexpressing cells (Figure 5.5), 

suggesting that replication stress might be at a lower level in RRM2-overexpressing 

cells. 

 

Figure 5.5 RRM2 protein expression in empty vector control cells and RRM2-
overexpressing cells after IGF-1R depletion 
MCF7 cells were transfected with pcDNA3.1 RRM2 or pcDNA3.1 empty vector control for 
48 hours, and then cultured in medium containing 800 µg/mL G418 for selection. The 
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surviving colonies were expanded in medium containing 800 µg/mL G418 for 30 day to 
obtain the stably expressing cells. Two empty vector clones and three RRM2-
overexpressing clones were transfected with siControl or siIGF-1R for 24 hours, followed 
by protein extraction and western blot analysis. Western blot was performed with lysates 
prepared in 3 independent experiments and results in the other two experiments were 
similar to this result. 

 

We next assessed the effect of CHK1 inhibition on RRM2 expression in empty vector 

control cells and RRM2-overexpressing cells. In empty vector controls, MK-8776 

alone did not affect RRM2 protein levels and IGF-1R depletion partially reduced 

RRM2, whereas combining MK-8776 with IGF-1R depletion led to a further 

reduction of RRM2 (Figure 5.6), comparable to results in parental MCF7 cells 

(Figure 5.2). In contrast, RRM2-overexpressing cells maintained RRM2 protein 

levels after CHK1 inhibition and IGF-1R depletion, compared to empty vector control 

cells (Figure 5.6). MK-8776 reduced pCHK1 at serine 296 in both empty vector 

controls and RRM2-overexpressing cells, confirming the drug bioactivity of MK-8776 

(Figure 5.6). MK-8776 increased ATR-activated pCHK1 at serine 345 in not only 

empty vector controls, but also RRM2-overexpressing cells (Figure 5.6). As 

previously discussed, this might due to the reduced phosphatase activity of PP2A 

upon CHK1 inhibition (Leung-Pineda et al., 2006), leading to the increase of pCHK1 

at serine 345 in both empty vector controls and RRM2-overexpressing cells. 

Together, these data validated the RRM2-overexpressing cells that restored RRM2 

upon CHK1 inhibition and IGF-1R depletion. 
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Figure 5.6 RRM2 protein expression in empty vector control cells and RRM2-
overexpressing cells upon CHK1 inhibition and IGF-1R depletion 
Empty vector control cells and RRM2-overexpressing cells were transfected with siControl 
or siIGF-1R for 24 hours and then exposed to solvent control or 300nM MK-8776 for 24 
hours, followed by protein extraction and western blot analysis. This experiment was only 
performed once. 
 

5.2.4 RRM2 overexpression alleviates severe replication stress induced by 
co-inhibition of IGF and CHK1 

To investigate whether RRM2 was an important target of the interaction between 

CHK1 inhibition and IGF blockade, we next performed cell viability assay in empty 

vector control cells and RRM2-overexpressing cells. Cells were transfected with 

siControl or siIGF-1R for 24 hours and then exposed to MK-8776 for 5 days. Dose-

response curves against MK-8776 were generated using cell viability data (Figure 

5.7 A). We found that IGF-1R depletion shifted the dose-response curves to the left 

in empty vector control cells (Figure 5.7 A), consistent with the results in parental 

MCF7 cells (Figure 4.9 A). However, RRM2 overexpression shifted the dose-
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response curves to the right (Figure 5.7 A), suggesting a decreased sensitivity. We 

calculated the GI50s for MK-8776 based on the dose-response curves. The GI50s 

for MK-8776 in controls were higher than 10 µM, which was the highest 

concentration we used in this experiment (Figure 5.7 A, B). In empty vector control 

cells, IGF-1R depletion decreased the GI50 for MK-8776 from >10 µM to 2.7 µM 

(Figure 5.7 A, B). However, in RRM2-overexpressing cells, the GI50 for MK-8776 

after IGF-1R depletion remained >10 µM after IGF-1R depletion (Figure 5.7 A, B).  

These results suggested a reduced sensitivity to the combination of MK-8776 and 

IGF-1R depletion in RRM2-overexpressing cells.  

We next tested the drug combination of BI-836845 and MK-8776 in empty vector 

control cells and RRM2-overexpressing cells. Consistently, RRM2-overexpression 

shifted the dose-response curves to the right (Figure 5.7 C), suggesting a reduced 

sensitivity to combination of BI-836845 and MK-8776. Addition of BI-836845 

reduced the GI50 for MK-8776 from >10 µM to 3.8 µM in empty vector control cells, 

similar to the effect of IGF-1R depletion (Figure 5.7 D). In RRM2-overexpressing 

cells, the GI50 for MK-8776 after BI-836845 treatment was 9.6 µM, which was higher 

than the GI50 (3.8 µM) in empty vector control cells (Figure 5.7 D). Thus, these data 

suggested that RRM2 overexpression had a rescue effect on cell proliferation upon 

CHK1 inhibition and IGF blockade.  
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Figure 5.7 RRM2 overexpression rescues cell proliferation upon CHK1 
inhibition and IGF blockade 
(A) Empty vector control cells and RRM2-overexpressing cells were transfected with 
siControl or siIGF-1R for 24 hours and then exposed to solvent control or MK-8776 for 5 
days, followed by cell viability assay. Results were expressed as % viability of solvent-
treated control. Data are represented as mean ± SEM, pooled from n=3 independent 
experiments; (B) GI50 values and 95% confidence intervals were calculated based on the 
drug response curves in A; (C) Empty vector control cells and RRM2-overexpressing cells 
were exposed to solvent control or MK-8776 in the presence or absence of 1 µM BI-836845 
for 5 days, followed by cell viability assay. Results were expressed as % viability of solvent-
treated control. Data are represented as mean ± SEM, pooled from n=3 independent 
experiments; (D) GI50 values 95% confidence intervals were calculated based on the drug-
response curves in C. 
 

 

 

We next investigated whether RRM2 overexpression rescued replication stress 

induced by CHK1 inhibition and IGF-1R depletion. DNA fiber assay was performed 
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in empty vector control cells and RRM2-overexpressing cells. Cells were transfected 

with siControl or siIGF-1R for 24 hours and then exposed to MK-8776 or solvent 

control for 24 hours. In empty vector control cells, MK-8776 or IGF-1R depletion 

alone led to a moderate reduction of DNA fiber length, whereas combining MK-8776 

and IGF-1R depletion further shortened DNA fibers, consistent with the observation 

in parental MCF7 cells (Figure 5.8). In RRM2-overexpressing cells, DNA fiber tracts 

were found significantly longer than empty vector control cells upon IGF-1R 

depletion and MK-8776 treatment alone or in combination (Figure 5.8), suggesting 

a rescue effect of RRM2 overexpression on suppressed replication fork progression 

by CHK1 inhibition and IGF-1R depletion. However, this rescue effect was partial 

since the mean fiber length upon the combination treat was still significantly shorter 

compared with the untreated controls in RRM2-overexpressing cells (Figure 5.8). 

Notably, RRM2 overexpression did not appear to affect the aberrant origin firing 

induced by CHK1 inhibition since we observed that MK-8776 increased newly fired 

origins to similar levels in empty vector control cells and RRM2-overexpressing cells 

(Figure 5.8). 
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Figure 5.8 RRM2 overexpression rescues DNA replication fork progression 
upon CHK1 inhibition in IGF-1R depleted cells 
Representative images of DNA fiber tracts (CIdU (Red), IdU (Green)) in empty vector control 
cells and RRM2-overexpressing cells transfected with siControl or siIGF-1R for 24 hours 
and then exposed to solvent control or 1 µM MK-8776 for 24 hours. Scale bar: 20 μm. 
Quantification of fiber tract length (>150 tracts) and newly fired origins (IdU (green)-only 
tracts as percentages of the total number of tracts (≥ 5 images)) was shown below. Data 
(mean ± SEM) are one representative experiment of 2 independent experiments with similar 
results. One-way ANOVA was used. ***P < 0.001. 
 
 
 
To further assess the rescue effect of RRM2 overexpression on DNA replication, we 

next assessed S phase distribution by cell cycle analysis in empty vector control 

cells and RRM2-overexpressing cells upon MK-8776 treatment and IGF-1R 

depletion. Combining MK-8776 and IGF-1R depletion induced a significant 

accumulation of non-replicating S-phase population in empty vector control cells 

(Figure 5.9), similar to parental MCF7 cells (Figure 4.12). In contrast, we didn’t 

detect a significant accumulation of non-replicating S-phase population in RRM2 

overexpressing cells (Figure 5.9). These results suggested a rescue effect of RRM2 

overexpression on suppressed DNA replication upon CHK1 inhibition and IGF-1R 

depletion. 
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Figure 5.9 RRM2 overexpression rescues non-replicating S phase cells upon 
CHK1 inhibition in IGF-1R depleted cells 
BrdU FACS analysis of cell cycle distribution of empty vector control cells and RRM2-
overexpressing cells transfected with siControl or siIGF-1R for 24 hours and then exposed 
to solvent control or 1 µM MK-8776 for 24 hours. Quantification of non-replicating S phase 
cells was shown below. Data are represented as mean ± SD, pooled from 3 independent 
experiments. One-way ANOVA analysis was used. ***P < 0.001, **P < 0.01. 
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To further investigate whether RRM2 overexpression rescued replication stress 

induced by CHK1 inhibition and IGF-1R depletion, we next performed double 

immunostaining assay to assess γH2AX and ssDNA in empty vector control cells 

and RRM2-overexpressing cells. Cells were transfected with siControl or siIGF-1R 

for 24 hours and then exposed to MK-8776 for 24 hours. Combining MK-8776 and 

IGF-1R led to a significant accumulation of both γH2AX positive cells and BrdU 

positive cells in empty vector control cells, suggesting replication stress (Figure 5.10 

A, C). This was consistent with the results in parental MCF7 cells (Figure 4.13). In 

RRM2-overexpressing cells, we detected significantly fewer γH2AX positive cells 

and BrdU positive cells upon the combination treatment of MK-8776 and IGF-1R 

depletion, compared to empty vector control cells (Figure 5.10 A-C). Moreover, 

combining MK-8776 and IGF-1R depletion caused accumulation of 34.35 ± 4.77 % 

double positive cells in empty vector control cells, whereas 15.6 ± 4.82 % double 

positive cells were detected in RRM2-overexpressing cells (Figure 5.10 A-C), 

suggesting that RRM2 overexpression caused partial rescue from replication stress 

induced by CHK1 inhibition and IGF-1R depletion. 
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Figure 5.10 RRM2 overexpression alleviates replication stress induced by 
CHK1 inhibition and IGF-1R depletion  
(A-B) Representative images of BrdU and γH2AX immunostaining in empty vector control 
cells (A) and RRM2-overexpressing cells (B) transfected with siControl or siIGF-1R for 24 
hours and then exposed to solvent control or 1 µM MK-8776  for 24 hours. Cells were 
cultured with 10 µM BrdU for 36 hours before fixation and analysed in non-denaturing 
condition to detect ssDNA. Nucleus was stained by DAPI. Scale bar: 20 μm. (C) 
Quantification of γH2AX positive (>10 foci + pan-nuclear staining) and BrdU positive (>5 
foci + pan-nuclear staining) cells (≥10 images) shown on the right. Data are represented as 
mean ± SEM, pooled from 3 independent experiments. One-way ANOVA analysis was 
applied. ***P < 0.001, **P < 0.01, *P < 0.05. 
 

We have shown that CHK1 inhibition induced cell death in IGF-1R depleted cells 

(Figure 4.13), associated with exacerbated replication stress. As we found that 

RRM2 overexpression alleviated replication stress induced by CHK1 inhibition and 

IGF-1R depletion, we next investigated whether RRM2 overexpression rescued 

from cell death. Empty vector control cells and RRM2-overexpressing cells were 
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transfected with siControl or siIGF-1R for 24 hours and then exposed to MK-8776 

for 5 days, followed by cell death assay. In empty vector control cells, we found that 

combining MK-8776 and IGF-1R depletion caused significant increase in cell death, 

compared with the effect of either treatment alone (Figure 5.11). This is consistent 

with the observation in parental MCF7 cells (Figure 4.14). In concordance with the 

rescue effect on replication stress, RRM2 overexpression significantly rescued from 

cell death caused by MK-8776 and IGF-1R depletion. (Figure 5.11) 

 

 

Figure 5.11 RRM2 overexpression rescues from cell death caused by CHK1 
inhibition in IGF-1R depleted cells 
Empty vector control cells and RRM2-overexpressing cells were transfected with siControl 
or siIGF-1R for 24 hours and then exposed to solvent control or MK-8776 for 5 days, 
followed by Propidium iodide/Hoechst 33342 staining. Dead cells% expressed as % PI 
positive cells/ Hoechst positive cells was determined by Celigo Imaging Cytometer. Data 
are represented as mean ± SEM, pooled from 3 independent experiments each with 3 
technical replicates. One-way ANOVA analysis was used. ***P < 0.001, **P < 0.01. 
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Together, we showed that CHK1 inhibition markedly reduced RRM2 protein level 

and induced replication catastrophe after IGF-1R depletion, while RRM2 

overexpression restored RRM2 protein, alleviated replication stress, and rescued 

cell death. These results suggested RRM2 as an important target of the interaction 

between CHK1 inhibition and IGF blockade. 

 

5.2.5 WEE1 inhibition induces replication catastrophe in IGF-1R depleted 
cells through downregulating RRM2 

So far, we have shown results to support a model that simultaneous inhibition of 

CHK1 and IGF signalling through downregulating RRM2 induced severe replication 

stress, causing cell death. This prompted us to consider whether a similar impact 

on DNA replication and response to IGF blockade could be achieved by any other 

compounds that are reported to influence RRM2 protein levels. WEE1 is another 

cell cycle checkpoint kinase whose inhibition has been shown to promote CDK-

mediated degradation of RRM2 in S-phase (Pfister et al., 2015). In our compound 

screen, selective WEE1 inhibitor MK-1775 was identified as a positive hit in KPL1 

cells that sensitises cells to BI-836845 (Figure 4.5), although it was not a hit in other 

4 cell lines. We first used western blot analysis to assess RRM2 protein level after 

WEE1 inhibition. MCF7 cells were transfected with siControl or siIGF-1R for 24 

hours and then exposed to MK-1775. As expected, MK-1775 decreased the 

inhibitory phosphorylation of CDK1 at Tyrosine 15 and reduced RRM2 (Figure 5.12 

A), consistent with previous findings (Pfister et al., 2015). Importantly, combining 

IGF-1R depletion with MK-1775 resulted in a further reduction of RRM2 protein 

levels (Figure 5.12 A, B). We also observed an increase of ATR-induced CHK1 

phosphorylation at Serine 345 upon MK-1775 treatment, suggesting the activation 

of replication stress responses (Figure 5.12 A). Notably, IGF depletion led to an 
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increase of pCDK1 at tyrosine 15 (Figure 5.12 A), which has not been reported 

before, but could indicate the increased WEE1 activity after IGF blockade. 

 

 
Figure 5.12 WEE1 inhibition further reduces RRM2 protein after IGF-1R 
depletion 
(A) Western blot analysis of MCF7 cells transfected with siControl or siIGF-1R for 24 hours, 
and then exposed to solvent control or MK-1775 for 24 hours. (B) RRM2 and β-tubulin 
protein levels were quantified by ImageJ software. RRM2 protein levels were quantified as 
described in legend to Figure 5.1. Data are represented as mean ± SEM from 3 independent 
experiments. One-way ANOVA analysis was used. ***P < 0.001, **P < 0.01, **P < 0.05. 
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We next examined whether WEE1 inhibition sensitised cells to IGF-1R depletion. 

Cell viability assay and cell death assay were performed in MCF7 cells transfected 

with siControl or siIGF-1R and then exposed to different concentrations of MK-1775. 

WEE1 inhibition by MK-1775 reduced cell viability and induced cell death in a dose-

dependent manner (Figure 5.13 A, B). We found that IGF-1R depleted cells were 

more sensitive to  MK-1775 in both cell viability assay and cell death assay, 

compared to siControl cells (Figure 5.13 A, B). We next found that IGF-1R inhibition 

by BI-346845 or BI885578 also significantly sensitised cells to MK-1775 in cell 

viability assay, although the combination effect was less than combining MK-1775 

with IGF-1R depletion (Figure 5.13 C, D). The drug combination of BI-836845 and 

MK-1775 was tested in 3D culture using SK-CO-1 spheroids. As shown in Figure 

4.18, SK-CO-1 spheroids were sensitive to CHK1 inhibition and IGF blockade. 

Consistently, BI-836845 alone markedly suppressed SK-CO-1 spheroid growth 

(Figure 5.13 E). Addition of 300nM or 1 µM MK-1775 led to a further significant 

reduction of spheroid growth rate (Figure 5.13 E), suggesting a combination effect 

of co-inhibiting IGF and WEE1 in 3D.  
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Figure 5.13 IGF-1R depleted or inhibited cells are more sensitive to WEE1 
inhibition  
(A-B) MCF7 cells were transfected with siControl or siIGF-1R for 24 hours, and then 
exposed to solvent control or MK-1775 for 5 days, followed by cell viability assay (A) or cell 
death assay (B). Cell viability was expressed as % viability of siControl cells. Dead cells% 
was expressed as % PI positive cells/ Hoechst positive cells. (C-D) MCF7 cells were 
exposed to MK-1775 in the presence or absence of 1 µM BI-836845 (C) or 300 nM BI-
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885578 (D) for 5 days, followed by cell viability assay. Data in A, B, C are represented as 
mean ± SEM, pooled from n=3 independent experiments. Data in D are represented as 
mean ± SEM, pooled from n=2 independent experiments.  Unpaired and two-tailed t test 
was used. ***P < 0.001, **P < 0.01, *P < 0.05. (E) SK-CO-1 spheroids were exposed to 
solvent control or MK-1775 in the presence or absence of 1 µM BI-836845 for 6 days. 
Spheroid growth curves were analysed using spheroid size measured on IncuCyte Live Cell 
Analysis Imaging System. Results were expressed as % spheroid size on Day 0. Data are 
represented as mean ± SEM from one experiment with 6 technical replicates. Two-way 
ANOVA was used. ***P < 0.001. 

 

We next tested whether WEE1 inhibition worsens replication stress induced by IGF-

1R depletion. To assess replication fork progression, DNA fiber assay was 

performed in MCF7 cells transfected with siControl or siIGF-1R for 24 hours and 

then exposed to MK-1775 for 24 hours. MK-1775 alone led to a significant reduction 

of DNA fiber length (Figure 5.14 A, B), supporting the important role of WEE1 in 

maintaining DNA replication. WEE1 inhibition has also been shown to promote 

CDK1/2-mediated aberrant origin firing (Beck et al., 2012). Our DNA fiber analysis 

showed that MK-1775 significantly increased newly fired origins (Figure 5.14 A, B). 

Combining MK-1775 with IGF-1R depletion further suppressed replication fork 

progression, resulting in much shorter DNA fibers, but not further affected origin 

firing (Figure 5.14 A, B). In addition, cell cycle analysis in MCF7 cells showed that 

combining MK-1775 with IGF-1R depletion caused the accumulation of cells in non-

replicating S-phase, whereas MK-1775 or IGF-1R depletion alone had no effect 

(Figure 5.14 C, D). These data suggested that combining WEE1 inhibition and IGF-

1R depletion suppressed DNA replication in S phase. 
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Figure 5.14 WEE1 inhibition suppresses DNA replication in IGF-1R depleted 
cells 
(A) Representative images of DNA fiber tract (CIdU (Red), IdU (Green)) in MCF7 cells 
transfected with siControl or siIGF-1R for 24 hours and then exposed to solvent control or 
300 nM MK-1775 for 24 hours. Scale bar: 20 μm. (B) Quantification of fiber tract length 
(>150 tracts) and newly fired origins (IdU (green)-only tracts as percentages of the total 
number of tracts (≥ 5 images in A)) was shown on the right. Data are represented as mean 
± SEM. This experiment was performed only once. One-way ANOVA was applied. ***P < 
0.001. (C) BrdU FACS analysis of cell cycle distribution of MCF7 cells transfected with 
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siControl or siIGF-1R for 24 hours and then exposed to solvent control or 300 nM MK-1775 
for 24 hours. (D) Quantification of non-replicating S phase cells in C. Data are represented 
as mean ± SD, pooled from 3 independent experiments. One-way ANOVA analysis was 
used. ***P < 0.001, **P < 0.01. 
 
 

To further investigate replication stress upon WEE1 inhibition, we next performed 

double immunostaining assay to assess the cellular levels of γH2AX and ssDNA. 

MCF7 cells were transfected with siControl or siIGF-1R for 24 hours and then 

exposed to MK-1775 for 24 hours. Similar to the observation in CHK1-inhibited cells, 

WEE1 inhibition by MK-1775 also promoted γH2AX foci formation and accumulated 

cells with γH2AX pan-nuclear staining (Figure 5.15). The quantification results 

showed that combining MK-1775 with IGF-1R depletion led to a significant 

accumulation of γH2AX positive cells, compared to effect of either treatment alone 

(Figure 5.15). We also detected more BrdU positive cells upon MK-1775 treatment 

and IGF-1R depletion, indicating a higher level of ssDNA (Figure 5.15). Moreover, 

MK-1775 caused accumulation of 8.57 ± 2.23 % double positive cells after siControl 

transfection, whereas 25.07 ± 3.56 % double positive cells were detected upon MK-

1775 treatment after IGF-1R depletion (Figure 5.15), suggesting that the 

combination of MK-1775 and IGF-1R depletion had an additive effect to induce 

replication stress. Collectively, these results suggested that WEE1 inhibition 

exacerbated replication stress induced by IGF blockade to intolerable levels, 

suggesting replication catastrophe. 
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A 

 

B 

 

Figure 5.15 WEE1 inhibition induces the accumulation of ssDNA and DNA 
damage in IGF-1R depleted cells 
(A) Representative images of BrdU and γH2AX immunostaining in MCF7 cells transfected 
with siControl or siIGF-1R for 24 hours and then exposed to solvent control or 300 nM MK-
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1775 for 24 hours. Cells were cultured with 10 µM BrdU for 36 hours before fixation and 
analysed in non-denaturing condition to detect ssDNA. Nucleus was stained by DAPI. Scale 
bar: 20 μm. (B) Quantification of γH2AX positive (>10 foci + pan-nuclear staining) and BrdU 
positive (>5 foci + pan-nuclear staining) cells (≥10 images) shown on the right. Data are 
represented as mean ± SEM, pooled from 3 independent experiments. One-way ANOVA 
analysis was applied. ***P < 0.001, **P < 0.01, *P < 0.05. 
 

We next investigated whether WEE1 inhibition sensitised cells to IGF blockade via 

targeting RRM2 by using Empty vector control cells and RRM2 overexpressing cells. 

These cells were transfected with siControl or siIGF-1R for 24 hours and then 

exposed to MK-1775 for 5 days. The viability assay results in empty vector control 

cells were consistent with data in parental MCF7 cells (Figure 5.13 A) that IGF-1R 

depletion sensitised cells to MK-1775, with a >2-fold decrease of GI50 (Figure 5.16 

A, B). IGF inhibition by BI-836845 reduced the GI50 for MK-1775 from 690 nM to 

392 nM, suggesting a combination effect of WEE1 inhibition and IGF blockade 

(Figure 5.15 C, D). RRM2 overexpression shifted the MK-1775 dose-response 

curves to the right (Figure 5.16 A, C). This resulted in the increased GI50s for MK-

1775 with GI50 values >1000 nM in control-treated or control-transfected cells 

(Figure 5.16 B, D). In RRM2-overexpressing cells in which IGF signalling was 

compromised, the growth response curves were lower, with GI50 values of 882 nM 

upon IGF-1R depletion and 957 nM upon 1 µM BI-836845 treatment. This inhibitory 

response to MK-1775 was comparable to viability in control-treated/transfected EV 

cells but was less growth inhibitory than was induced by MK-1775 in IGF-1R-

depleted or BI-836845-treated EV cells (Figure 5.16 B, D). These results suggested 

at least a partial rescue effect of RRM2 overexpression on cell proliferation upon 

WEE1 inhibition and IGF blockade. Together, these data supported our hypothesis 

that WEE1 inhibition induced replication catastrophe in IGF-1R depleted cells via 

downregulating RRM2. 
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Figure 5.16 RRM2 overexpression rescues cell proliferation upon WEE1 
inhibition and IGF blockade 
(A) Empty vector control cells and RRM2-overexpressing cells were transfected with 
siControl or siIGF-1R for 24 hours and then exposed to solvent control or MK-1775 for 5 
days, followed by cell viability assay. Results were expressed as % viability of solvent-
treated control. Data are represented as mean ± SEM, pooled from n=3 independent 
experiments; (B) GI50 values and 95% confidence intervals were calculated based on the 
drug response curves in A; (C) Empty vector control cells and RRM2-overexpressing cells 
were exposed to solvent control or MK-1775 in the presence or absence of 1 µM BI-836845 
for 5 days, followed by cell viability assay. Results were expressed as % viability of solvent-
treated control. Data are represented as mean ± SEM, pooled from n=3 independent 
experiments; (D) GI50 values and 95% confidence intervals were calculated based on the 
drug response curves in C. 
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5.3 Discussion 

In this chapter, we demonstrated that combining CHK1 inhibition with IGF blockade 

downregulated RRM2 and reduced dNTP availability. We further showed that 

overexpressing exogenous RRM2 rescued replication stress phenotype in cells 

upon CHK1 inhibition and IGF-1R depletion, suggesting RRM2 as an important 

target of the interaction between CHK1 inhibition and IGF blockade. Notably, the 

rescue by RRM2 overexpression was partial in most experiments. This could be due 

to the reduction in endogenous RRM2 in RRM2 overexpressing cells. The residual 

RRM2 levels in RRM2-overexpressing cells after IGF depletion was comparable to 

levels in untreated control cells (Figure 5.4), and thus showed similar dose-response 

curves to MK-8776 (Figure 5.7).  

Because of the critical role of RRM2 in maintaining dNTP homeostasis, RRM2 has 

been recognised as a promising prognostic biomarker and therapeutic target in 

cancers (Aye et al., 2015; Fisher et al., 2013; Tang et al., 2013). Our data suggested 

that IGF blockade caused the reduction of RRM2 protein levels. Dr Rieunier in our 

group found that RRM2 mRNA levels paralleled the decrease in protein expression 

after IGF-1R depletion or inhibition, suggesting that IGFs regulate RRM2 mainly at 

the transcription level. It is possible that IGF-1R depleted or inhibited cells depend 

on residual RRM2 to limit replication stress within a tolerable level and maintain cell 

survival. Thus, targeting the residual RRM2 in IGF-inhibited cells might be a 

potential therapeutic strategy to sensitise cancer cells to IGF-targeted therapy. Here 

we demonstrated that targeting CHK1 was an effective approach to further deplete 

RRM2 protein after IGF blockade, leading to cell death. 

We further showed that targeting WEE1 also sensitised cells to IGF blockade 

through downregulating RRM2. Abrogating cell cycle checkpoints by CHK1 or 
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WEE1 inhibition has been reported as an effective approach to reduce RRM2 

protein, deplete dNTP  pools and suppress DNA replication in S phase that may 

have implications for cancer treatment (Buisson et al., 2015; Koppenhafer et al., 

2020; Pfister et al., 2015). Our data in this chapter demonstrated that IGF-1R 

depleted or inhibited cells had low levels of RRM2 protein and thus were more 

sensitive to CHK1 or WEE1 inhibition, suggesting a rationale for drug combinations 

of CHK1 or WEE1 inhibitors and IGF-targeted drugs for cancer treatment. 
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Chapter 6 

General summary and discussion 

 

 

6.1 IGF blockade reduces RRM2 protein expression 

In this study, we first confirmed the previous findings by Dr Rieunier in our group 

that IGF blockade induces replication stress in breast cancer cells. We showed that 

either genetic depletion of IGF-1R or pharmacological inhibition of IGF signalling 

slowed replication fork progression and accumulated endogenous DNA lesions 

(Figure 3.3- 3.5). A previous study suggested that RRM2, the regulatory subunit of 

RNR, a key enzyme in mediating cellular dNTP pools for DNA replication, is 

regulated by mTORC1 signalling at both transcriptional and translational levels (He 

et al., 2017). In agreement with this report, recent unpublished work in our group by 

Dr Rieunier suggested that IGF-1R signalling through both PI3K/ATK/mTOR and 

MAPK pathways regulates RRM2 expression (Figure 6.1 left), in concordance with 

a previous report that RRM2 is a component of IGF-induced transcriptional 

signature in breast cancer cells (Creighton et al., 2008). Consistently, in this study 

we showed that IGF-1 activated downstream signalling and elevated RRM2 

expression, while IGF signalling blockade reduced RRM2 protein levels (Figure 5.1). 
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Figure 6.1 CHK1 or WEE1 inhibition exacerbates replication stress induced by 
IGF blockade via downregulating RRM2 
Left: IGF signalling regulates RRM2 protein expression through both PI3K/AKT and 
MEK/ERK pathways to maintain dNTP de novo biosynthesis, supporting DNA replication. 
Middle: IGF signalling blockade by either IGF-1R depletion or IGF inhibition downregulates 
RRM2 protein expression via reduced PI3K/AKT and MEK/ERK signalling, resulting in 
dNTP imbalance and tolerable replication stress. Right: Upon IGF signalling blockade, the 
addition of CHK1 inhibitor or WEE1 inhibitor further reduces RRM2 protein levels and dNTP 
supplies, thus exacerbating replication stress to intolerable replication catastrophe. 

 

The link between RRM2 downregulation and replication stress has been described 

in a number of studies. For example, BCL2, an anti-apoptotic and oncogenic protein, 

directly interacts with RRM2 via its BH4 domain activity, resulting in the reduction of 

RNR activity and replication stress (Xie et al., 2014a). Oncogenic RAS activation 

and tumour suppressor BRCA1 loss in cancers have been reported to suppress 

RRM2 expression, leading to replication stress and genomic instability (Aird et al., 

2013; Rasmussen et al., 2016). Unpublished data generated by Dr Rieunier in our 

group suggested that BRCA1 deficient breast cancer cells are more sensitive to 

IGF-1R depletion compared with BRCA1 wild-type cells when assessed in cell 

proliferation and DNA fiber assays. These results are in line with the synergistic 
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interaction of targeting IGF-1R and BRCA1 loss shown in studies by other groups 

(Amin et al., 2015; Kang et al., 2012). Whether BRCA1-mediated RRM2 expression 

plays a role in protecting IGF-1R depleted or inhibited cells from replication stress 

may be worthy of future investigation. 

6.2 CHK1 or WEE1 inhibition exacerbates replication stress induced by IGF 
blockade 

The replication stress phenotype was striking in cells upon IGF-1R depletion or IGF 

inhibition, but the effect on cell proliferation was moderate and no substantial cell 

death was observed (Figure 3.1, 3.2, 4.14). IGF-1R depleted or IGF inhibited cells 

were still able to undergo DNA replication and cell proliferation, albeit at a slower 

rate, suggesting that replication stress induced by IGF blockade was tolerable. We 

hypothesised that cancer cells after IGF blockade might activate replication stress 

and DNA damage response cascades to resolve toxic replication intermediates, 

thus limiting the replication stress to within a tolerable threshold. Indeed, Dr 

Rieunier’s unpublished results showed that replication stress induced by IGF-1R 

blockade was accompanied by ATR-induced CHK1 phosphorylation at Serine 345 

and accumulation of cells in S phase. We reasoned that although replication stress 

induced by IGF blockade was tolerable for tumour cells, this might be an exploitable 

vulnerability for cancer treatment. My project aimed to develop approaches to 

exacerbate IGF blockade-induced replication stress to intolerable level, causing cell 

death. Therefore, we performed a compound screen in breast cancer cells to test 

drug combinations with IGF ligand neutralising antibody drug BI-836845, which is 

also known as xentuzumab and currently under evaluation in several ongoing 

clinical trials (discussed in section 1.1.4). We identified several positive hits whose 

inhibition sensitised breast cancer cells to IGF inhibition, including CHK1 and ATM 
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(Figure 4.7), which haven’t been shown as effective treatment partners for 

combining IGF-1R inhibitors in any published studies. Validation experiments in 

multiple cancer cell lines in this study (Figure 4.8, 4.15-4.18) and unpublished work 

by Dr Rieunier substantiated the combinational or synergistic effect of co-targeting 

CHK1 or ATM and IGF signalling in both conventional 2D cell culture and 3D 

spheroid culture models. 

Given that activating CHK1 by ATR signalling is one of the major replication stress 

response events (Cimprich and Cortez, 2008), targeting ATR/CHK1 pathway is a 

potential approach to induce replication stress. We showed that CHK1 inhibitor 

suppressed CHK1 autophosphorylation at Serine 296, while surprisingly enhanced 

ATR-induced phosphorylation at Serine 345 (Figure 5.2). This could be the feedback 

activation by suppressing PP2A phosphatase (Leung-Pineda et al., 2006), but might 

also indicate the enhanced replication stress after CHK1 inhibition. Indeed, inhibiting 

ATR/CHK1 signalling has been shown to increase replication stress by 

accumulating ssDNA and exhausting RPA (Buisson et al., 2015; Toledo et al., 2013). 

Consistently, we detected the increase of ssDNA and γH2AX foci in cells upon 

CHK1 inhibitor treatment (Figure 4.13). We further showed that CHK1 inhibition 

slowed replication fork progression in DNA fiber assay (Figure 4.10, 4.11). These 

data supported the concept that targeting CHK1 induces replication stress, which 

prompted us to investigate whether CHK1 inhibition can exacerbate replication 

stress induced by IGF blockade to intolerable levels, causing cell death. Our 

hypothesis was supported by our data that addition of CHK1 inhibitor upon IGF-1R 

depletion led to a further suppression of DNA replication and dramatic accumulation 

of ssDNA and DNA damage (Figure 4.13). It would have been interesting to check 

whether the accumulation of ssDNA leads to the increase of RPA protein on 
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chromatin, which can be detected by immunostaining, and immunoblot after 

chromatin fractionation (Buisson et al., 2015; Toledo et al., 2013). We further 

showed that combining CHK1 inhibition and IGF blockade markedly increased cell 

death, compared to the effect of either treatment alone (Figure 4.14). These results 

collectively suggested that combining CHK1 inhibition and IGF blockade induced 

replication catastrophe. Notably, we found that inhibiting ATR did not sensitise 

breast cancer cells to IGF inhibition in our compound screen (Figure 4.2 - 4.6) and 

the validation experiments performed by Dr Rieunier. We reasoned that ATR 

inhibition could activate DNA-PK/CHK1-mediated backup pathway as reported by 

Buisson et al. (Buisson et al., 2015), and therefore might be less effective than CHK1 

inhibition to exacerbate replication stress induced by IGF blockade. 

We next demonstrated that CHK1 inhibition exacerbated replication stress induced 

by IGF blockade via further downregulating RRM2 protein (Figure 6.1 middle and 

right). It has been reported that cell cycle checkpoint abrogation via ATR/CHK1 or 

WEE1 inhibition activates CDKs-mediated RRM2 degradation, inducing replication 

stress (Buisson et al., 2015; Koppenhafer et al., 2020; Pfister et al., 2015). In this 

study, we showed that the addition of CHK1 inhibitor further reduced RRM2 levels 

after IGF blockade (Figure 5.2, 5.3). In support of the critical role of RRM2 in 

mediating dNTP synthesis (Mathews, 2015), the reduction in RRM2 protein levels 

upon CHK1 inhibition and IGF blockade was reflected in the reduction of cellular 

dNTPs (Figure 5.4). We utilised the method using radiolabelled polymerase 

reactions in vitro (described in section 2.12), which appeared to be more sensitive 

than the HPLC assay previously used in our group and allowed detection of all 

dNTPs. By investigating the cells exogenously overexpressing RRM2 generated in 

this study, we showed that RRM2 overexpression significantly rescued the 
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replication catastrophe phenotype in cells upon CHK1 inhibition and IGF blockade 

(Figure 5.6-5.11). Of note, a previous study in a transgenic mouse model showed 

that constitutive RRM2-overexpression reduced chromosomal breakage at fragile 

sites in response to ATR inhibition and extended the life span of ATR mutant mice 

(Lopez-Contreras et al., 2015). It has been reported that WEE1 inhibition is also 

capable of reducing RRM2 protein in a similar mechanism involving CDK-mediated 

degradation (Pfister et al., 2015). Our data demonstrated that WEE1 inhibition also 

sensitised cells to IGF depletion by exacerbating replication stress via RRM2 

downregulation, similar to the effect of CHK1 inhibition (Figure 5.12-5.16). Notably, 

we observed that RRM2 overexpression completely restored RRM2 protein levels, 

but only partially rescued cell proliferation suppression and cell death upon CHK1 

or WEE1 inhibition and IGF blockade (Figure 5.7, 5.11, 5.15). This could be due to 

the endogenous RRM2 downregulation induced by IGF-1R depletion in RRM2 

overexpressing cells (Figure 5.4). It has been previously shown that targeting 

ATR/CHK1 signalling activates CDC7 and CDK2-mediated origin firing through 

reducing the interaction between Replication Timing Regulatory Factor 1 (RIF1) and 

Protein phosphatase 1 (PP1) via CDK1-dependent phosphorylation (Moiseeva et 

al., 2019). Thus, it could be possible that CHK1 or WEE1 inhibition reduces dNTP 

pool through downregulating RRM2 protein levels and elevating origin firing in 

parallel, which might explain the partial rescue effect of RRM2 overexpression. It is 

tempting to speculate that restoring dNTP pool might lead to a better rescue effect. 

Unfortunately, we failed to obtain significant biological results of rescuing from 

viability inhibition when we tried to supplement cells with exogenous dNTPs upon 

CHK1 inhibition and IGF blockade. This might be due to fact that we were unable to 

precisely manipulate the levels of four individual dNTPs, suggesting the necessity 
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of determining the uptake efficiency of exogenous dNTPs, and a more accurate and 

quantitative method to measure cellular dNTP concentrations. Moreover, 

nucleoside mixtures are more commonly used to restore cellular dNTP pool since 

nucleosides are easier for cells to uptake than nucleotides (Bester et al., 2011). It 

might be beneficial to supplement cells with nucleoside mixtures in future rescue 

experiments. Moreover, previous studies targeting cell cycle checkpoints suggested 

that CHK1 or WEE1 inhibition promotes mitotic catastrophe in cancer cells exposed 

to DNA damaging agents, such as cisplatin, gemcitabine, PARP inhibitors (Gadhikar 

et al., 2013; Kim et al., 2017; Rajeshkumar et al., 2011). It would be interesting to 

investigate whether CHK1 or WEE1 inhibition can facilitate premature mitotic entry 

in IGF-1R depleted or inhibited cells.  

6.3 Potential implications for design of future clinical trials 

In this study, we identified the effective drug combinations of IGF neutralising 

antibody drug BI-836845 with CHK1 inhibitor MK-8776 or WEE1 inhibitor MK-1775, 

and validated their efficacies in 2D and 3D culture models in vitro (Figure 4.8, 4.15, 

4.17, 4.18, 4.19, 5.13). All three drugs are currently under evaluation in clinical trials 

at different stages (discussed in Chapter 1).  Although IGF-1R TKI BI-885578 

appeared to be more potent than BI-836845, BI-885578 is not being tested clinically. 

Aiming to test the potential of the drug combinations as clinical therapies, current 

ongoing work in our lab is assessing the efficacies of MK-8776 and BI-836845 

combination in vivo. Our in vitro data suggested that the drug combination of MK-

8776 and BI-836845 was synergistic in SK-CO-1 spheroids in 3D culture (Figure 

4.17). Unfortunately, the preliminary data from our current mouse experiment 

showed a slow growth rate of SK-CO-1 xenografts, even in mice treated with solvent 

control. This could reflect growth inhibitory effects of the solvent (2-Hydroxypropyl)-
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beta-cyclodextrin as reported by Yamaguchi et al. (Yamaguchi et al., 2015). It may 

be worthwhile testing the drug combination of BI-836845 and SRA737, another 

CHK1 inhibitor that uses castor oil as solvent (Booth et al., 2018) since we have 

shown that SRA737 significantly sensitised SK-CO-1 and HeLa spheroids to BI-

836845 in vitro (Figure 4.18, 4.19). We could also test the drug combinations of MK-

8776 or SRA737 and BI-836845 in HeLa xenografts as we also demonstrated a 

combination effect in HeLa spheroids in 3D (Figure 4.16, 4.19). If the in vitro test of 

the combinations of CHK1 inhibitors and BI-836845 can translate to in vivo efficacy, 

these results will have potential to inform future clinical trials.  

Our analysis of the compound screen of drug combinations highlighted ATM as 

another novel target that sensitised cells to IGF inhibition. ATM is a master regulator 

in mediating DNA damage responses (Shiloh, 2003). ATM signalling also responds 

to replication stress particularly under hypoxic conditions (Olcina et al., 2013). 

Moreover, ATM is involved in dNTP pool regulation by reprogramming glucose and 

glutamine metabolic pathways during replication stress-induced senescence (Aird 

et al., 2015).  Current work in our lab by Dr Rieunier demonstrated ATM inhibition 

can convert SSBs that resulted from IGF blockade-induced replication stress to toxic 

DSBs, causing synergistic cell death. These results reflected the critical role of ATM 

in coordinating SSB repair and cell cycle progression during replication stress 

(Khoronenkova and Dianov, 2015). The synergistic interaction between ATM 

inhibition and IGF blockade has important therapeutic implications. First, this 

provides a molecular rationale to combine clinical ATM inhibitors with IGF-targeted 

drugs for cancer treatment. Secondly, unlike CHK1 in which so far homozygous 

mutations in human cancers haven’t been reported (Zhang and Hunter, 2014), ATM 

mutation or deletion was observed in human breast, prostate and endometrial 
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cancers (Rafiei et al., 2020). ATM status in patients might serve as a predictive 

biomarker for sensitivity to IGF inhibitors, which provides guidance to select patients 

for clinical trials of IGF-targeted therapy.   

6.4 Potential implications for anti-cancer immune response 

In this study, we demonstrated a strong replication stress phenotype in cells upon 

IGF blockade and CHK1 inhibition. Using the established native BrdU labelling 

method, we evaluated the levels of ssDNA in nucleus, which is highly correlated to 

the levels of replication stress (Figure 4.13, 5.9, 5.14). Interestingly, we also 

observed BrdU staining in cytoplasm especially in cells after combination inhibition 

of CHK1 and IGF-1R, which might indicate the presence of cytoplasmic ssDNA 

fragments. It has been well-established that cytoplasmic self-DNA triggers innate 

immune responses through activating cGAS-STING pathway (Kwon and Bakhoum, 

2020). Specifically, cytoplasmic DNA is recognised by cyclic guanosine 

monophosphate–adenosine monophosphate (cyclic GMP–AMP) synthase (cGAS), 

driving the production of cyclic guanosine monophosphate–adenosine 

monophosphate (cGAMP) protein (Sun et al., 2013; Wu et al., 2013). The 

accumulation of cGAMP protein in cytoplasm actives Stimulator of interferon genes 

(STING) protein, which is a dimeric endoplasmic reticulum-binding protein (Ishikawa 

and Barber, 2008). Upon binding with cGAMP, STING undergoes oligomerisation 

and recruits TANK-binding kinase 1 (TBK1) that sequentially phosphorylates 

interferon response factor 3 (IRF3) proteins, which translocate to nucleus and 

promote the transcription of Type I interferon (IFN) genes (Ishikawa et al., 2009). 

STING also activates protein members of NF-κB pathway, which stimulate the 

transactivation of immune and inflammatory genes (Ishikawa et al., 2009). Type I 

IFN pathways stimulate cytotoxic T-cell activation, which could be tumour 
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suppressive in the context of some cancer treatments (Kwon and Bakhoum, 2020). 

For example, previous studies have reported that Type I IFN signalling is induced 

upon chemotherapy or radiotherapy that contributes to their anti-tumour effects 

(Deng et al., 2014; Sistigu et al., 2014). 

It is still not very clear how these cytoplasmic-self DNA fragments are generated. It 

has been reported that DNA damage induced by IR or genotoxic chemicals can be 

released to cytoplasm, which requires the end resection by Bloom syndrome 

helicase (BLM) and Exonuclease 1 (EXO1), resulting in the accumulation of 

cytoplasmic ssDNA that triggers Type I IFN release (Erdal et al., 2017). However, 

the role of BLM in mediating the production of cytoplasmic DNA remains a matter of 

controversy since Gratia et. al. reported that accumulation of cytoplasmic 

micronuclei was increased in BLM-deficient fibroblasts, leading to the upregulation 

of cGAS-STING signalling (Gratia et al., 2019). Deficiencies in DSB repair 

machinery, such as BRCA2 loss and PARP inhibition, lead to the accumulation of 

cytoplasmic micronuclei that have also been shown to activate cGAS-STING 

signalling (Reisländer et al., 2019). The link between replication stress and the 

activation of innate immune response is a relatively new concept. Recently, the 

association between replication stress and upregulated cGAS-STING pathway was 

demonstrated in Hutchinson-Gilford progeria syndrome (HGPS) cells (Kreienkamp 

et al., 2018). Another recent study suggested that Sterile alpha motif and HD 

domain-containing protein 1 (SAMHD1) plays a critical role in promoting the 

degradation of nascent DNA at stalled forks in a MRE11-dependent manner, which 

can prevent the release of cytoplasmic DNA (Coquel et al., 2018). We can speculate 

that the protective role of SAMHD1 at replication fork might create a threshold such 

that DNA fragments are cleaved and released to cytoplasm under high replication 
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stress. To what extent the cytoplasmic DNA potentially induced by replication stress 

can trigger cGAS-STING pathway remains to be elucidated. It might be interesting 

to consider whether replication stress induced by IGF blockade can trigger innate 

immune response. Future experiments may seek to use different techniques to 

detect other forms of DNA fragments in cytoplasm, such as cytoplasmic dsDNA, 

which can be detected by PicoGreen DNA staining (Parkes et al., 2017). It has been 

reported that genotoxic stress activates innate immune responses in the context of 

compromised ATR/CHK1 and ATM/CHK2 functions (Dillon et al., 2019; Härtlova et 

al., 2015). If IGF blockade is capable of activating cGAS-STING pathway, it is very 

likely that targeting CHK1 or ATM in cells upon IGF blockade can potentiate Type I 

IFN signalling. These future investigations of the possible link between IGF 

blockade-induced replication stress and immune response activation would be of 

interest, and the results can potentially provide a rationale of combining IGF 

inhibitors with clinical immunotherapy for cancer treatment.    

6.5 Potential implications for cancer risk 

The data we showed in this study and the unpublished results by Dr Rieunier in our 

group strongly suggested that IGF signalling mediates RRM2 expression and 

cellular dNTP supplies. As discussed in section 1.4.3, imbalanced cellular dNTP 

pool with either decreased or elevated dNTP levels can possibly induce replication 

stress and genome instability. This is largely because imbalance in cellular dNTP 

pool impairs the proofreading capacity of replicative DNA polymerases, causing 

them to introduce mutations into DNA (Mertz et al., 2015; Williams et al., 2015). 

Here we showed that IGF stimulation upregulated RRM2 protein levels (Figure 5.1, 

5.2). Dr Rieunier’s unpublished data further showed that short-term (24 hours) IGF-

1 stimulation elevated dATP and dTTP supplies and accelerated replication fork 



184 
 

speed, while long-term high IGF-1 treatment slowed replication fork progression. 

This prompted us to hypothesise that IGF-1 stimulation might cause significant 

dNTP pool imbalance to the extent that DNA polymerases lose fidelity, promoting 

dNTP misincorporation and mutagenic potential. Therefore, current work in our lab 

is assessing whether short-term or long-term high IGF-1 treatment in vitro and in 

vivo can cause a hypermutation phenotype, which could contribute to the 

association of high serum IGF-1 to risk of cancer (Ahlgren et al., 2004; Chan et al., 

1998; Kaaks et al., 2014; Ma et al., 1999; Renehan et al., 2004; Travis et al., 2016). 

The identification of replicative DNA polymerase variants (Mertz et al., 2015; 

Williams et al., 2015) suggests that it may be informative to investigate whether the 

mutagenic potential of these variants is increased by high IGF-1 treatment. 

Moreover, it would have been of interest to determine whether high IGF-1 induces 

replication stress that can eventually trigger cGAS-STING signalling in a similar way 

to IGF inhibition in our previous discussion. Chronic activation of cGAS-STING 

signalling in cancer has been reported to promote tumorigenesis and tumour 

metastasis via noncanonical NF-κB pathway (Ahn et al., 2014; Bakhoum et al., 2018; 

Kwon and Bakhoum, 2020). It may be possible that long-term treatment of high IGF-

1 can contribute to the formation of an immunosuppressive microenvironment via 

chronically activating cGAS-STING signalling. These future investigations may 

provide important evidences to explain the link between high circulating IGF-1 and 

high cancer risk.  

In summary, the IGF axis is a well-established therapeutic target in various types of 

cancers. Although many inhibitors have been developed and have shown strong 

preclinical activities, almost all IGF-targeted drugs were not successful as 

monotherapies in clinical trials, with the possible exception of Ewing sarcoma (van 
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Maldegem et al., 2016). The lack of insufficient efficacies in unselected patients is 

mainly due to the dose-limiting hyperglycaemia and activation of compensating 

pathways, leading to the intense research efforts to characterise sensitive tumours 

and design rational drug combinations. In this study, we demonstrated that targeting 

cell cycle checkpoints by CHK1 or WEE1 inhibition exacerbates replication stress 

induced by IGF blockade via downregulating RRM2, suggesting a potential drug 

combination to improve IGF-targeted therapy. Our work sheds light on a novel role 

of IGF signalling in mediating DNA replication, which has important therapeutic 

implications in cancer treatment and prognosis. 
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